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Preface 

When, in 1789, the German chemist Martin H. Klaproth investigated an ore found 
in the small mine ”Georg Wagsfort“  close to the town of Johann Georgenstadt he 
did not suspect that this would be the death sentence for the town. He discovered 
Uranium from the Pechblende mineral and characterized it as distinct element 
though he did not obtain it in the pure metallic state. As early as from 1819 on this 
ore was mined in Johann Georgenstadt for the production of dyes. Roughly two 
third of the ore produced was used for the famous yellow-green Uranium glass. 
The great Uranium rush started immediately after World War II and within a few 
years the town of Johann Georgenstadt and other sites in the Erzgebirge were 
completely devastated by inconsiderate mining through the UDSSR and the 
WISMUT SDAG. From 1945 to 1989, more than 231.000 tons of U3O8 were 
mined and produced within a very small area of Saxonia and Thuringia. Only the 
USA and Canada produced more Uranium than the former GDR during that pe-
riod. After the Reunification of Germany Uranium mining was stopped and the 
rehabilitation work started. Nearly 20 years later, in 2008, most of this rehabilita-
tion work is done on the one side and we face a completely new situation with re-
spect to Uranium mining on the other side. While the Uranium price has plum-
meted at the beginning of the 1990s, a Uranium mining renaissance can be 
observed recently since prices screwed up for two reasons: highly enriched Ura-
nium from dismantling of nuclear weapons is no longer available for “diluting” by 
means of depleted uranium stored as UF6 and an increased demand of nuclear fuel 
due to newly built nuclear power plants in China, India, and other parts of the 
world. 

Therefore the impact of Uranium mining and milling on the environment and in 
particular on water is still an important issue. Additionally, the intensive use of 
Phosphate fertilizers containing significant amounts of Uranium and the combus-
tion of coal and oil emits Uranium into the environment.  

Although Uranium is an element which was investigated thoroughly during the 
last six decades we still face enormous gaps in knowledge with respect to the 
chemical toxicology of Uranium and its behavior in environmental compartments 
at trace concentrations in particular at the water-rock interface and its interaction 
with biomass. Thus the fifth International Conference Uranium Mining and Hy-
drogeology (UMH V) at Freiberg is an excellent opportunity for scientists and en-
gineers to exchange experiences and new scientific results as have been the confe-
rences in 1995, 1998, 2002, and 2005. 

Freiberg, September 2008 

Broder J. Merkel 
Technische Universität Bergakademie Freiberg (TUBAF)



 
 

 

Uranium Mining

and Hydrogeology



Foreword by the Saxon State Minister for 
Environment and Agriculture 

The uranium mining legacy has for decades marked both the landscape and the 
economy of whole regions in the Erzgebirge mountains. The rehabilitation of the 
former uranium mining areas is among the most demanding environmental tasks 
in Saxony and a complex challenge for specialists as well as for authorities. New 
paths were explored on the search for suitable rehabilitation solutions in the 
densely populated Erzgebirge regions. New ways had to be found for constructive 
cooperation of all parties involved. Today, we can say that this has been success-
ful. The rehabilitation measures have progressed far and are a major economic 
factor now. 

This year’s conference continues the series of international conferences on ura-
nium mining held by TU Bergakademie Freiberg already in 1995, 1998, 2002, and 
2005. The exchanges of knowledge and experience during the past conferences 
contributed a lot to the decisions finally made by the environmental authorities. 
UMH V is again focused on crucial issues, such as the long-term performance of 
land reclamation and renaturation in former uranium mining areas, which is of 
topical interest after the good progress made in the rehabilitation of the sites of 
Wismut corporation.  

The specialist discussions and talks will surely contribute to expand the already 
well established international network of science, economy and administration.  

Since 2005, due to the international boom and rush for uranium as a raw mate-
rial for energy, there has been the trend to re-open closed uranium mines or to de-
velop new mines worldwide. The same is true for Saxony where we see more and 
more interest in new mining activities, although they are not directed to uranium, 
but to other raw materials such as fluorspar, tin or nickel ore. In the light of the 
higher radioactive background, natural radionuclides must be taken into account 
for environmental considerations of mining. Therefore, both the environmental au-
thorities and the site operators face new challenges of how to minimise new con-
taminations. So it is of topical interest to find best possible solutions for prevent-
ing deleterious impacts on the environment.  

For your conference, I wish you inspiring discussions and a wealth of forward-
looking ideas and thoughts that prove useful in your future scientific, economic 
and administrative work, as well as a pleasant stay in the mining town of Freiberg.  

Freiberg, September 2008 

Frank Kupfer 
Saxon State Minister for Environment and Agriculture
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Foreword by the President of the Saxon Mining 
Authority 

Uranium mining had been started by the Sowjet Union´s secret service NKWD 
immediately after the Word War II in 1946. Until reunification the GDR was the 
largest uranium producer of the eastern bloc countries and the world’s third largest 
producer after the USA and Canada. The Sowjetisch-Deutsche Aktiengesellschaft 
(SDAG) Wismut Corporation was solely responsible for production, concentrated 
especially in the districts of Aue, Erzgebirge 60 km from here, Königstein, Elb-
sandsteingebirge 70 km from here and Ronneburg, Thuringia 100 km from here. 
In Hartenstein, Erzgebirge, uranium ore was mined at a depth of over 1,800 m, 
and with rock temperatures of 67 oC complex air refrigeration was required. In 
Königstein in the Elbsandsteingebirge, after a conventional setting up of the mine 
drift, the ore was solution mined. With the aid of sulphuric acid the uranium was 
separated from the sandstone, which had previously undergone gigantic disinte-
gration blasts to impact a higher permeability. The Thuringian Lichtenberg open 
pit mine had very steep slopes ad was about. 200 m deep. The uranium which was 
mined by 45,000 permanent employees was till the end of the GDR delivered ex-
clusively to the Soviet Union. About 231,000 t uranium metal had been produced 
until 1990. 

After reunification, the Soviet Union pulled completely (via treaty) out of the 
enterprise, and the Federal Republic of Germany took over the Wismut. Since the 
end of 1991 the Wismut GmbH, as well as outsourcing and privatising former 
company divisions, is carrying out the scheduled closure, reorganisation and recul-
tivation of the former works with a current workforce of round about 2000. Total 
estimated costs will be € 6.5 billion. One side-effect of disposing of the sulphuric 
acid out of the mine drift in Königstein is that the Wismut GmbH produced 30 t. 
uranium in (2004), a small contribution to supply. 

The world market for uranium is a US Dollar-quoted spot market, which had 
remained stable until 2003. The price for concentrate (Yellow Cake) doubled be-
tween March 2003 and November 2004. Reasons for this are considered to be the 
rise in the price of oil, the weak US Dollar and the CO2 levy. Concomitant to this, 
stockpiles have been largely exhausted, after production ceased for a period in 
Canada due to water penetration in an underground mine and in Australia because 
of a large fire in processing facilities. The price of uranium reached its zenith after 
the oil crisis in 1979, about twice the current price. 

The work to be done includes water treatment, radon management, mine flood-
ing, tailings, land reclamation and remediation, monitoring and more. 

Freiberg, September 2008 

Glückauf 

Professor Reinhard Schmidt 
President of the Saxon Mining Authority
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Uranium ISL Mining Activities at the International 
Atomic Energy Agency 

Jan Slezak 

1 International Atomic Energy Agency, POB 100, Wagramer Strasse 5, A-1400 
Vienna, Austria 

Abstract. Since the International Atomic Energy Agency’s foundation in 1957 the 

IAEA has had an increasing interest in uranium production cycle issues. The re-

cent activities cover tasks including uranium geology & deposits, uranium re-

sources, production, demand, uranium exploration and uranium mining & milling 

technologies. All the tasks include environmental issues. In addition, many train-

ing courses (also on ISL topics) have been organised and are being prepared. In 

the past 15 years a lot of emphases have been put on the uranium ISL mining 

technology in consequence with a depressed development of new mining opera-

tions and an increased interest in lower cost operations. Several technical meetings 

and consultancies were organised and led to publishing of an IAEA technical 

document (TECDOC-1239) Manual on Acid In Situ Leach Uranium Mining 

Technology. 

Introduction 

This paper has been prepared to provide basic information on the activities of the 
Raw Materials for Nuclear Fuel Cycle Unit of the Nuclear Fuel Cycle and Materi-
als Section of the Division of Nuclear Fuel Cycle and Waste Technology of IAEA 
and to focus on the fast developing uranium production technology of in-situ leach 
mining. 

The material includes some historical background on meetings held, publications, 
technical cooperation activities, research and other activities. 
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Background of the IAEA activities in the field of uranium 
production cycle 

Since its foundation in 1957 the IAEA has had an interest in activities related to 
uranium geology, exploration and production. The very first expert in uranium 
prospecting was sent to Myanmar in 1959. In the early years all activities related 
to uranium were carried out by one professional. From 1968 onwards the staff of 
the section grew slowly to a peak level of more than six professionals during the 
1981-3 period. In the past 15 years the staff has declined to 2.4 and to the lowest 
number of 1.2 in 2006. The number for 2008 is expected to be 1.8. The present 
staff covers the fields of uranium geology, exploration, development, mining and 
ore processing. It also covers many aspects of technical cooperation projects. 

Various mechanisms have been developed over the years to fulfil the Agency´s 
role of gathering and disseminating information on the above mentioned subjects. 
Amongst these are symposia, technical meetings, consultancy meetings, Training 
events, technical cooperation and publications. Some of these will be discussed 
below. 

Comparison between “uranium" unit (B1) staffing 
and uranium spot price in constant USD
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Fig.1. Comparison between “uranium” unit (B1) staffing and uranium spot price in 
constant USD 
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Meetings 

Several types of meetings have been organized to bring together experts and others 
interested in various aspects of uranium production cycle activities. These led to im-
portant Agency publications before 1990. The first two symposia were: the Athens 
(Greece) Symposium on the Formation of Uranium Ore Deposits, held in 1974, and 
the Vienna Symposium on Exploration for Uranium Ore Deposits, in 1976. 

Since 2000 two further symposia were organised. The third on the Uranium 
Production Cycle and the Environment held in Vienna in October 2000 and the 
fourth one on the Uranium Production Cycle and Raw Materials for the Nuclear 
Fuel Cycle – Supply and Demand, Economics, the Environment and Energy Secu-
rity held in Vienna, in June 2005. The fifth symposium “Uranium Production Cy-
cle and Raw Materials for the Nuclear Fuel Cycle” is being prepared for June 
2009 in Vienna. 

Technical Meetings (TM) and Consultancy Meetings or Consultancies (CS) are 
other tools used to define, discuss and prepare materials to serve the Member 
States. Technical Meetings are somewhat larger gatherings of interested partici-
pants nominated and financed by their Governments to consider topics of mutual 
interest. Consultancies are comprised of several (three to six) specialists called by 
and financed either by the Agency or cost-free, sent by the compa-
nies/governments to make recommendations on a particular topic and/or to pre-
pare a document on the topic for publication. A list of recent IAEA TM is pro-
vided in Table 1. 

Table 1. The Recent IAEA Technical Meetings on the Uranium Production Cycle Topics. 

Title  Dates Venue 
Aerial And Ground Geophysical Tech-
niques For Uranium Exploration and Ad-
vanced Mining And Milling Methods and 
Equipment 

20-24 March 2006 Singbhum, India 

In-Situ Leaching of Uranium Deposits 30 August-1 Sep-
tember 2006 

Almaty, Kazakhstan 

Uranium Exploration, Mining, Produc-
tion, Mine Remediation and Environmen-
tal Issues 

2 - 6 October 2006 Mendoza, Argentina 

Uranium Small-Scale and Special Mining 
and Processing Technologies 

19–22 June 2007 VIC, Vienna, Austria 

Uranium Exploration, Mining, Produc-
tion, Mine Remediation and Environmen-
tal Issues 

1-5 October 2007 Swakopmund, Namibia 

Recent Developments in Uranium Explo-
ration, Resources, Production and De-
mand 

1–2 November 
2007 

VIC, Vienna, Austria 

The Implementation of Sustainable Glob-
al Best Practices in Uranium Mining and 
Processing 

15–17 October 
2008 

VIC, Vienna, Austria 

Uranium Exploration and Mining Me-
thods 

17–20 November 
2008 

Amman, Jordan 
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Training events 

Training is another tool serving the Member States in spreading information, 
knowledge and experience. Training events have been held on a variety of topics 
related to uranium exploration and development since the first, on Uranium Pros-
pecting and Evaluation, which was held in Argentina in 1969. Training events 
may be regional or inter-regional in scope. They are usually held in an appropriate 
host country able to provide adequate facilities and some of the teaching staff. 
Additional course lecturers and facilities are brought by the IAEA to complete the 
arrangements. Courses are usually of variable duration, providing time for in-
depth coverage of the topic and extensive interchange between participants and 
staff. Participation of selected students has been financed by the IAEA. One of the 
most extensive and a very useful training programme for young geoscientists was 
realised in 1990s in Canada and the USA. A list of training courses in uranium 
production cycle topics is in Table 2. Recently only short-term training events 
have been provided through the Technical Cooperation programme, typically one 
week. 

Table 2. The IAEA Training Courses on the Uranium Production Cycle Topics 

Title Year  Host country Region 
Uranium Exploration and Evaluation 1969 Argentina Latin America 
Uranium Ore Analysis 1970 Interregional Spain 
Uranium Exploration and Evaluation 1974 India Asia 
Geochemical prospecting for Uranium 1975 Austria Interregional 
Geochemical prospecting for Uranium 1977 Yugoslavia Interregional 
Uranium Exploration and Evaluation 1978 USA Interregional 
Uranium Exploration Methods 1981 Bolivia Latin America 
Uranium Ore Processing 1981 Yugoslavia Interregional 
Uranium Exploration Methods 1982 Madagascar Interregional 
Uranium Deposit Evaluation 1983 Yugoslavia Interregional 
Uranium Ore Processing 1983 Spain Interregional 
Processing of Uranium – from Mining to Fuel 
Fabrication 

1984 France Interregional 

Exploration Drilling and Ore reserves Estima-
tion 

1985 Brazil Interregional 

Exploration Drilling and Ore reserves Estima-
tion 

1991 India Asia 

Computerized databases in Mineral Explora-
tion and Development 

1993 Zambia Africa 

Spatial Data Integration for Uranium Explora-
tion, Resource Assessment and Environmental 
Studies 

1993 China Asia 

Uranium Mining: Its Operation, Safety and En-
vironmental Aspects 

1995 France Middle East& 
Asia 

Uranium In Situ Leaching: Its Planning, Opera-
tion and Restoration 

1998 USA Interregional 

Uranium Geology, Exploration and Envi-
ronment 

1990s Canada Interregional 
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Technical cooperation 

The Technical Cooperation Department of the IAEA helps to transfer nuclear and 
related technologies for peaceful uses to countries throughout the world. The TC 
Programme disburses tens of million of USD worth of equipment, services, and 
training per year in approximately 100 countries and territories which are grouped 
into four geographic regions. A list of IAEA TC projects on uranium production 
cycle topics is in Table 3. 

Table 3. The Recent and Proposed IAEA TC projects on the Uranium Production Cycle 
Topics 

Country/Region Title  
Argentina Geology Favourability, Production Feasibility and Environmental 

Impact Assessment of Uranium Deposits to be Exploited using In 
Situ Leaching Technology 

China Study of the Key Problems in Prospecting for Sandstone-Type 
Uranium Deposits and their Amenability to In-Situ Leach (ISL) 
Mining in the Basins in Northern China 

Egypt Airborne and Ground Gamma-Ray Spectrometry for Radio-element 
Mapping for Environmental Purposes and for Exploration of Ura-
nium Resources 

Pakistan Uranium geochemistry, mineralogy and host rock uranium deposit 
description 

Latin America Regional Upgrading of Uranium Exploration, Exploitation and 
Yellowcake Production Techniques taking Environmental Prob-
lems into Account 

Algeria Contribution to the development of activities for the processing of 
Algerian ores and purification of uranium concentrates 

Brazil Practical guidance tools for nuclear safety analysis of remediation 
and decommissioning actions of the first uranium ore mining and 
milling facility in Brazil 

China Techniques And Methods For Optimization Of Uranium Exploration 
in Both Sedimentary and Volcanic Basins 

Egypt Evaluation of some selected uranium resources in Egypt and 
production and purification of the yellow cake 

Jordan Uranium exploration 
Jordan Uranium extraction 
Africa Strengthening regional capabilities for uranium mining, milling 

and regulation of related activities 
Venezuela Exploración de los recursos uraníferos de Venezuela 
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Publications 

The various meetings have led to the publication of a number of volumes of sev-
eral types. These include Panel Proceedings, Symposium proceedings, Technical 
Reports and Technical Documents (TECDOCs). In Agency usage the first three of 
these are "sales publications" and edited while the fourth, the TECDOC is distrib-
uted free of charge on request. The Proceedings volumes normally contain the full 
texts of papers presented at the meeting in the original language with abstracts in 
English of papers in other languages. Technical Reports are usually guidebooks 
and manuals and prepared by a group of specialists and are results of Consultancy 
Meetings. A number of these reports have now been recognized as main refer-
ences on these subjects. TECDOCs have been used mainly to publish the work of 
the various working groups on Uranium Production Cycle activities. An example 
is the TECDOC (IAEA- TECDOC-1239) on "Manual of Acid In Situ Leach Ura-
nium Mining Technology". A list of selected IAEA publications on uranium is 
presented in Table 4. 

Table 4. Some Recent IAEA Publications on the Uranium Production Cycle Topics 

Type Title  
IAEA-CSP-10/P, 
2002 

The Uranium Production Cycle and the Environment. Pro-
ceedings of an International Symposium held in Vienna, 2 - 6 
October 2000 

STI/PUB/1259, 
2006 

The Uranium Production Cycle and Raw Materials for the 
Nuclear Fuel Cycle – Supply and Demand, Economics, the 
Environment and Energy Security, Proceedings series 

IAEA-TECDOC-
1174, 2000 

Methods of Exploitation of Different Types of Uranium De-
posits 

IAEA-TECDOC-
1239, 2001 

Manual of Acid In Situ Leach Uranium Mining Technology 

IAEA-TECDOC-
1244, 2001 

Impact of New Environmental and safety Regulations on 
Uranium Exploration, Mining, Milling and Management of Its 
Waste 

IAEA-TECDOC-
1296, 2002 

Technologies for the Treatment of Effluents from Uranium 
Mines, Mills and Tailings 

IAEA-TECDOC-
1363, 2003 

Guidelines for Radioelement Mapping Using Gamma Ray 
Spectrometry Data,  

IAEA-TECDOC-
1396, 2004 

Recent developments in uranium resources and production 
with emphasis on in situ leach mining 

IAEA-TECDOC-
1419, 2004 

Treatment of liquid effluent from uranium mines and mills, 
Report of a CRP 1996-2000 

IAEA-TECDOC-
1425, 2005 

Developments in uranium resources, production, demand and 
the environment 

IAEA-TECDOC-
1428, 2005 

Guidebook on environmental impact assessment for in situ 
leach mining projects 

IAEA-TECDOC-
1463, 2005 

Recent developments in uranium exploration, production and 
environmental issues 
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Uranium in-situ leach (ISL) mining activity 

Conventional mining involves removing ore from the ground, then processing it to 
remove the minerals being sought. In situ leaching (ISL) involves leaving the ore 
where it is in the ground and recovering the minerals from it by dissolving them 
using a leaching solution and pumping the pregnant solution to the surface where 
the minerals can be recovered from the solution. Consequently there is limited sur-
face disturbance and no tailings or waste rock generated. 

Uranium ISL uses the native groundwater in the orebody, which is fortified 
with a leaching agent and an oxidant. This leaching solution is then injected 
through the underground orebody to recover the minerals in it by leaching. Once 
the pregnant solution is returned to the surface, the uranium is recovered in a ura-
nium processing plant using ion exchange resins (or solvent extraction technology). 

Basically there are two different chemical concepts used: acid or alkaline. They 
depend on the ore/host rock composition. 

Historically the acid ISL technology has been applied in Ukraine, the Czech 
Republic, Uzbekistan, Kazakhstan, Bulgaria and recently also in Russia and Aus-
tralia. The alkaline ISL technology has been used in the USA. 

The advantages of this technology are the reduced hazards for the employees 
from accidents, dust, and radiation; the low cost; no need for large uranium mill 
tailings and waste rock deposits. The disadvantages are the risk of spreading of 
leaching solution outside of the uranium deposit, involving subsequent groundwa-
ter contamination; the impact of the leaching solution on the rock of the deposit, 
the limitations of restoration to previous groundwater conditions after completion 
of the leaching operations. 

 
Fig.2. Simplified ISL scheme 
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Based on the data presented in the Fig.3., we can easily see that the portion of 
ISL within all production technologies has doubled in 10 years. Based on the an-
nounced and expected development all over the world (mainly Kazakhstan, par-
tially the USA and others) the ratio will continue growing in the near future. 

Previous IAEA activities on ISL 

Several technical meetings and consultancies have been organized to bring to-
gether experts and others interested in ISL mining technology. The very first 
meeting was organised in Vienna in November 1987. It collected some basic and 
limited information and experience on this technology and lead to the issue of an 
IAEA-TECDOC-492 “In Situ Leaching of Uranium: Technical, Environmental 
and Economic Aspects” in 1989. 

The second, much bigger technical meeting was organised in October 1992. Its 
results are published in an IAEA-TECDOC-720 “Uranium In-Situ Leaching” is-
sued in 1993. The results of the meeting defined a long-term activity on ISL to 
produce a few documents and to organise some other meetings to document, proc-
ess and distribute the up-to-date information. 

The IAEA-TECDOC-1239 “Manual of Acid In Situ Leach Uranium Mining 
Technology” issued in 2001 finalised the 7-year long period. 

During that period and after, some more documents were produced: An IAEA-
TECDOC-979 Environment Impact Assessment for Uranium Mine, Mill and In 
Situ Leach Projects in 1997, IAEA-TECDOC-1239 “Manual of Acid In Situ 
Leach Uranium Mining Technology” in 2001, an IAEA-TECDOC-1396 “Recent 
developments in uranium resources and production with emphasis on in situ leach 
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mining” in 2004 and an IAEA-TECDOC-1428 “Guidebook on environmental im-
pact assessment for in situ leach mining projects” in 2005. 

Different views on ISL 

Recently, when looking at the opinions on uranium ISL, we can recognise two, 
completely different views. One of them is mentioning, that ISL is an environ-
mentally friendly mining method, the other says it is not acceptable at all. 

The following chapters give some examples. Many other examples can be 
found in the literature. Of course, as always, the truth is somewhere between them. 

What is ISL mining? 

According to the Wyoming Mining Association website, ISL mining is explained 
in the following manner. (We choose Wyoming because it is the birthplace of “so-
lution mining” as it was originally called.) 

“In-situ mining is a noninvasive, environmentally friendly mining process in-
volving minimal surface disturbance which extracts uranium from porous sand-
stone aquifers by reversing the natural processes which deposited the uranium.” 
(Source: http://ezinearticles.com/?What-Is-ISL-Uranium-Mining&id=183880) 

An Environmental Critique of In Situ Leach Mining : The Case Against 
Uranium Solution Mining 

The nuclear industry claims that the uranium mining technique of ISL is "a con-
trollable, safe, and environmentally benign method of mining which can operate 
under strict environmental controls and which often has cost advantages"….. 

However, this is simply not borne out by the reality of ISL uranium mines 
across the world.… The ISL technique is not always controllable, safe, nor envi-
ronmentally benign, and the hidden costs are usually borne by the underground 
environment. The process of ISL can lead to permanent contamination of ground-
water, which is often used by local people and industries for drinking water sup-
plies, and can also contaminate land which was otherwise good agriculturally pro-
ductive land. (Source: http://www.sea-us.org.au/isl/islsuks.html) 

Future IAEA activities in ISL 

Based on what has been shown above, a lot of work has to be done to find answers 
to questions raised about the ISL technology and to show, that the proper use of 
this technology in proper conditions and under proper management can give re-
sults, which will be acceptable for all involved parties. This is the reason why sev-
eral activities on ISL are being performed or planned. 



10      Jan Slezak  

Plenary 

The first of them is a preparation of a new IAEA publication on ISL. This pub-
lication should include available descriptions (case histories) of all past and pre-
sent ISL operations, including recent developments in this method. 

After this a new coordinated research programme on optimisation of “In Situ 
Leach (ISL) Mining Technology” to ensure environmentally sound, economic and 
reliable operations was defined for 2009-11. The ISL technology is relatively new 
(some 45 years old) and is emerging as an attractive option for permeable sand-
stone - hosted ore bodies, particularly in the present context when the uranium 
price is growing. ISL technology has so far been used to depths of 500 m. How-
ever, some of the prospective uranium ore bodies are located deeper for which the 
technology of ISL mining needs to be optimised. Environmental issues and con-
tainment of radioactivity, reliability and economics are the major challenges. 

Conclusions 

Uranium production is expanding, ISL particularly. Besides countries experienced 
in uranium production, some new countries are involved in uranium exploration 
and are planning to produce uranium. This requires huge increase in resources 
(mainly human & financial). There is a very quickly increasing demand from the 
Member States on information, experience exchange, technical support through 
the IAEA programmes. All this will require more efforts, broader involvement and 
closer coordination of all experienced and involved parties (experts, companies, 
organisations etc.). Quickly developing ISL mining technology will require spe-
cial attention, because of very controversial experience from the past. Environ-
mental considerations have to become an integral part of any activity in uranium 
production cycle. 
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Abstract. The uranium mining industry has a record of environmental manage-

ment that has been very variable over the past 50 years. Although there have been 

examples of good remediation in some countries, sadly there are many examples 

of poor or no remediation that remain as a legacy from former times. As the indus-

try is going through a renaissance interest in remediating such legacy sites is in-

creasing significantly. This paper provides a brief overview of some remediation 

activities at legacy sites in various regions of the world and how international or-

ganisations, including the International Atomic Energy Agency, national regulat-

ing authorities and the mining companies are working together to address these 

very important matters in a number of locations. 

Introduction 

The modern uranium mining industry really began in the late 1940s at a time when 
there was little thought for protecting the environment. Apart from some laws 
about protection of water resources there was effectively no environmental protec-
tion legislation. As uranium production increased so did the number of locations 
affected by mining. But in the 1960s there was a decline in activity as major na-
tions fulfilled requirements for weapons programmes. Many uranium mining sites 
were simply abandoned in these times with no attempt at remediation, thus creat-
ing the legacy sites that are still a problem today. Many of these sites have ongo-
ing environmental problems including radiation from discarded tailings and low 
grade ores or waste rock, or contamination due to seepage from tailings and waste 
rock, sometimes associated with acid rock drainage from reactive materials.  

Concern about these sites and their impacts grew and legislation to control the 
environmental impacts appeared in many jurisdictions. In Australia, for example, 
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the Environment Protection (Impact of Proposals) Act came into force in 1974. 
But these laws were not retroactive, so legacy sites remained untreated. 

In the mid 70s the uranium mining industry had a surge of activity meet the 
demands of a growing nuclear power industry. But not all of these mines were be-
ing developed under situations where environmental legislation was applied. In 
many centrally planned economies of Central Asia, for example, the maintenance 
of production was all important and environmental and health and safety rules 
were only a secondary concern at best. As a consequence some of the former lega-
cy sites became larger and new legacies were created in addition. 

But the drive for nuclear power stalled and many organisations stockpiled ura-
nium so the demand for new production eased in some quarters. Again sites were 
abandoned but now there were laws requiring remediation and in some locations 
such work was done, but only usually where the mining had been recent. Old leg-
acy sites remained untouched for the most part. In Central Asia production contin-
ued for some years but as the political tensions eased the strategic need for ura-
nium declined. The result was a large scale closure of mines and processing 
facilities that now had to compete on the open world market. Few of these mines 
could achieve the production volumes and efficiencies to do this and so another 
round of legacy sites was created. 

Again the market cycle moved on and in the early days of the 21st century the 
market for uranium has undergone a renaissance. Uranium production is only 
about 66% of current market demand. To meet this shortfall` new uranium re-
sources are required and these are being sought all over the world. In many in-
stances developers have turned to former uranium production sites to see if they 
are likely to be capable of economic production in the new situation. But many of 
these sites still offer legacy conditions and so in the race for development the need 
to include legacy remediation has to be borne in mind. For new resources the les-
sons to be learned from the past must be acknowledged and the creation of new 
legacies avoided at all costs. 

There are many lessons to be learned from the past and this paper sets out some 
selected examples of good and not so good remediation experiences that the ura-
nium industry should take into account when planning the development and ex-
ploitation of resources in this new round of activity. 

The history of neglect 

Today’s legacy problems arose because due to the lack of legislation in earlier 
times. With no obligation to plan for, or undertake remediation and with no funds 
having been put aside to carry out the work, remediation did not happen. This last 
point is a major issue when legacy remediation programmes are discussed or ef-
forts are made to plan work. Mining legacy remediation is a very expensive busi-
ness, more so when uranium is involved. For example in Germany the cost of 
remediation of the former uranium mines and associated of the WISMUT com-
pany will be about €6.2 billion, a sum of money that few economies could hope to 
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have available for mine remediation - let alone those recently emerged from years 
of central planning. Thus, few of the countries most affected by the uranium mine 
legacy issue have adequate finance or resources and infrastructure in their regula-
tory networks to plan, develop and manage such programmes. Neither do many of 
the countries most affected have sufficiently well developed environmental pro-
tection laws and resources. 

So the diagnosis is one of neglect and lack of resources. The prognosis is not 
very good at first glance due to the vast amounts of financial support required at a 
time when there are many other priorities for Governments expenditure in many of 
the most affected nations. Public health, education and re-building economies are 
all activities competing for the money available. But all may not be lost if legacy 
remediation can be incorporated with other development plans.  

In today’s market this has increased interest in the possibility of re-treating tail-
ings, and perhaps other residues from legacy sites, to extract uranium. A number 
of proposals are being considered by mining companies and governments in for-
mer uranium mining centres around the world. Such plans should only be consid-
ered if they are a component of a comprehensive remediation programme. Any 
new processing scheme should be designed to ensure that the end state of the pro-
ject will be a remediated site i.e. no new legacy is created.  

Case histories 

In developing this paper a relatively small number of case histories from around 
the world were selected to show a cross-section of both the problems being en-
countered and the solutions being implemented. It will be shown how some op-
tions have succeeded and whilst others failed.  

Over the past 20 years in Western Europe and North America, there have been 
significant campaigns undertaking the remediation of uranium mines, especially 
legacy sites. Such programmes include work at Wismut in Germany, Elliot Lake 
in Canada, the UMTRA programme in the USA and the work in France at the 
mines of the Limousin district. All these activities are considered to have had 
some success and are well been documented in addition to being the main topic of 
meetings such as those held in Schlema and Gera by Wismut GmbH in 2000 and 
2007. 

Although uranium mining is a global activity, case histories from only 3 conti-
nents are depicted here: Asia, Africa and Australia. There are also legacy sites in 
Europe and the Americas, both remediated and un-remediated, but space is limited 
and the histories presented are hopefully some of the more interesting ones.  

Case histories from Asia 

The former Soviet Union operated a large number of uranium mines throughout 
Asia, in particular in Kazakhstan, Kyrgyzstan, Tajikistan, Uzbekistan, and Mongolia. 
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Between 1961 and 1995 many of these operations closed down, but rarely was any 
remediation undertaken, unless sites were close to significant population centres. 
In Tajikistan for example, the Ghafour waste rock pile, located in an urban area 
with apartment buildings located less than 50 metres away, was shaped and given 
a nominal 1 metre soil cover which reduces radon emanation and gamma dose 
rates considerably; whereas the Degmai tailings repository, located only 2 kilome-
tres from the nearest settlement, has not been covered, has livestock grazing on the 
pioneer vegetation establishing directly in the tailings and is subject to invasion by 
persons recovering scrap metal from the tailings. 

There appears to have been little or no provision for remediation at many of the 
former Soviet Union’s operations, so there is now no specific funding available to 
improve the radiological safety situation. The first stage in what is likely to be a 
long process has been for the International Atomic Energy Agency (IAEA) to pro-
vide some suitable equipment and training to enable the local supervising authori-
ties to strengthen their capabilities. In particular to obtain a good set of monitoring 
and surveillance data to enable authorities to update their characterisation of the 
wastes contained in the various legacy sites as well as the sites and their surround-
ings, including ground water. Once obtained, such data will provide a suitable ba-
sis for the development of comprehensive remediation plans. Such plans can then 
be submitted to appropriate funding agencies. 

Throughout the four Central Asian countries mentioned above the pattern of 
abandonment was similar. However, the story since the mid 1990s has differed. 
Whilst Tajikistan and Kyrgyzstan have no current uranium mining operations, 
both Uzbekistan and Kazakhstan do. Kazakhstan for example is now the third 
largest uranium producer in the world and has undertaken a significant amount of 
remediation work in the former mining areas in the north of the country. Current 
uranium production in both Kazakhstan and Uzbekistan generally uses in-situ 
leach technology. Consequently solid waste production is now effectively nil.  

Kyrgyzstan had several uranium mining areas, but the sites around Mailuu Suu 
in the south west of the country have attracted the most attention. In this valley 23 
waste rock dumps and 17 tailings piles were left behind with varying degrees of 
remediation. The relocation of some of these tailings is the focus of a World Bank 
funded project. Some smaller tailings piles in other parts of Kyrgyzstan have also 
been remediated e.g. at Kadji Say and Min Kush. 

Programmes to plan the remediation and monitoring of these and other sites are 
in place with assistance from a number of multi-lateral agencies. Again the long 
term remediation will require considerable finance which is currently beyond the 
national resources ability to supply.  

The area around the former mining and processing site at Taboshar in Tajiki-
stan is another serious example of legacy contamination. Over the years since the 
abandonment building components and scrap materials have been removed from 
the site piecemeal to the extent that very little is left that can be easily moved by 
hand. Much of what is left is in a dangerous state and presents a significant physi-
cal safety hazard, and possibly a radiological hazard in some cases. The site is 
dominated by a pile of yellow process residues (tailings) that are uncontained and 
continue to erode through wind and rain action. More serious is the use by the 
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local population of water contaminated by the seepages as a potable supply and 
for irrigating food crops. The IAEA, in conjunction with other agencies, is work-
ing to improve surveillance and monitoring and to advance plans for remediation.  

In Uzbekistan and Kazakhstan the current uranium production operations are 
aware of their environmental responsibilities and there is a willingness to under-
take the monitoring and surveillance that will provide the data necessary for reme-
diation planning. Whilst the current and future operations are looking to provide 
remediation plans the legacy issues remain to be adequately addressed. A lack of 
funds for remediation is the major constraint. 

In northern Kazakhstan much mine remediation has been done but at sites in 
the west of the country action much remains to be cleaned up. The centralised tail-
ings storage facility at Stepnogorsk, in the north of the country, remains to be 
remediated and whilst plans are in hand to deal with this issue, funding remains as 
the major sticking point.  

A similar situation exists in Uzbekistan, which is now the world’s seventh larg-
est uranium producer. The former soviet mines were mainly hard rock operations 
whereas current production is dominated by in-situ leach technology. Some of the 
former waste rock dumps and mine sites are being remediated but many remain 
untouched. These materials are at risk of being removed by the local population 
for use as building materials. The tailings storage facility at Navoi is still used for 
disposal of gold processing tailings but the uranium mill tailings there still need to 
be remediated. 

In Mongolia, uranium mining was undertaken at Dornod, in the north eastern 
part of the country. The operation was abandoned in 1995. Since abandonment the 
railway lines and much of the infrastructure that had been installed to support the 
mining in a very remote area have been removed.  

In 2004 IAEA set up a technical cooperation project to assist in the develop-
ment of remediation plans for this site. However, by the time field work began in 
2006 the renaissance of the uranium market had caused a number of overseas min-
ing companies to begin exploration operations in the vicinity. It now seems likely 
that these companies will wish to commence uranium mining operations either 
at new sites or, most likely in the first instance, at the old sites in the Dornod 
vicinity.  

As is commonly the situation in the former Soviet Union states the departure of 
the original operators has left little experience amongst the staff of regulatory bod-
ies, with no current operations available for these people to observe and learn 
from, or to help train new personnel. The IAEA is supporting a programme of 
training and assistance in the development of a suitable regulatory infrastructure 

Case histories from Africa 

The uranium mining industry has been fairly widespread in Africa with mining 
taking place in the Saharan region, central Africa, east Africa and in the southern 
and south western areas. Whilst current operations are making preparations for 
eventual remediation, the recent renaissance of uranium mining has raised 



16      Peter Waggitt  

Plenary 

concerns about the creation of new “legacy sites”. There are already some legacy 
sites, in Zambia and the Democratic Republic of Congo for example, but there are 
also examples of remediation as at Mounana in Gabon. 

At Shinkolobwe in the Democratic Republic of Congo (DRC) the uranium min-
ing operation ran from the 1920s until about the mid 1960s when the site was 
closed out by the operator. There was little remediation and the main structures 
were left standing, whilst waste rock and tailings piles were abandoned as they 
stood. The underground workings were sealed off by plugging the shafts with 
concrete and the open cut was left as it was with some water in the bottom. The 
site was open to pubic access and many local footpaths criss-cross the site. Since 
then artisanal miners have returned to the site from time to time. This activity took 
place most notably in 2003 and 2004 when miners were seeking the cobalt-rich 
mineral heterogenite, which also contains uranium. Clearly if the current market 
boom for uranium continues there may well be pressure to re-open the mine on a 
commercial basis. Should this happen then the issues of managing and remediat-
ing the legacy wastes will need to be fully addressed before the new operations 
start to ensure that both legacy and new waste management will be integrated into 
a programme that meets international safety standards.  

Case histories from Australia 

Uranium mining in Australia really became established in the late 1940s with the 
mine at Rum Jungle. When operations ceased in the 1960s this site was not 
cleared up. Severe environmental impacts in the nearby Finniss River were 
blamed on the uranium mine but in fact it was the presence of acid rock drainage 
from the sulphidic waste rock and the dominance of copper from the poly-metallic 
ore residues in that seepage that were the main problem. An initial clean up was 
undertaken by the Federal Government in the 1970s but this was not satisfactory. 
Thus in 1982 a more comprehensive remediation programme was undertaken. The 
work has some immediate effects and although it was more than 5 years for the 
benefits of the work to be fully apparent all seemed to be well. Unfortunately by 
the late 1990s the performance of the covers in restricting rainfall infiltration had 
begun to degrade significantly with a consequent increase in acid drainage emis-
sions. Problems also arose with the sustainability of the non-native and agricul-
tural species used for revegetation ands weed invasion was very widespread on the 
site. A report has been prepared on the need for remedial works. Remediation re-
garded as a “leading edge technology” solution less than 25 years ago has shown 
itself to be unsustainable. It should be stressed that much valuable information has 
been gained from this experience which is being applied to other remediation pro-
grammes, in particular in the wet-dry tropics. 

The mines of the South Alligator Valley dated from the 1960s when over a few 
years about 850 t of uranium was produced from 13 small deposits. Again, at the 
end of the mining work, the sites were abandoned. In the late 1980s the area was 
incorporated into Kakadu National Park (KNP), a World Heritage National Park, 
and then the land ownership was returned to the Aboriginal Traditional Owners 
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(TOs). As part of the KNP lease-back agreement the TOs required that the 13 
mine sites and any other legacy evidence of mining be remediated before 2015. 
Various studies were carried out in the period 2001 to 2005 involving extensive 
consultations with the TOs. This was necessary to ensure that the proposed works 
not only met required international safety standards, but also did not compromise 
the traditional values and cultural beliefs of the TOs. Also there were some natural 
heritage issues to manage, such as not collapsing mine tunnels which had become 
the habitat for endangered bat species. As always finance was an issue and it was 
not until 2006 that the Federal Government finally agreed to grant $7 million for 
the works programme. The design work was completed by early 2007 and the first 
phase of the remediation at some of the sites was completed before the onset of 
the rains in November 2007. The balance of the work will be completed over the 
next year or two. The works are uncomplicated as there are few radiological safety 
issues and much of the effort will be in relocating scrap material and some process 
residues from a variety of locations to a single, specifically designed, containment. 

The resurgence of the uranium mining industry 

Since late 2003 the uranium mining industry has shown an ever increasing level of 
activity. Today as many as 600 companies worldwide seem to be expressing an in-
terest in the exploration and development of uranium resources. In the “quiet 
times” since the last boom period of the late 70s the industry had been very stag-
nant in terms of development. Now exploration and mine development are activi-
ties that are increasing significantly on a global scale. Projects in Africa, for ex-
ample, include one new mine in Namibia and one under construction in Malawi 
and several prospects e.g. in Namibia, South Africa and Zambia. Much of the ex-
ploration has begun at “brownfield sites” many of which could also be classified 
as legacy sites. Abandoned previously as being uneconomic with low ore grades, 
several of theses sites now appear to offer the possibility of a quick start up to ex-
ploit a known resource which could provide cash income to finance further explo-
ration and development in regions associated with uranium mineralization.  

Even the re-treatment of tailings is being actively pursued in some locations, 
particularly at legacy sites. The economics look good at first glance with the cost 
of milling already taken care of and uranium market prices staying around $55-
60/lb U3O8. The danger to the environment is that such new activities may not 
consider the costs of final remediation in their economic analyses as the sites are 
already “legacy sites”. The authorities must be firm in their resolve and allow de-
velopments such as these to proceed only if they result in an overall better situa-
tion from the aspects of safety and environmental protection. This will require 
strong regulatory processes and infrastructure, and adequate resources and, above 
all, sufficient numbers of trained staff.  

This last point is very serious. Whilst the industry was in apparent decline few 
young people were keen to join as they saw little future in an apparently moribund 
industry. As a result there are frequently 20 year gaps in the staffing profile of 
uranium mining activities which now need to be filled very quickly. This applies 
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to both operators and regulators. For example, radiation protection workers are in 
short supply everywhere, as are uranium exploration geologists. The boom in ura-
nium mining calls for increased numbers of persons with these skills to work for 
both regulators and operators. Consequently all sides of the industry need to at-
tract new staff and set up comprehensive training systems. This will help to ensure 
that there will be continuity when the older generation, many of whom are now re-
tiring, are no longer available to provide the knowledge and experience that the 
situation is demanding today and into the future. 

Where to from here? 

The major lesson to be learned from all of these case studies is that where uranium 
mining activity is being undertaken, on new or re-activated sites, there needs to be 
a suitable legislative regime in place to deal with all these issues and prevent the 
creation of new legacy sites. So how should the uranium mining industry stake-
holders move forward to deal with legacy issues and the development surge? 

The question of how to assess liability for existing environmental impact and 
how to address requirements for remediation are questions that are testing the 
regulatory systems worldwide. Obviously the existing legacy of environmental 
degradation cannot be blamed on new operators; equally new operations should do 
nothing to worsen the situation. In addition new projects’ remediation plans 
should be required from the outset to incorporate an approach that will assist with 
the improvement of the existing situation to the greatest extent practicable. These 
plans must include guarantees for the financial resources required for remediation. 

The most important point is to ensure that today’s uranium mining industry is 
not allowed to create any new legacy sites for the future. For example, where for-
mer mining sites are re-activated, every effort should be made to incorporate the 
remediation of any associated legacy sites into the remediation of the current op-
eration, to the maximum extent practicable. 

The uranium mining industry is taking up a new lease on life and is now com-
monly seen as one part of the integrated solution to meet future global energy 
needs. By providing the fuel for nuclear power plants uranium mining may be 
seen to be contributing positively to the battle to reduce CO2 production and, con-
sequently, global warming. This may an important objective, but it must not be al-
lowed to distract any of the industry’s stakeholders from their responsibility to en-
sure that uranium is always mined in an environmentally responsible manner.  
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Abstract. Uranium is a major radioactive constituent of spent nuclear fuel and 

high-level radioactive waste. However, its migration behaviour in crystalline rocks 

is still inadequately understood. This paper describes the results of controlled 

laboratory migration experiments and attempts made to simulate them using nu-

merical models. Initial models employing generic information in “blind predic-

tions” are progressively enhanced by data-supported interpretation. Such an ap-

proach is intended to mimic the stages of a site assessment, where conceptual and 

numerical models are progressively refined. 

Introduction 

Geological disposal is the preferred management end-point for high-level waste 
(HLW) and, in some countries, spent fuel (SF). Safety assessment (SA) proce-
dures are intended to demonstrate that any releases of radionuclides that will al-
most certainly occur at some time in the future have negligible impact. SA is made 
up of various components that are designed to represent the behaviour of the repo-
sitory itself and the surrounding geological environment, and to predict its long-
term behaviour. Although a large body of information on alternative  rock matric-
es for disposal and on pertinent processes and events has been accumulated over 
the past 30 years, several potentially important processes have not yet been ade-
quately characterised. In particular, the micro-scale behaviour of uranium in crys-
talline rocks remains poorly understood. 

In the course of a site assessment, increasingly detailed information is collected 
in order to construct and refine numerical models. The process of developing nu-
merical models, such as those for the transport and retention of radionuclides, 
helps to better understand the repository system as a whole and to identify those 
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processes that need to be known with greater precision. Iterative model develop-
ment is a powerful tool and helps to target resources for further investigations and 
research. The current paper illustrates this point using a laboratory microcosm of 
uranium migration through crystalline rock cores. 

At the early stages of an investigation very little may be known about water 
compositions and the reactions taking place. Blind predictions using sparse data 
sets challenge the modeller to carefully document the assumptions employed in 
scenario construction (Read, 1991). Assumptions regarding newly formed second-
ary phases incorporating the radionuclide of interest will have to be made on the 
basis of earlier experimental evidence, ‘analogues’, or literature data. The major 
adjustable variables, in addition to those governing the hydraulic properties, are 
the nature of solubility-controlling solid phases. The model is refined step-by-step 
with experimental data, thus arriving at a more realistic input-output estimate. The 
latter may include estimates of reaction kinetics and assumptions regarding ‘ac-
tive’ and ‘inert’ phases. After termination of the actual experiments and analysis 
of the solids, these results can be compared with the predictions from the model.  

Experimental set-up 

Two core sections of Syyry granodiorite from Sievi, Finland (49.5 mm diameter 
and 47.34 mm length) were placed in a triaxial cell (Figure 1). A disc cut from a 
depleted uranium (DU) penetrator (armour piercing ammunition) was inserted be-
tween the two rock slices. The DU is in the form of 25 mm diameter discs, 0.5 mm 
in thickness (Trueman et al., 2004). The total surface area is 1021 mm2 and the 
uranium mass is 4.688 g. 
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Fig. 1. Experimental set-up. Fig. 2. Conceptual layout of model. 
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The DU serves only as a well-characterised source of uranium ions and is not 
meant to mimic exactly the dissolution of SF. Previous studies (Trueman et al, 
2003; Baumann et al., 2006) demonstrated the rapid degradation of DU under a 
range of experimental conditions when exposed to excess solution. In the present 
experiments, rock matrix/aqueous solution ratios are more representative of those 
found in the field and, in addition, the fate of the radionuclides released is as-
sessed. 

In addition to a confining pressure, a slight upward directed flow is imposed on 
the triaxial cell. The initial volumetric flow rate was 0.017 cm3/s. 

Three basic sets of data will be generated from the experiments : (1) the chemi-
cal composition of the effluent as a function of time, (2) evolving alteration prod-
ucts on the disc surface and (3) spatially resolved data from analyses of the rock 
samples upon termination of the experiment. Together these data will allow a 
time-resolved (uranium) mass balance for the experiment to be constructed. 

Conceptual Model 

A one-dimensional ten-cell model (Figure 2) was set up in PHREEQC (Parkhurst 
& Appelo, 1999). The chemical calculations were performed using the Lawrence 
Livermore Laboratory thermodynamic database (Version 85 from 02/02/05) that 
was delivered together with the code (Version 2.12.05). 

Initial water compositions 

It was assumed that little more ‘real data’ were available other than that the ma-
terial in the experiment is a granodiorite from Central Finland. Thus, the first step 
consisted of modelling the initial water composition (Table 1) based on literature 
data for comparable material, viz. groundwater from Äspö (quoted in Bruno et al., 
1999).  

Initial calculations showed that the water is close to equilibrium with respect to 
albite, quartz and several clay minerals, reflecting the main constituents of granitic 
rock and its weathering products. Subsequent calculations maintained equilibrium 
with H-saponite, which provides for silicate and pH-buffering in the system. The 
infiltrating solution was brought into equilibrium with O2 and CO2 at their respec-
tive atmospheric partial pressures. The resulting water composition was slightly 
supersaturated with respect to ferric hydroxide and, hence, precipitation of it was 
allowed, which provides for additional pH-buffering. 
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Table 1. Calculated (data for Äspö from Bruno et al (1999)) and measured water composi-
tions [mol/dm3]. 

Component Äspö measured Component Äspö measured 

Na+ 9.13·10-2 9.27 10-4 HCO3
- 1.64·10-4 n.d. 

K+ 2.05·10-4 5.81 10-5 PO4
3-  3.13 10-6 

Ca2+ 4.73·10-2 8.85 10-4 Cl- 1.81·10-4 n.d. 
Mg2+ 1.73·10-3 1.67 10-3 SO4

2- 5.83·10-3 9.12 10-5 

Fe2+ 4.30·10-6 1.33 10-3 pH 7.7 6.64 
Mn2+ 5.28·10-6 8.45 10-5 Eh [mV] -300 n.d. 

H4SiO4 1.46·10-4 2.75 10-5    
 

The hydraulic properties of the experimental system 

The porosity of the two samples used was 9.1% and 13.6% respectively, by the 
helium method. An average value of 10% for the total porosity was assumed for 
the modelling runs and the effect of different effective porosities explored numeri-
cally. The mixing cell model in PHREEQC does not allow the effective porosity 
to be entered explicitly, only implicitly via the average porewater flow velocity. 
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Fig. 3. Sample tracer profiles as a function of dispersion length αL. 
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The tortuosity, or length of the stream-tubes within the rock, is defined through 
the average flow velocities. The cells are modelled as a continuum and as stream 
tubes so that their length distribution is represented by the dispersivity. A typical 
choice for the dispersion length is 1/10 of the cell length, here approximately 0.5 
mm. In sensitivity calculations this value was varied over several orders of magni-
tude. Figure 3 exemplifies the effect on the shape of tracer break-through profiles. 

For further calculations, a value of 5% for the effective porosity and of 0.5 mm 
for the dispersion length were chosen, based on the preliminary hydraulic assess-
ment; these correspond to a time step in the PHREEQC model of 18000 s = 5 h. 

Safety cases for disposal of HLW and SF in fractured hard rocks rely heavily 
on the concept of dual porosity and the related concept of matrix diffusion (e.g. 
SKB, 2006). These assume that, although only the effective porosity takes part in 
advective-dispersive transport, there will be diffusive exchange between this frac-
tion and the remaining porosity. This exchange lowers peak concentrations and is 
also responsible for longer tails in concentration distributions. The PHREEQC 
code allows dual-porosity cases to be formulated for various geometries, which 
are introduced via a ‘shape factor’. Here, a stream-tube geometry embedded in a 
one-layer deep tube of stagnant cells was considered the most appropriate. 

Solubility Controlling Phases for Uranium 

Secondary uranium phases that may control solubility were identified by simulat-
ing batch experiments with incremental amounts of uranium added. The thermo-
dynamically most stable phases are predicted to be UO2(OH)2 and UO3·nH2O. The 
latter may actually be polymorphous and have the formula 
[(UO2)8O2(OH)12](H2O)12] (Finch et al., 1996). The LLNL database contains solu-
bility products for UO3·nH2O with n= 2, 1, 0.9, 0.85, 0.648 and 0.393. UO3·nH2O 
has been identified as the major corrosion product from the dissolution of DU in 
soils (Trueman et al. 2003). Considering the persisting uncertainty regarding rele-
vant thermodynamic constants (e.g. Jang et al., 2006), schoepite was used as a 
proxy here. 

The uranium source term 

Previous experiments (Trueman et al, 2003) have shown that in extremis one year 
is sufficient to completely dissolve a DU disc. Given a total mass of 0.1674 moles 
of U, an approximate mass loss of 5.4·10-9 mol/s can be calculated. This value has 
been used as a linear reaction rate. Previous experiments have also shown that not 
all uranium would move away, but that alteration products accumulate on the sur-
face of the discs (Baumann et al., 2006). The instantaneous (equilibrium) precipi-
tation of schoepite as modelled in PHREEQC would constrain aqueous uranium 
concentration to about 3·10-5 mol/dm3. 
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At 5% effective porosity the rock sample contains 4.55·10-3 dm3 mobile solu-
tion. Hence, 2.134·10-2 mol U/time step must be added. With the initial volumetric 
flow rate of 0.017 cm3/s, this translates into a concentration of 3.176·10-4 mol/dm3 
in the inflowing solution. 

Results of Blind Modelling 

Figure 4 shows that the zone where schoepite saturation is reached moves along 
the column. Steady state effluent uranium concentrations would be attained quick-
ly for an equilibrium model that assumes instantaneous precipitation once satura-
tion is reached. Such a model would cause all precipitation to occur in the first 
cell, resulting in rapid clogging of the pore space.  
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Fig. 4. Flooding the core with a uranium solution of 3.176·10-4 mol/dm3 while allowing 
schoepite to precipitate. 

Based on a molar volume of 66.61 cm3/mol, one can calculate a precipitation 
rate of 0.031 cm3/day, leading to the total pore volume of 9.6 cm3 being complete-
ly filled within just under 300 days. Of course, with increasing clogging of the 
pore volume the flow rate and hence the supply of uranium would decline. 

In order to model the behaviour of uranium more realistically, precipitation ki-
netics were assumed in subsequent calculations. 
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Precipitation Kinetics 

PHREEQC allows the definition of different kinetic models and reaction rates for 
each cell. The data would normally be derived from experiments by curve-fitting. 
In a blind prediction case no such data are available and modelling of precipitation 
kinetics is purely conjectural. In order to set up the model for later curve-fitting 
exercises and to demonstrate the effect of precipitation kinetics, a simple case with 
arbitrary kinetics was developed. It was assumed that the kinetics of precipitating 
schoepite would depend on the activity concentration of the uranyl ions in solution 
with different scaling factors. Figure 5 exemplifies such calculations and the re-
sulting concentration profiles for different (arbitrary) rate constants. 
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Fig. 5. The effect of different arbitrary precipitation kinetics rate factors rf on the 
distribution of total precipitated schoepite along the sample. 

Discussion and Conclusions 

The first model was constructed solely from the average volumetric flow rate and 
the total porosity. In the next phase, the actual flow rates will be imposed onto the 
hydraulic model, as a drop in volumetric flow rates was actually observed. This 
automatically constrains the degree of freedom for any precipitation kinetics. The 
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measured bulk chemistry of the effluent will then be compared with that predicted 
by the model, which helps to identify the various processes that may control pH 
and redox potential. In addition, those elements that are involved in heterogeneous 
reactions can be identified on the basis of mass balances. With this information a 
refined model of the bulk chemical processes will be developed. In turn, better 
knowledge of the development of the bulk chemistry will help to constrain hetero-
geneous processes involving uranium. Given the assumed inertness of much of the 
rock matrix, at least on the time scale of the experiment, and considering the large 
mass of uranium available, it is quite likely that heterogeneous reactions involving 
uranium do have a noticeable influence on the bulk pore water chemistry. The 
modelling study will help to show this. 

Blind predictive modelling and subsequent parameterisation of the model with 
actual experimental data is a valuable process that helps to better understand sys-
tem behaviour. The blind predictions indicate which system variables are likely to 
be critical and thus helps to direct priorities for the analytical programme. 
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Abstract. An antibody that recognizes a chelated form of hexavalent uranium was 

used in the development of two different immunosensors for uranium detection. 

Specifically, these sensors were utilized for the analysis of groundwater samples 

collected during a 2007 field study of in situ bioremediation in a aquifer located at 

Rifle, CO. The antibody-based sensors provided data comparable to that obtained 

using Kinetic Phosphorescence Analysis (KPA). Thus, these novel instruments 

and associated reagents should provide field researchers and resource managers 

with valuable new tools for on-site data acquisition. 

Introduction 

The ability to perform quantitative analyses of contaminants in groundwater sam-
ples while still in the field has been a long-term goal for environmental scientists. 
For uranium analysis, samples must be transported off-site for any complex, de-
tailed analysis such as ICP-MS or AAS. Simpler instrumentation like the Kinetic 
Phosphorescence Analyzer (KPA) is also used primarily in a laboratory setting; in 
addition, this instrument is useful only for the analysis of uranium and lanthanides 
(Brina and Miller, 1993). Here we describe two immunosensors that can be 
adapted for uranium analysis through the use of antibodies that bind to a UO2

2+-
chelate complex.  

Immunoassays have numerous advantages for quantifying levels of environ-
mental contaminants. Immunoassay methods are rapid and simple to perform. 
Relatively compact instruments can be designed to quantify antibody binding; 
such instruments are thus amenable for use in a field setting. Finally, the immuno-
sensors used in the experiments described herein can be modularized such that 
many different contaminants can be measured using an identical sensor platform; 
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if an antibody to a specific environmental contaminant can be generated, it can be 
used with this sensor technology. In the present study, two instruments based on 
the principle of kinetic exclusion (Blake 1999, Kusterbeck and Blake 2008) were 
used to assay groundwater samples from a uranium-contaminated site in Rifle, 
CO. Both immunosensors were able to detect changes in uranium levels during an 
in situ remediation process and thus show promise towards eventual field deploy-
ment for a variety of environmental sensing needs.  

Methods 

Materials 

The uranium-selective chelator 2,9-dicarboxyl-1,10-phenanthroline (DCP) was 
purchased from Alfa Aesar (Ward Hill, MA). 12F6, a mouse monoclonal antibody 
that binds specifically a UO2

2+-DCP complex, and an immobilized form of che-
lated uranium (UO2

2+-DCP-BSA conjugate) were available from a previous study 
(Blake et al. 2004). A Cy5-labeled Fab of goat anti-mouse IgG was obtained from 
Jackson ImmunoResearch Laboratories (Gaithersburg, MD). Bisacryla-
mide/azlactone copolymer beads (UltraLink Biosupport), used in the Inline sensor, 
were a product of Pierce Biotechnology (Rockford, IL). Polystyrene beads, used 
with the field portable device (FPD), were acquired from Sapidyne Instruments, 
Inc (Boise, ID). The diameter of both bead types was ~ 98 μm; these beads were 
coated with the UO2

2+-DCP-BSA conjugate by procedures that have been pre-
viously described (Blake et al, 2004; Yu et al, 2005). A UO2 2+ standard was made 
from uranyl acetate obtained from Mallinckrodt (St. Louis, MO). Environmental 
water samples were obtained in August and September, 2007 from a sampling 
well (D-02) at the Rifle UMTRA site, Rifle CO. The collected samples (~50 ml 
each) were filtered through a 0.2 µM IC MILLEX-LG syringe filter (Millipore, 
Billerica, MA) and refrigerated.  All samples were acidified with 8 N HNO3 to a 
pH of 2 before analysis.  Standard curves were generated using a 1:200 dilution of 
“Rifle Artificial Ground Water” (RAGW), made from a formulation developed by 
K.M. Campbell of the U.S. Geological Survey (Menlo Park, CA).  

Inline Sensor  

The Inline sensor, developed in conjunction with Sapidyne Instruments (Boise, 
ID) (Fig. 1A) is an instrument designed to be operated in a process line capacity 
(Yu et al., 2005; Bromage et al., 2007; Kusterbeck and Blake, 2008).  
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Fig.1. Uranium immunosensors.  A, The KinExA Inline sensor (footprint, 30x56 cm) auto-
nomously mixes assay components and injects them over a capillary bead column illumi-
nated by an LED. The instrument measures fluorescently labeled antibody bound to the 
column; multiple samples can be assayed in one experimental run.  B, The Field Portable 
Device (footprint, 23.5 x 32 cm) is a self-contained instrument that injects operator-
prepared samples from a loaded 1 ml syringe over a pre-filled flow cell (inset). The instru-
ment with battery weighs approximately 6 kilograms; a carrying case with room for all ne-
cessary accessories (not shown) increases portability. 

The Inline sensor required a grounded power source and was able to autono-
mously mix all components, run a standard curve, and analyze unknowns. Bisa-
crylamide/azlactone copolymer beads (50 mg) were coated with UO2

2+-DCP-BSA 
conjugate and loaded into the bead reservoir before the assay sequence was in-
itiated. UO2

2+ was spiked into Hepes-buffered saline (HBS, 137 mM NaCl, 3 mM 
KCl, 10 mM Hepes, pH 7.4) containing 200 nM DCP and a 1:200 dilution of 
RAGW in order to generate the standard curve. Environmental samples were di-
luted 1:200 in Hepes-buffered saline containing 200 nM DCP. The pH of the envi-
ronmental samples after a 1:200 dilution into HBS was between 7.0 and 7.2. All 
assay mixtures also contained the anti-uranium antibody 12F6 (0.25 nM) and Cy5- 
Fab (5 nM, used to fluorescently label 12F6). The signals generated by the envi-
ronmental samples were compared to the standard curve to determine concentra-
tions of UO2

2+. The instrument was programmed (Yu et al, 2005) to generate a 
five-point standard curve and analyze seven samples in a single experimental run. 
All data points (standards and environmental samples) were obtained in triplicate.  

Field Portable Device 

The field portable device (FPD) (Fig. 1B), also developed in conjunction with Sa-
pidyne Instruments (Kusterbeck and Blake, 2008), was designed to be used in the 
field without the need for a grounded power supply. Instead, the device was po-
wered with a power drill battery available at most hardware stores. The instrument 
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was completely enclosed in a plastic case and controlled by laptop through a wire-
less interface. Unlike the re-usable capillary flow cell utilized by other kinetic ex-
clusion instruments (Blake et al., 2004; Yu et al., 2005), the FPD used a disposa-
ble flow cell (Fig. 1B, inset) prefilled with polystyrene beads coated with the 
UO2

2+-DCP-BSA conjugate. Assay components were mixed by the operator; the 
final concentrations of the reagents were as described for Inline sensor analysis, 
except the Cy5-Fab concentration was reduced to 2.5 nM. Due to the limited bind-
ing capacity of the flow cell, the data points of the standard curve were obtained in 
singlet, while the environmental sample was analyzed in triplicate.  

Kinetic Phosphorescence Analysis 

In order to validate the performance of the immunosensors described herein, acidi-
fied groundwater samples were also analyzed with a kinetic phosphorescence ana-
lyzer (KPA) and Uraplex reagent available from ChemCheck Instruments (Bel-
lingham, WA). Each sample was measured at three dilutions to ensure accuracy.  

Results 

The Inline sensor and the FPD are both flow fluorimeters that employ the kinetic 
exclusion method. This method measures the concentration of free, uncomplexed 
antibody in assay mixtures containing fluorescently-labeled antibody, the conta-
minant of interest, and antibody-contaminant complexes (Blake et al, 1999). A 
structural analogue of the contaminant (in this case chelated uranium) was coated 
onto beads. These beads were subsequently packed into a flow cell and used to 
capture the free fluorescently-labeled antibody; the fluorescence on the beads was 
monitored as the assay mixture flowed through the cell.  

Typical data traces for the FDP are shown in Fig 2. This instrument recorded 
the baseline fluorescence 5 seconds prior to injection of the sample. Sample injec-
tion was completed in ~50 seconds and the instrument then automatically rinsed 
the flow cell from a buffer reservoir. The instrument automatically determined the 
baseline signal from the first 5 seconds of the trace and subtracted that value from 
the final signal after the rinse to generate a “delta” signal, which was inversely 
proportional to the amount of UO2

2+ in the sample. A delta signal for each sample 
could be determined in 140 seconds. 

In order to generate a standard curve, known amounts of UO2
2+ were added to a 

buffered sample that contained 200 nM DCP chelator and RAGW in the same di-
lution as that used for the environmental samples. The chelated UO2

2+ bound to 
fluorescently labeled 12F6 antibodies present in the sample; these bound antibo-
dies were therefore not available for binding to the chelated UO2

2+ immobilized on 
the beads. As more soluble UO2

2+ was added to the assays, less fluorescently la-
beled antibody was bound to the beads. This competition for limited antibody 
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binding sites resulted in a delta signal from the instrument that was inversely 
proportional to the amount of UO2

2+ present in the sample. 
A 4-point standard curve was generated using the FPD, as shown in Fig 3.  

 
Fig.2. Primary data traces from the FPD. Solid line, sample containing antibody but no 
UO2

2+. Dashed line, sample containing antibody plus a UO2
2+ concentration high enough to 

fill all antibody binding sites (10 nM). 

 
Fig.3. Uranium standard curve developed using the FPD. UO2

2+ standards (closed triangles) 
and a sample from a sampling well in Rifle (well D-02, open circle) were prepared as de-
scribed in Methods. The concentration of UO2

2+ present in the sample after factoring in the 
dilution was 473.1 +/- 87.9 nM. Points obtained for generation of the standard curve were 
singlets while the environmental sample was run in triplicate. 
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The standard curves were fit to the data points using the following equation: 

( )
xa

xaaYA +
−=
2

*10
 (Eq 1) 

in which YA is the delta value at a particular concentration of UO2
2+, a0 is the 

delta at an infinite concentration, a1 is the magnitude of change in delta from the 
lowest to the highest UO2

2+ concentrations and a2 is the concentration of UO2
2+ 

that results in 50% inhibition of the signal.  The a2 is also the equilibrium dissoci-
ation constant (Kd) of 12F6 binding to the UO2

2+-DCP complex. Since this value 
has been determined in a previous study (Blake et al., 2004), the a2 obtained was a 
reliable indicator of the accuracy of the standard curve. The amount of UO2

2+ in an 
environmental sample was determined by diluting the environmental sample into 
HBS buffer containing the same reagents used for the standard curve. The sample 
was then injected over the beads and the resultant data point was fitted onto the 
standard curve.   

Similar analyses were also performed using the Inline sensor. In contrast to the 
FPD, which used a single bead pack in a disposable flow cell for multiple mea-
surements, the Inline sensor used a fresh set of beads for each measurement. 
Beads were stored as a slurry in a reservoir bottle (shown in Fig 1A) and the in-
strument automatically packed a new bead microcolumn at the beginning of each 
measurement. Typical data traces from the Inline sensor are shown in Fig. 4. The 
inset shows a uranium standard curve prepared by plotting delta versus uranium 
concentration.  

 
 

 
 
 
 

Fig.4. Data traces and uranium standard curve from the Inline sensor. The instrument 
packed beads into the flow cell, washed sample lines and tubes and mixed experimental 
samples from stock solutions from 0-359 sec. Sample injection occurred at 360 seconds and 
was followed by a buffer rinse. Inset, Uranium standard curve. All experiments were per-
formed in triplicate.  
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Finally, both the FPD and the Inline sensor were compared with kinetic phos-
phorescence analysis for their ability to assess uranium in environmental ground-
water samples. These samples were obtained during an in situ bioremediation ex-
periment conducted at the Uranium Mill Tailings Remedial Action (UMTRA) site 
located in Rifle, CO. Detailed descriptions of the history, geology and hydroge-
ology of this site have been described elsewhere (Anderson, et al., 2003; Vrionis, 
et al., 2005). Background groundwater concentrations of uranium are approx-
imately 500 to 1000 nM.  A series of monitoring wells were installed down-
gradient of an injection gallery. This injection gallery, installed perpendicular to 
the groundwater flow, was used to pump acetate into the aquifer. Biostimulation 
with acetate is thought to initially stimulate the growth of Geobacter species, 
which are able to reduce soluble U(VI) to insoluble U(IV) and decrease the ura-
nium in the water column (N’Guessan et al., 2008). Groundwater samples were 
collected at intervals after initiation of acetate injection and analyzed for uranium. 
Fig 5 shows the levels of soluble uranium in a representative downstream well, D-
02, during continuous acetate injection from the day 0 to day 35. As reported pre-
viously (N’Guessan, 2008) acetate injection caused a relatively sharp decrease in 
soluble uranium that was detected with all three instruments.  Additionally, the da-
ta from the two immunosensors correlated well with the data from the KPA. 
 

 
 

 

 

 

 
 
 
 

Fig.5. Comparison of KPA, Inline, and FPD analysis. Groundwater samples were collected 
at the indicated times after the initiation of acetate injection, filtered and acidified. KPA 
analyses were performed at 3 dilutions; samples were analyzed in triplicate using the Inline 
Sensor and FPD. The error bars represent the standard error of the mean. 

 



34      Diane A. Blake et al.  

Plenary 

Discussion 

Previous work in our laboratory has focused on the isolation/characterization of 
antibodies that bind to metal-chelate complexes and on the development of anti-
body-based assays useful for measuring a variety of heavy metals in a given sam-
ple (Khosraviani et al., 1998; Delehanty et al., 2003; Darwish and Blake, 2004; 
Kriegel et al., 2006; Zhu et al., 2007). The work described in this report represents 
some of the first experiments carried out by our laboratory in a field setting and 
demonstrates the portability, speed and overall utility of immunosensors for envi-
ronmental analysis. However, as with all immunoassays, a detailed understanding 
of the binding properties of the antibody used in the assay is vital for the success 
of this method. 

Monoclonal antibodies that recognize environmental contaminants are typically 
generated in mice by repeated exposure of the contaminant (or a structural analo-
gue of the contaminant) to the mouse immune system. Metal cations are too small 
to illicit an immune response and our laboratory has developed a method whereby 
an immunogen is prepared by immobilizing the metal via a bifunctional chelator 
to a carrier protein (for a review, see Blake et al., 2007). The antibodies generated 
from such immunizations recognize metals bound to a chelator, rather than free 
metals. Since metals in environmental samples almost always exist in a complexed 
state, an important part of any assay development effort is devising a strategy that 
removes the metal from its natural complexants and transforms it to a form recog-
nized by the antibody. The antibody used for the uranium analysis, 12F6, recog-
nizes uranium in a complex with DCP (Blake et al, 2004). Thus, the uranium in 
the environmental samples from the Rifle site had to be dissociated from com-
plexants present in the groundwater samples and subsequently transformed to 
DCP complexes. While the optimal pre-treatment strategy for Rifle samples (aci-
dification, then neutralization into buffers containing DCP) was not determined 
until after the field experiment had been completed, future experiments should al-
low for near real-time quantification of uranium in the field. 

The use of the Inline sensor has both advantages and disadvantages for field 
use. This instrument had a relatively high sample throughput and provided data 
with minimal effort on the part of the operator. In a typical day at Rifle, we col-
lected and pretreated samples during a day of field work; the Inline sensor was 
then programmed to analyze them overnight. The instrument’s autonomous opera-
tion and relatively small footprint (30x56 cm) was advantageous in the cramped 
conditions that existed in our field laboratory (a converted horse trailer). The In-
line sensor provided data that was as precise as larger immunoassay instruments in 
our laboratory. This superior precision could be attributed to the instrument’s abil-
ity to prepare a fresh set of reagents (bead column, freshly mixed assay compo-
nents) for each measurement; however, use of fresh reagents limited the total 
number of individual samples per run to ~50. The main disadvantage of the Inline 
sensor was its requirement for a grounded 110 AC power source. 

Because of its independent power supply and wireless interface, the FPD could 
be operated in the absence of a grounded power supply (although the drill batteries 
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used for operation needed to be recharged either from an automotive battery or a 
grounded power source). The instrument is comparatively light (6 kg); it was 
transported  in a backpack-like bag that also had room for all necessary reagents 
and accessories (pipettes, syringes, disposable tubes); thus, this instrument could 
be used in a remote setting. One of the issues currently being addressed during 
further FPD development is the binding capacity of the disposable flow cells sup-
plied with the instrument. Unlike the Inline immunosensor, the FPD uses the same 
bead column for multiple measurements. This ultimately results in a decrease in 
instrument responsiveness as more and more antibody binds to the UO2

2+-DCP 
coated on the beads. For the experiments described herein, we responded by limit-
ing the number of standards and experimental samples analyzed on each disposa-
ble flow cell. In practical terms, these limitations decreased precision due to fewer 
replicate measurements. A fresh flow cell was required for every environmental 
sample, which led to a decrease in sample throughput. New bead coating strategies 
and sample injection schemes are being explored to optimize instrument perfor-
mance. 

The data obtained with these two new immunosensors compared well that ob-
tained using KPA. As seen in Fig 5, the data from both the Inline and FPD corre-
lated well with the KPA analysis of the D-02 test well, especially at the higher 
uranium levels seen at the beginning of this study. While the FPD, in particular, 
was less able to monitor uranium at lower levels, both the Inline sensor and the 
FPD were able detect the removal of uranium from the groundwater sample col-
lected during experiments performed during the summer of 2007. 

The immunosensors described herein can be easily adapted to the analysis of a 
wide variety of other experimental contaminants. Assays for other heavy metals, 
PCB’s, 2,4-dichlorophenoxyacetic acid, environmental estrogens, organophos-
phate pesticides, imidazolinone herbicides and TNT have been published using the 
KinExATM technology employed by the Inline sensor and FPD (for a review, see 
Kusterbeck and Blake, 2008). These new field deployable sensors will provide re-
searchers and resource managers with an invaluable tool for generating near real-
time data and modifying field experiments already in progress.  
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Abstract. Seepage from the Moab, Utah, USA, former uranium-ore processing 

site resulted in ammonia and uranium contamination of naturally occurring saline 

ground water in alluvium adjacent to the Colorado River. An interim ground water 

remediation system, operating since 2003, is currently being evaluated for design 

of a long-term remedy. Final design is to minimize ammonia discharge to critical 

habitat areas. 

Introduction 

The Moab, Utah, USA, former uranium-ore processing (mill) site encompasses 
178 hectares (439 acres), of which 52 hectares (130 acres) is covered by a 30-
meter-high (90-feet-high), unlined mill tailings pile. Fig. 1 shows the site location, 
which is situated on the west bank of the Colorado River and is adjacent to Arches 
National Park. The processing mill operated from 1956 to 1984 under private 
ownership. The milling operations created process-related wastes and tailings, a 
sandlike material containing radioactive and other contaminants. Over time, see-
page from the tailings pile resulted in ammonia and uranium contamination in the 
alluvial ground water beneath the site. 

Regulatory framework 

Following bankruptcy of the mill owner in 1998, the U.S. Nuclear Regulatory 
Commission (NRC), which regulates the site, appointed a trustee. Through 
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congressional legislation, title to the site and responsibility for cleanup were trans-
ferred to the U.S. Department of Energy (DOE) in 2001. Cleanup, including 
ground water, was required to be performed in accordance with Title I of the Ura-
nium Mill Tailings Radiation Control Act (UMTRCA) of 1978. The act was insti-
tuted to clean up former uranium-ore processing sites across the U.S.; these clea-
nups were largely completed in the 1980s and 1990s.  

Contaminated soils and ground water at the Moab site must be cleaned up to 
U.S. Environmental Protection Agency (EPA) standards established in Title 40 
Code of Federal Regulations Part 192 (40 CFR 192). 

DOE prepared an Environmental Impact Statement (EIS) to fulfill the National 
Environmental Policy Act requirement to assess the potential environmental ef-
fects of remediating the Moab site. DOE analyzed the potential impacts on surface 

 

 
Fig. 1. Location of Moab site. 
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water and ground water of on-site and off-site remediation alternatives. Uncertain-
ty of river migration and the long-term effects of contaminated ground water en-
tering the Colorado River were expressed as concerns about leaving the contami-
nated materials on site. Although migration of the river into the tailings pile if left 
in place were unfounded (DOE 2003a), DOE decided in a 2005 Record of Deci-
sion (ROD) to relocate the tailings to a site at Crescent Junction, Utah 
48 kilometers (30 miles) north of the Moab site and far away from the Colorado 
River. The ROD also included actively remediating contaminated ground water at 
the Moab site. 

Final ground water cleanup will be described in a Ground Water Compliance 
Action Plan (GCAP) that will be submitted to the NRC in 2010 for concurrence. 
The long-term ground water remedial action must be in place by 2012. 

Ground water conditions 

The former processing site is underlain by a high hydraulic conductivity alluvium 
that is connected to the Colorado River (Fig. 2). The alluvium has an anisotropic 
ratio of 10 to 100. A brine surface occurs beneath saline water. Ground water at 
the site occurs in alluvial sediments that extend 120 meters (400 feet) below the 
ground surface. Total dissolved solids (TDS) in ground water vary naturally from 
slightly saline (1,000 to 3,000 milligrams/liter [mg/L]) to briny (> 35,000 mg/L), 
usually increasing with depth. The primary source of the slightly saline water, 
which is found only in the shallowest parts of the saturated zone, appears to be 
ground water discharge from post-Paradox Salt Formation bedrock that subcrop 
near the northwest border of the site and north of the tailings pile as shown in 
Fig. 2. Brine waters dominate the deepest parts of the alluvium and are attributed 
to chemical dissolution of the underlying Paradox Salt Formation, a large evaporite 
unit that has deformed to create a salt-cored anticline aligned with and underlying 
the area. 
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Fig. 2. The conceptual model shows density-dependent ground water flow in alluvium  to 
the Colorado River. 
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Ground water contamination 

During milling operations, the tailings pond contained fluids with TDS concentra-
tions ranging from 50,000 to 150,000 mg/L. In addition, the fluids contained am-
monia with concentrations up to 1,500 mg/L and uranium with concentrations up 
to 10 mg/L (DOE 2007). These fluids had sufficient density to migrate vertically 
downward through less saline waters and into underlying briny water. This down-
ward migration created a secondary zone of ammonia contamination that may be a 
long-term source of ammonia in ground water. However, its slow movement, 
presence within naturally occurring brine, and its likely discharge to the middle of 
the Colorado River make remediation unnecessary.  

Although several other metals are present in alluvial ground water, ammonia 
and uranium are the primary contaminants of concern.  

DOE identified one significant ammonia plume (see Fig. 3) associated with the 
site. The tailings pile is the source of ammonia seeping into the shallow alluvium, 
then migrating southwest and discharging into the Colorado River. 

EPA has no cleanup standard for ammonia in 40 CFR 192 since it is so preva-
lent and is an essential part of the nitrogen cycle; however, ammonia is the consti-
tuent of greatest ecological concern when it discharges to the Colorado River at 
levels toxic to aquatic habitat. 

 

Fig. 3. The distribution of ammonia in shallow alluvial ground water is shown along with a 
backwater channel. 
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When DOE took over the Moab site and began sampling backwater channels of 
the Colorado River, ammonia was detected at concentrations that are toxic to certain 
endangered fish species that inhabit the river, including the Colorado pikeminnow, 
razorback sucker, bonytail, and humpback chub. Pikeminnow favor slow-moving 
backwater areas of the river as nursery habitat for young-of-the-year fish. 

A plume of uranium in shallow alluvial ground water coincides with the am-
monia plume (Fig. 3). A small secondary plume of uranium detected in ground 
water beneath the ore-processing portion of the site may have been caused by one 
or more of several sources including former ore storage, process areas, and dis-
posal areas.  

As tailings pile and off-pile remediation occur over the next several years, fur-
ther information regarding the sources of the process area plume will be obtained. 
Over time, the two uranium plumes have comingled such that elevated concentra-
tions exist within the shallow alluvium beneath a large portion of the site. 

Because ground water at the Moab site is not potable, the drinking water stan-
dards established by EPA are not applicable. Even though more than 15 million 
people depend on water from the Colorado River, uranium from the Moab site is 
not discharged at a sufficient rate to be detectable in the river downstream of the 
site. 

Ground water interim action 

In 2003, DOE implemented the first phase of ground water remediation at the 
Moab site to address concerns regarding elevated ammonia concentration while it 
evaluates a long-term solution. The ground water interim action system has since 
been expanded and currently consists of 41 extraction wells, a freshwater injection 
trench, and an evaporation pond and sprinkler system to evaporate water on top of 
the tailings pile (Fig. 3).  

Four groups of 10 wells, termed configurations, each of which were constructed 
with similar design features, were installed, with improvements made with every 
configuration design. In addition, a separate deeper extraction well is often in-
cluded in Configuration 1 (not shown). Ground water is extracted through the 
wells from the shallow alluvium and pumped via pipeline to a 1.6-hectare (4-acre) 
evaporation pond that was constructed outside the 100-year floodplain on top of 
the tailings pile.  

Several extraction wells, particularly in Configuration 2, were screened at shal-
low depths to minimize drawing up underlying brine during pumping. As a result, 
these wells have insufficient available drawdown to pump at high enough rates to 
achieve hydraulic capture of all proximate ground water contamination. Such ef-
fectiveness-reducing deficiencies are being evaluated for the long-term ground 
water remedy. 

A 49-meter-long (160-foot-long) infiltration trench was added to the system 
north of the Configuration 3 wells in fall 2006. This 3-meter-deep (10-foot-deep) 
trench is designed to inject filtered Colorado River water into the subsurface, thus 
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creating a hydraulic barrier between the ammonia plume and the backwater areas 
of the river. The freshwater injection rate using the trench is comparable to the 
rate attained through a configuration of injection wells. 

The impacts of freshwater injection and ground water extraction are based on 
samples collected from monitoring wells located in and around the well field in-
cluding in backwater channels of the Colorado River (see Fig. 3). The effective-
ness of the well field is evaluated by measuring the contaminant mass removed. 
Since the inception of well field operations, more than 375 million L (100 million 
gallons [g]) of ground water has been extracted. Approximately 45,000 kilograms 
(kg) (90,000 pounds [lbs]) of ammonia and 190 kg (400 lbs) of uranium are re-
moved annually. 

A sprinkler system that covers 16 hectares (38 acres) was installed on top of the 
pile to operate in conjunction with the evaporation pond to maximize the evapora-
tive capacity of the interim action system. Ground water is sprayed at a rate such 
that it neither runs off nor percolates into the tailings pile cover soils. The site 
receives 230 millimeters (mm) (9 inches) of precipitation per year and has an an-
nual pan evaporation of 140 mm (55 inches). The sprayed water also provides dust 
suppression. The extraction rate of the system averages 225 L/minute (60 gpm). 
Prior to the winter of 2007/2008, extraction was suspended during the colder 
months because of the reduced evaporation potential. However, to provide maxi-
mum protection of a habitat area downgradient of Configuration 1, several of the 
wells were operated through the majority of this past winter.  

The existing interim action will likely be included in the final ground water re-
medial action. Current site operation and monitoring activities are, in part, de-
signed to provide information for the final action. 

Surface water runoff and its effect on aquatic habitat 

The Colorado River overflows its banks about every 10 years. The last severe 
flooding was in 1983 when the river reached the edge of the tailings pile. The win-
ter of 2007/2008 brought above-normal snowfall in the Rocky Mountains that 
caused concern for high spring runoff. Although the river twice came up to the 
bank along the well field at the site, no flooding occurred in 2008. Well field op-
erations were suspended during part of May and June as a precautionary measure 
since flooding of variable-frequency pump motor controllers would have 
represented a substantial loss of property. 

High river flows are known to alter the channel that creates or eliminates back-
water habitat. The Moab Wash is an ephemeral intermittent stream that transects 
the site. Water flow in the wash caused by intense summer storm events carries a 
high sediment load. The result is a buildup of sediment downstream of the conflu-
ence that can add to the backwater habitat area.  

Backwater pools form at the edge of the Colorado River as the river rises dur-
ing normal runoff years. These backwater areas, which serve as fish habitat, may 
expose endangered fish species to ammonia from the site. As part of the EIS 
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process, DOE discussed with the U.S. Fish and Wildlife Service the discharge of 
contaminants to the Colorado River that could have a negative effect on these en-
dangered species. DOE monitors the river water flow each year during spring ru-
noff and is prepared to flush the backwater areas with diverted river water if am-
monia concentrations reach an unacceptable level of 3 mg/L. 

Long-term ground water remediation strategy 

The long-term ground water remediation strategy has to take into account the po-
tential presence of ground water contamination beneath the tailings pile that may 
remain following pile removal, off-pile sources of contamination such as former 
process, storage, and disposal areas, and changing habitat areas along the Colora-
do River.  

DOE intends to continue ground water remediation during removal of the tail-
ings pile. Extraction rates and the position of wells will be optimized to more ef-
fectively remove ammonia and uranium. 

The spray evaporation system will be affected as soon as excavation and condi-
tioning activities on top of the pile begin. Initially, this impact can be addressed by 
adjusting the location of spray nozzles. Extraction rates will be adjusted to ac-
commodate reduced capacity of the spray evaporation system. Within 10 years, 
the evaporation pond may have to be eliminated or moved.  

If the long-term ground water remediaton system must operate without the ben-
efit of an evaporation system, then an alternative treatment method will be re-
quired. Several treatment methods are being considered, including ammonia strip-
ping, recirculation wells, alternating injection and extraction wells, and air 
sparging with soil vapor extraction. 

Conclusions 

As the ground water interim action system is further evaluated, tailings removal 
begins, and the Colorado River channel is mapped following the runoff of 2008, a 
Final GCAP will be developed and submitted for NRC concurrence. Continued 
coordination with the U.S. Fish and Wildlife Service will take place to ensure pro-
tection of sensitive aquatic species. 
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Abstract. It was the objective of this contribution to provide a comprehensive 

synopsis on the significance of the dispersion of uranium in the environment by 

common fertilizer practices. Recent studies revealed that uranium originating from 

fertilizers accumulates in soils over time and thereby increases uranium losses to 

water-bodies. Studies on the uranium content in soils and surface waters in rela-

tion to fertilizer practice substantiate such coherence. The most efficient and sus-

tainable solution to the problem is the extraction of uranium from fertilizers. 

Toxicological significance of uranium 

Uranium (U) is a natural, chemo toxic and radiotoxic heavy metal. With view to 
the overall level of radioactivity in the environment U is certainly only a minor 
source of concern (Falck and Wymer 2006). The biochemical toxicity of the heavy 
metal U is estimated to be six orders of magnitude higher than the radiological 
toxicity (Milvy and Cothern 1990; NRC 2005). Compared to other heavy metals, 
the chemical toxicity of U ranges between mercury and nickel, or christoballite 
and warfarin (Busby and Schnug 2008).  

Uranium shows toxic effects on all forms of life: The most common and unspe-
cific one is DNA damage followed by mutations (Envirhom 2005; Henner 2008; 
Lin et al. 1993; Thiebault et al. 2006). The effect of U on DNA is a sinister com-
bination of the biochemical and radiological toxicology of U. Uranium builds up 
in living systems inter alia due to its high affinity to phosphorus containing com-
ponents such as DNA (Busby and Hooper 2007). Once attached to the DNA U 
amplifies natural background radiation and causes through photoelectron en-
hancement effects damages to the DNA. This effect occurs to an excess that is ob-
viously much stronger than that from α-radiation of U (Busby, 2005; Schmitz-
Feuerhake and Bertell 2008). Bishop (2005) proposed also a signaling from 
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radiated to neighboring cells, which received no direct radiation so that cellular 
damages are multiplied. 

The older an individual is, the higher will be the amount of U that is accumu-
lated. This implies that the risk for contracting damages from U generally increas-
es not only with the amount, but also with the time of exposure and thus with age 
(WHO 2004).   

Mammals have a particularly high sensitivity against U (Fellows et al. 1998). 
Uranium tends to accumulate in the body, preferentially in kidneys, liver, spleen 
and bones. Uranium is a popular and long known nephrotoxin (Blantz 1975, Bo-
shard et al. 1992; Flamenboum et al. 1976; Lin and Lin 1988; Lin et al. 1993; Za-
mora et al. 1998). The most remarkable damage of U coming along with low and 
medium contaminations is cancer (Linsalata 1994). The studies of Envirhom 
(2005) revealed that the brain is a target for U toxicity, too. Its sensitivity seems to 
be similar to that of kidneys (Envirhom 2005).  

Uranium in food and uranium uptake by humans 

Under non-exposed conditions the daily intake of U from air by humans amounts 
to about 1 ng U (WHO 2004). Uranium in soils enters the food chain indirectly 
through plant uptake or directly through consumption of U in drinking waters. The 
transfer of U from soil to plant is significantly higher for vegetative than for ge-
nerative plant parts. Concentration factors for U are around 0.05 and similar to 
that determined for As, Co, Hg and Pb (Schick et al. 2008).  

With view to food, lowest U concentrations were found in seeds, leaves and 
fruits, while approximately three times higher U contents were found in meat. For 
meat the ranking poultry < pork < beef reflects the animals lifespan and thus ac-
cumulation of U. The highest concentrations of U occur in offal and shellfish 
(Schnug et al. 2005).  

A human has an average daily U intake of around 2.5 µg U when a simplified 
daily diet of 2000 kcal is assumed with 60% cereals and cereal products (1.5 
µg/kg U), 20% meat and meat products (5 µg/kg U), 10% vegetables (2 µg/kg U) 
and 10% fruits (1 µg/kg U) (Schnug et al. 2005; Pais and Benton Jones jr. 1997; 
WHO 2004). Even a carnivore with a skewed affectation for offal or shellfish 
might increase this value only to at maximum 4 µg U, while a strict vegan cannot 
reduce the value below 1 µg U.  

In contrast to solid food, the U concentration in drinking water has a distinctly 
stronger influence on the daily U intake by humans (Cothern and Lappenbusch 
1983; Schnug et al. 2005). Water is the most significant factor for the daily 
amount of U taken up by an individual. The intake of U by water can exceed the 
intake through solid foods in extreme cases by factor 10 and more if the daily wa-
ter consumption is 2 L (40 mL/kg body mass according to Heseker (2005)). Thus 
the evaluation of the U intake by humans requires comprehensive information 
about U concentrations in drinking waters. 
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Environmental loads of uranium originating 
from fertilization 

The most likely largest non-point source emitters of U in Germany are agriculture, 
horticulture and forestry through the use of mineral phosphorus fertilizers. Even 
under conditions of good agricultural practice (Sharpley and Withers 2004) the 
annual amount of U unconsciously dispersed in the environment amounts on an 
average to 10 g/ha (Kratz et al. 2008). Depending on fertilizer type and intensity 
this U accumulates in soils with rates between 1- 46 µg/ha·yr (Rogasik et al. 2008; 
Taylor and Kim 2008). Utermann and Fuchs (2008) estimated that in Germany the 
mean U content in arable soils is 0.15 mg/kg higher than in soils under forestry. 
This difference can be completely explained by 45 years of cropping with phos-
phorus fertilization in an agricultural production system operating on a typical in-
tensity level.  

Fertilizer derived U in soils is prone to easy leaching, because U is compara-
tively mobile under pH and redox conditions of typical soils that underlie anthro-
pogenic management (Jaques et al. 2005; Read et al. 2008). Transfer of U origi-
nating from fertilizers into water bodies is a fact and was proven in numerous 
research projects (Azuoazi et al. 2001; Barisic et al. 1992; Conceicao and Bonotto 
2000; Hule et al. 2008; Kobal et. al. 1990; Zielinski et al. 1995). Already in 1972 
Spalding and Sackett attributed increased U concentrations in North American 
rivers of ~ 0.7 - 0.9 µg/L U, compared to ~ 0.1 - 0.2 µg/L U in South American 
rivers (Cothern and Lappenbusch 1983), to the use of phosphate fertilizers in the 
region. Also Birke and Rauch (2008) found elevated U concentrations in river wa-
ters in some regions of Germany. The authors could not fully explain the data by 
geological factors and assumed that agricultural activities are accountable.  

Most recently evidence was provided that, in full accordance with the prognosis 
of Jacques et al. (2005 & 2008), U originating from fertilizers starts to contami-
nate groundwater bodies and finally shows up in drinking waters: 

Schäf et al. (2007) found a close correlation between U and nitrate in drinking 
waters from the Rhine-Neckar region. Nitrate is like U easily mobile in soils, in-
creases in ground and drinking water with fertilizer intensity and thus seems to be 
a suitable indicator for monitoring U transfer from fertilizers to waters. 

Schulz et al. (2008) report twice as high U concentrations in drinking waters 
collected in former West Germany compared to former East Germany. A reasona-
ble explanation is given by the facts that in the former East fertilization intensity 
was significantly lower and phosphate fertilizer products were employed, which 
had a lower U content than those used in the West. Consequently Rogasik et al. 
(2008) determined significantly higher amounts of U that accumulated in long-
term phosphorus fertilization experiments in soils of the former East than in West 
Germany (Rogasik et al. 2008). 

Knolle (2008) showed that the variability of boron concentrations explain a 
significant amount of the U concentrations in German tap waters. Boron is like U 
applied in significant amounts with phosphorus fertilizers: FAL-PB (2007) reports 
boron concentrations between 200 and 800 mg/kg B in various phosphorus 
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containing fertilizers, which makes the amount of boron applied with phosphorus 
fertilizers five times higher than the amount of U applied. Boron is like U easily 
mobile in soils, which makes it prone to leaching and hence a suitable indicator 
for monitoring the U transfers from fertilizers to waters. 

Finally, leaching of fertilizer derived U from soils to water bodies is expected 
to increase in the Northern hemisphere in the course of global climate change be-
cause of increased rainfall during summer.  

Controlling loads of uranium originating from fertilizers 

With view to the negative impacts of U on humans and environment the ‘Precau-
tionary Principle’1 should be applied in order to protect water bodies from anthro-
pogenic U contamination. Particularly soils deserve to be protected from U con-
tamination through fertilization, as they are the most vulnerable interface between 
agriculture and adjacent ecosystems. In this context it is more than surprising that 
U is the only toxic heavy metal for which no critical or guideline values in soils 
exist, which address the protection of soils and water bodies, respectively (Ekardt 
and Schnug 2008). Only Canada released most recently a soil quality guideline 
value for the protection of both human and environmental health of 23 mg/kg U 
soil with the restriction that a lower content may need to be considered on sites 
where drinking water is sourced (CCME 2007).  

The most effective measure to limit loads of fertilizer derived U to soils is to 
regulate U concentrations in fertilizers. Uranium is easy to separate during the 
manufacturing process of fertilizers (Kratz and Schnug 2006; Hu et al. 2008) and 
then no longer threat to health and environment, but a source of energy and a re-
source for chemical processes (Lindemann 2007; Hauser and Meyer 2007; Hu 
et al. 2008). Regulating U in fertilizers would be a significant contribution to pre-
vent disease in humans through healthy environments (Prüss-Üstün and Corvalán 
2006). 
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Abstract. Increased uranium prices are continuing to impact uranium resource to-

tals. Many countries have developed ambitious programs for their future energy 

supply and the use of nuclear energy is regarded a secure option. A number of in-

dustrialized and rapidly developing countries lack major uranium resources and 

the use of thorium as an alternative in the fuel cycle is envisaged. Up to now tho-

rium has had a limited market and there has been little incentive to explore or to 

develop detailed information on known thorium deposits. This paper presents new 

data on worldwide thorium resources and potential future use as nuclear fuel.  

Thorium Occurrences and Characteristics 

Thorium is much more abundant in nature than uranium. Thorium is a naturally-
occurring, slightly radioactive metal discovered in 1828 by the Swedish chemist 
Jons Jakob Berzelius, who named it after Thor, the Norse god of thunder. It is 
found in small amounts in most rocks and soils, where it is about three times more 
abundant than uranium. Soil commonly contains an average of around 6 parts per 
million (ppm) of thorium. Thorium occurs in several minerals, the most common 
source being the rare earth-thorium-phosphate mineral, monazite, which contains 
6-7% in average and up to 12% thorium oxide. A second major source is (ura-
no)thorianite, a suggested name for a mineral intermediate between uraninite and 
thorianite (Th,U)O2). Monazite and uranothorianite are found in igneous and me-
tamorphic rocks but the richest concentrations are in secondary placer deposits, 
concentrated by fluviatile, marine and aeolien processes with other heavy miner-
als. Large thorium enrichments occur in Precambrian metamorphic belts like in 
southern and eastern Africa, India, Australia and in Scandinavia. Major thorium 
deposit types include carbonatites, placers, vein-type deposits in metamorphic ter-
ranes, and deposits associated with intrusive alkaline rocks. Today, thorium is re-
covered mainly from monazite as a by-product of processing heavy mineral sand 
deposits for titanium-, zirconium- or tin-bearing minerals. 
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When pure, thorium is a silvery white metal that retains its lustre for several 
months. However, when it is contaminated with the oxide, thorium slowly tarnish-
es in air, becoming grey and eventually black. Thorium oxide (ThO2), also called 
thoria, has one of the highest melting points of all oxides (3300°C). When heated 
in air, thorium metal turnings ignite and burn brilliantly with a white light. Be-
cause of these properties, thorium has found applications in light bulb elements, 
lantern mantles, arc-light lamps, welding electrodes and heat-resistant ceramics. 
Glass containing thorium oxide has a high refractive index and dispersion and is 
used in high quality lenses for cameras and scientific instruments. 

Thorium Resources 

World monazite resources are estimated to be about 12 million tonnes, two thirds 
of which are in heavy mineral sands deposits on the south and east coasts of India. 
There are substantial deposits in several other countries (Table 1). Thorium depo-
sits are found in several countries around the world. The largest thorium reserves 
are expected to be found in Australia, India, USA, Norway, Canada, and in coun-
tries such as South Africa and Brazil. Reserves and additional resources total 
6.078 Mio t Th. This number, however, excludes data from much of the world. 

Thorium as a Nuclear Fuel 

Thorium can be used as a nuclear fuel through breeding to uranium-233 (U-233). 
Thorium-232 decays very slowly (its half-life is about three times the age of the 
earth) but other thorium isotopes occur in its and in uranium's decay chains. Most 

Table 1. Estimated World thorium resources (RAR + Inferred to USD 80/kg Th) a. 

Country Tonnes % 
Australia 452 000 17,6 
USA 400 000 15,6 
Turkey 344 000 13,4 
India 319 000 12,4 
Brazil 302 000 11,7 
Venezuela 300 000 11,7 
Norway 132 000 5,1 
Egypt 100 000 3,9 
Russia 75 000 2,9 
Greenland 54 000 2,1 
Canada 44 000 1,7 
South Africa 18 000 0,7 
Other Countries 33 000 1,3 
Total 2 573 000  
a Uranium 2007: Resources, Production and Demand. 



The Potential of Thorium Deposits      55 

Session I: Uranium Mining 

of these are short-lived and hence much more radioactive than Th-232, though on 
a mass basis they are negligible. Although not fissile itself, thorium-232 (Th-232) 
will absorb slow neutrons to produce uranium-233 (U-233), which is fissile (and 
long-lived). Hence like uranium-238 (U-238) it is fertile. In one significant respect 
U-233 is better than uranium-235 and plutonium-239, because of its higher neu-
tron yield per neutron absorbed. Given a start with some other fissile material (U-
235 or Pu-239), a breeding cycle similar to but more efficient than that with U-238 
and plutonium (in normal, slow-neutron reactors) can be set up. However, there 
are also features of the neutron economy which counter this advantage. In particu-
lar Pa-233 is a neutron absorber which diminishes U-233 yield. The Th-232 ab-
sorbs a neutron to become Th-233 which quickly beta decays to protactinium-233 
and then more slowly to U-233. The irradiated fuel can then be unloaded from the 
reactor, the U-233 separated from the thorium, and fed back into another reactor 
as part of a closed fuel cycle. When the thorium fuel cycle is used, much less plu-
tonium and other transuranic elements are produced, compared with uranium fuel 
cycles.  

Over the last 30 years there has been interest in utilising thorium as a nuclear 
fuel since it is more abundant in the Earth's crust than uranium. Also, all of the 
mined thorium is potentially useable in a reactor, compared with the 0.7% of natu-
ral uranium, so some 40 times the amount of energy per unit mass might theoreti-
cally be available (without recourse to fast breeder reactors). Basic research and 
development has been conducted in Germany, India, Japan, Russia, the UK and 
the USA. Test reactor irradiation of thorium fuel to high burnups has also been 
conducted and several test reactors have either been partially or completely loaded 
with thorium-based fuel. 

Several reactor concepts based on thorium fuel cycles are under consideration 
(e.g., the Light Water Breeder Reactor concept). A major potential application for 
conventional PWRs involves fuel assemblies arranged so that a blanket of mainly 
thorium fuel rods surrounds a more-enriched seed element containing U-235 
which supplies neutrons to the subcritical blanket. As U-233 is produced in the 
blanket it is burned there. The breeder reactor concept is currently being devel-
oped in a more deliberately proliferation-resistant way. The central seed region of 
each fuel assembly will have uranium enriched to 20% U-235. The blanket will be 
thorium with some U-238, which means that any uranium chemically separated 
from it (for the U-233) is not useable for weapons. Spent blanket fuel also con-
tains U-232, which decays rapidly and has very gamma-active daughters creating 
significant problems in handling the bred U-233 and hence conferring prolifera-
tion resistance. Plutonium produced in the seed will have a high proportion of Pu-
238, generating a lot of heat and making it even more unsuitable for weapons than 
normal reactor-grade Pu. A variation of this is the use of whole homogeneous as-
sembles arranged so that a set of them makes up a seed and blanket arrangement. 
If the seed fuel is metal uranium alloy instead of oxide, there is better heat conduc-
tion to cope with its higher temperatures. Seed fuel remains three years in the 
reactor, blanket fuel for up to 14 years. 

Between 1967 and 1988, the AVR (Atom Versuchs Reaktor) experimental peb-
ble bed reactor at Julich, Germany, operated for over 750 weeks at 15 MWe, about 
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95% of the time with thorium-based fuel. The fuel used consisted of about 100 
000 billiard ball-sized fuel elements. Overall a total of 1360 kg of thorium was 
used, mixed with high-enriched uranium (HEU). Maximum burnups of 150,000 
MWd/t were achieved. 

Worldwide, the highest activity on thorium as a nuclear energy source is found 
in India where the Kakrapar-1 and -2 power plants are loaded with 500 kg of tho-
rium blanket. Kakrapar-1 was the first nuclear reactor in the world to use thorium 
in the blanket, rather than depleted uranium, to achieve power flattening across the 
reactor core. In addition, the use of thorium based fuel is planned in 4 reactors, 
which are currently under construction. 

India has about 1 % of the world’s uranium resources while the thorium re-
sources are one of the largest in the world with about 300 000 tonnes. With about 
six times more thorium than uranium, India has made utilization of thorium for 
large-scale energy production a major goal in its nuclear power program, utilizing 
a three-stage approach: 
1. Pressurized Heavy Water Reactors (PHWRs), elsewhere known as CANDUs 

(CANada Deuterium Uranium) fuelled by natural uranium and Light Water 
Reactors (LWRs) of the Boiling Water Reactor (BWR) and VVER types. In 
this stage plutonium is produced. 

2. Fast Breeder Reactors (FBRs) that use this plutonium-based fuel to breed U-
233 from thorium. The blanket around the core will have uranium as well as 
thorium, so that further plutonium (ideally high-fissile plutonium) is produced 
as well as the U-233. 

3. Advanced Heavy Water Reactors (AHWRs) that burn the U-233 and plutonium 
with thorium, getting about 75 % of their power from the thorium. 
India’s future program on thorium based nuclear power is important for India’s 

long term energy security. Some research and development activities are also car-
ried out on the Compact High Temperature Reactor (CHTR) and on the subcritical 
Accelerator Driven System (ADS) including the development of a high power 
proton accelerator. 

Since the early 1990s Russia has had a program to develop a thorium-uranium 
fuel, which more recently has moved to have a particular emphasis on utilisation 
of weapons-grade plutonium in a thorium-plutonium fuel. The program is based at 
Moscow's Kurchatov Institute and involves the US company Thorium Power and 
US government funding to design fuel for Russian VVER-1000 reactors. Whereas 
normal fuel uses enriched uranium oxide, the new design has a demountable cen-
tre portion and blanket arrangement, with the plutonium in the centre and the tho-
rium (with uranium) around it The Th-232 becomes U-233, which is fissile - as is 
the core Pu-239. Blanket material remains in the reactor for 9 years but the centre 
portion is burned for only three years (as in a normal VVER). The design of the 
seed fuel rods in the centre portion draws on extensive experience of Russian navy 
reactors. 

The thorium-plutonium fuel claims four advantages over MOX: proliferation 
resistance, compatibility with existing reactors - which will need minimal modifi-
cation to be able to burn it, and the fuel can be made in existing plants in Russia. 
In addition, a lot more plutonium can be put into a single fuel assembly than with 
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MOX, so that three times as much can be disposed of as when using MOX. The 
spent fuel amounts to about half the volume of MOX and is even less likely to al-
low recovery of weapons-useable material than spent MOX fuel, since less fissile 
plutonium remains in it. With an estimated 150 tonnes of weapons plutonium in 
Russia, the thorium-plutonium project would not necessarily cut across existing 
plans to make MOX fuel. 

In 2007 Thorium Power formed an alliance with Red Star nuclear design bu-
reau in Russia which will take forward the program to demonstrate the technology 
in lead-test fuel assemblies in full-sized commercial reactors. 

Much experience has been gained in thorium-based fuel in power reactors 
around the world, some using high-enriched uranium (HEU) as the main fuel: 

The 300 MWe THTR (Thorium High-Temperature Reactor) reactor in Germa-
ny was developed from the AVR and operated between 1983 and 1989 with 
674,000 pebbles, over half containing Th/HEU fuel (the rest graphite moderator 
and some neutron absorbers). These were continuously recycled on load and on 
average the fuel passed six times through the core. Fuel fabrication was on an in-
dustrial scale.  

The Fort St Vrain reactor was the only commercial thorium-fuelled nuclear 
plant in the USA, also developed from the AVR in Germany, and operated 1976 - 
1989. It was a high-temperature (700°C), graphite-moderated, helium-cooled reac-
tor with a Th/HEU fuel designed to operate at 842 MWth (330 MWe). The fuel 
was in microspheres of thorium carbide and Th/U-235 carbide coated with silicon 
oxide and pyrolytic carbon to retain fission products. It was arranged in hexagonal 
columns ('prisms') rather than as pebbles. Almost 25 tonnes of thorium was used 
in fuel for the reactor, and this achieved 170,000 MWd/t burn-up. Thorium-based 
fuel for Pressurised Water Reactors (PWRs) was investigated at the Shippingport 
reactor in the USA using both U-235 and plutonium as the initial fissile material. 
It was concluded that thorium would not significantly affect operating strategies or 
core margins. The light water breeder reactor (LWBR) concept was also success-
fully tested here from 1977 to 1982 with thorium and U-233 fuel clad with Zirca-
loy using the 'seed/blanket' concept. The 60 MWe Lingen Boiling Water Reactor 
(BWR) in Germany utilised Th/Pu-based fuel test elements.  

Developing a Thorium-Based Fuel Cycle 

The fact that thorium is much more abundant in nature than uranium and the pro-
gres in technology still attract countries with limited uranium resources but ambi-
tious programs for the future use of nuclear power. Up to now, production of tho-
rium has been limited due to a lack of demand. Thorium is largely a by-product of 
the separation of rare earth elements. The production of thorium is presently some 
hundred tonnes per year. The production reached about 1000 tonnes in the 1970s, 
and has decreased thereafter due to lack of demand. Owing to its chemical toxici-
ty, radiotoxicity and pyrophoricity, adequate precautions are required in the min-
ing and processing of thorium. However, as a result of the very long half-life of 
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thorium, limited quantities of pure thorium-232 can easily be handled, while some 
shielding is required for large amounts. Preparation of thorium fuel is somewhat 
more complex and more expensive than for uranium. Thorium as a nuclear fuel is 
technically well established and behaves remarkably well in Light Water Reactors 
and High Temperature Reactors. It has demonstrated a very good neutron damage 
resistance due to its excellent chemical and metallographic stability. However, de-
spite the thorium fuel cycle having a number of attractive features, development 
even on the scale of India's has always run into difficulties. 

The main attractive features include (i)  the possibility of utilising a very abun-
dant resource which has hitherto been of so little interest that it has never been 
quantified properly, (ii) the production of power with few long-lived transuranic 
elements in the waste, (iii) reduced radioactive wastes generally. 

The problems include (i) the high cost of fuel fabrication, due partly to the high 
radioactivity of U-233 chemically separated from the irradiated thorium fuel. Se-
parated U-233 is always contaminated with traces of U-232 (69 year half life but 
whose daughter products such as thallium-208 are strong gamma emitters with 
very short half lives); (ii) the similar problems in recycling thorium itself due to 
highly radioactive Th-228 (an alpha emitter with two-year half life) present; (iii) 
some weapons proliferation risk of U-233 (if it could be separated on its own); (iv)  

the technical problems in reprocessing solid fuels. However, these problems 
may largely disappear if the fuel is used a Molten Salt Reactor. 

Much development work is still required before the thorium fuel cycle can be 
commercialised, and the effort required seems unlikely while (or where) abundant 
uranium is available. Nevertheless, the thorium fuel cycle, with its potential for 
breeding fuel without the need for fast-neutron reactors, holds considerable poten-
tial long-term. It is a significant factor in the long-term sustainability of nuclear 
energy. 
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Abstract. Approximately one-fifth of the world uranium reserves are found in 

Kazakhstan. Deposits are divided among six uranium ore provinces according to 

geological positions, generic features and territorial location. Characteristics of 

uranium mineralization of deposits are given. In-situ leaching (ISL) technology of 

uranium recovery from low-grade ore of sand-stone deposits is given and based on 

selective dissolving of uranium bearing minerals. 

Uranium deposits 

Uranium deposits discovered in Kazakhstan are different in terms of generic con-
ditions and practical use. Common character of geological positions, generic fea-
tures and territorial location allow us to divide them into six uranium ore provinc-
es: Chu-Sarysuiskaya, Syrdaryinskaya, North Kazakhstan, Mangyshlakskaya, 
Kendyktas-Chuili-Betpakdalinskaya, Ilyiskaya.  

The first commercial uranium deposit, Kurday, was discovered in 1951 at a lo-
cation west of Almaty. In the mid 1950s, the first uranium deposit of Kazakhstan 
was discovered north of Kurday; incorporating several rich and relatively small 
hydrothermal fields.  

The second uranium deposit is in the provice of North of Kazakhstan, and it in-
corporates many medium- and large-sized hydrothermal fields such as Dzhidely, 
Grachevskoye, and Kosachinoye. In the mid-1990s, the largest uranium concen-
trate production plant, Tselinnyi mining and chemical plant, began to operate on 
the basis of those reserves. The remaining production base allows the use of some 
of those fields.  

The third deposit is in the west of Kazakhstan near the Caspian Sea. The depo-
sit contains rare-earth metals and phosphate. Uranium was produced there along 
with phosphorites. Aktau (fomer Shevchenko), one of the oil capitals, was estab-
lished due to the uranium production.  
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The fourth province is in the east of Kazakhstan along the bank of the Ili river. 
The deposit comprises two large uranium and coal fields, Kolzhat and Nizhne-
Iliyskoye.  

At the end of the 1960s, a number of large fields were discovered in the south 
of Kazakhstan north from the Karatau mountain range. These fields represent 
the largest reserve of Uranium in the world and are located in the provice of 
Chu-Sarysu. The deposit includes the unique fields Inkai, Budenovskoye and 
Mynkuduk.  

The ore is located in porous non-watertight deposits and is extracted by the un-
derground leaching method. Some ore bodies are several kilometers long and of-
ten form many-tier "shelves" that are a hundred meters deep. Often rhenium, sele-
nium, vanadium and gallium are extracted together with uranium. The Production 
started in the 1970s, and two plants producing finished uranium concentrate were 
constructed.  

In the Chu-Sarysuiskaya provice uranium mineralization is connected with stra-
tum oxidation zones. Reserves of this province amount to 57% of total reserves of 
Kazakhstan. Nowadays, Uvanas, Eastern Mynkuduk, Kanzhugan and Southern 
Moinkum uranium deposits are mined by in-situ leaching method. 

North Kazakhstan province uranium deposits are represented by vein-
stockwork mineralization in proterozoic and paleozoic folded complexes. Total re-
serves in this province amount to 18% of total reserves of Kazakhstan.  

In the Syrdaryinskaya province uranium mineralization is connected to regional 
stratum oxidation zones. Reserves in this province amount to 15% of the total re-
serves of Kazakhstan. Uranium is mined by in-situ leaching method on the North-
ern Karamurun, Southern Karamurun and Zarechnoye deposits.  

Uranium mineralization in the Mangyshlakskaya province is connected to a 
unique type of deposit associated with fossil fish phosphatized bone detritus con-
glomeration. The uranium reserves amount to 2% in the whole balance of reserves 
of Kazakhstan.  

In the Kendyktas-Chuli-Batpakdalinskaya province the main type of ura-
nium deposits is endogenous vein-stockwork deposits in land volcanogenous 
complexes.  

Basic reserves of the deposit Ilyiskaya are connected with uranium-coal depo-
sits formed by lignit beds roof ground oxidation. Reserves amount to 7% of total 
reserves of Kazakhstan.  

Uranium mining  

Over half of the world's production of uranium occurs in Canada, Australia and 
Kazakhstan 

An increasing proportion is produced by in-situ leaching.  
After a decade of falling mine production ending in 1993, output has generally 

risen since and now comprises 61% of demand for power generation. 
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Canada produces the largest share of uranium from mines (25% of world 
supply from mines), followed by Australia (19%) and Kazakhstan (13%). Austral-
ian and Canadian production was depressed in 2006. This data is shown in table 1. 

Table 1. World uranium production  

Country Year 
 2002 2003 2004 2005 2006 

Canada 11604 10457 11597 11628 9862 
Australia 6854 7572 8982 9516 7593 
Kazakhstan 2800 3300 3719 4357 5279 
Niger 3075 3143 3282 3093 3434 
Russia (est) 2900 3150 3200 3431 3262 
Namibia 2333 2036 3038 3147 3067 
Uzbekistan 1860 1598 2016 2300 2260 
USA 919 779 878 1039 1672 
Ukraine (est) 800 800 800 800 800 
China (est) 730 750 750 750 750 
South Africa 824 758 755 674 534 
Czech Repub. 465 452 412 408 359 
India (est) 230 230 230 230 177 
Brazil 270 310 300 110 190 
Romania (est) 90 90 90 90 90 
Germany 212 150 150 77 50 
Pakistan (est) 38 45 45 45 45 
France 20 0 7 7 5 
Total world 36 063 35 613 40 251 41 702 39 429 
tonnes U3O8 42 529 41 998 47 468 49 179 46 499 
 
Kazakhstan is the third country in the world by uranium production volumes, 

and state-owned Kazatomprom National Atomic Company is the fourth largest 
uranium producer in the world (Table 2).  

Table 2. World uranium mine production by eight companies in 2006. 

Company Tonnes U % 
Cameco 8249 20.9 
Rio Tinto 7094 18.0 
Areva 5272 13.4 
Kazatomprom 3699 9.4 
TVEL 3262 8.3 
BHP Billiton 2868 7.3 
Navoi 2260 5.7 
Uranium One 1000 2.5 
Total top 8 33,704 85.5 
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In 1970 tests on in-situ leaching (ISL) mining commenced in Kazakhstan and 
were successful, which led to further exploration being focused on two sedimenta-
ry basins with ISL potential. 

Up to 2000, twice as much uranium had been mined from hard rock deposits 
than sedimentary ISL. Now almost all production comes from ISL. Uranium pro-
duction dropped to one quarter of its previous level during the period of 1991 to 
1997. 

By the 1990s, uranium extraction had shifted from conventional and under-
ground operations around Tselinnyy and Prikaspiyskiy to in-situ leaching  opera-
tions run by the Stepnoye, Tsentralnoye, and No. 6 Mining Directorates in south-
ern Kazakhstan.  Uranium is extracted using a sulfuric acid.  

ISL with different amount of technological wells: two wells, scheme-envelop 
and hexagonal cell with one pump out well and etc. is carried out in Kazakhstan 
practice. Reagent and oxidizer choosing depends on lithological-geochemical 
properties of non-useful ore components and character of complex bearing useful 
elements, such as acidophilic (U, V, Sc, Y, lanthanids), carbonatephilic (U, Sc), 
or oxiphilic (Re, Mo, Se). 

The following characteristics are determined by geotechnological tests: 1) con-
tent of technological solutions and concentration of metals; 2) degree of useful 
components extraction from ores; 3) liquid:solid ratio for maximum extraction of 
each useful component; 4) specific consumption of leaching solvent, reagent abili-
ty of rock. Sometimes, it is possible to determine the proportion coefficient be-
tween rates of leaching and filtration processes. This data is the base for ISL. 

Rhenium content in samples is 0.5-3.5 g/t. It is necessary to note that the corre-
lation between capacities of rhenium and uranium allows to make prognosis of 
rhenium content on the base of uranium ores parameters. 

90% of selenium reserves are in the uranium ore square.  
Vanadium is connected with waterpermeable sandy rocks of uranium deposit. 

Concentration of V2O5 reaches 0.5%.  
Calculations of useful components is carried out in rhenium-uranium block. Ore 

materials of geotechnological tests are used for determination of useful compo-
nents. The testing section of productive horizon is divided in two parts: i) produc-
tive block of rhenium-uranium ores; its roof and foot is determined by calculated 
capacity of rhenium part (СRe<0.05 g/t); ii) ore and non-ore parts of open-cast. 

Data of ecological state of statum water and physico-chemical interaction in the 
solution-rock system is necessary for detail prospecting. Data of general minerali-
zation; macrocomponents amount (НСОз-, СI-, SO4

2- Cu2+, Mg2+, NO3
-, К+, Na+) 

Table 3. Uranium Production in Kazakhstan. 

Year tonnes U Year tonnes U Year tonnes U 
1997 795 2001 2022 2005 4346 
1998 1073 2002 2709 2006 5280 
1999 1367 2003 2946 2007 7200 
2000 1752 2004 3712   
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and ore elements; content of microcomponents (heavy metals and other toxic 
elements) are also necessary. 

The value of oxidation-reduction potential of ore Eh-pH depends on water solu-
tion content in balance with ore horizon of rock. Changing of electrode potential 
depends on pH of solution and nature of minerals. The potential value is deter-
mined by nature and concentration of ions. Changing of ore potential at pH 6.5-8.0 
[+0.48- (-0.42)]V is depending on the ore nature. Eh value reflects oxidation-
reduction ability. Oxidation of ore rock was measured too. All these parameters al-
low to predetermine the presence or absence of ore body. 

Depth of uranium ore bedding is 100-700 meters. Kanzhugan and Uvanas de-
posits are at the minimum depth, whereas Budenovskoye deposit is at the maxi-
mum depth. Capacity of permeable to water ore rocks of Kanzhugan, Uvanas and 
other deposits is lower than 8-20 m. Sand is the basic geotechnological type of 
rock. Sand filtration coefficient is 7-10 m/day and varies from 2 to 20 m/day. Sand 
deposits of the top whiting have higher permeability to water than paleogen depo-
sits. Permeability of ore and rock is close. Underground waters of productive hori-
zons are under pressure. Bedding depth of underground waters level of Kanzhu-
gan, Moinkum deposits is 60 m. Underground water salt content of Mynkuduk, 
Budenovskoye, Uvanas deposits is 2-3 g/L. Salt content of underground water for 
Zhalpak deposit is 6-7 g/L. 

Mineral content of ore sand consists of quartz (40-80%) and feldspar rock (14-
28%). Uranium content in lean deposits is 0.03-0.05%. Basic uranium minerals 
are nasturanium and coffinite. Carbonate content is lower than 1%, basically 0.1-
0.4%. 

Rhenium content of Kanzhugan, Moinkum, Uvanas deposits is 0.1-0.5 g/t, in 
some ore parts is higher than 1 g/t. 

Scandium content in sand is about 5-6 g/t. 
Selenium content is 0.03-0.1%. 
Content of scandium, yttrium, cerium and lanthanum in the technological solu-

tions after ISL depends on pH (0.1-10 g/m3) at average output of pump out wells. 
Annual output of one well is 3.6-1096 kg. 

Thermodynamic calculations of fields for chemical components  (U, Mo, Re, 
Se, V, Sc, Y, some lanthanids) in solid and liquid phases are the theoretical base 
of ISL. Eh-pH diagrams of CMe – pH (CMe – metal concentration) for standard 
conditions (Т=25°С, Р=1-105 Pа) are used. Activities of ∑U, ∑Re, ∑Mo, ∑V, 
∑Se are 10-3.5, 10-5.8, 10-3, 10-2.5, 10 -2.5 M and correspond to the following concen-
trations respectively 80, 0.3, 100, 150 and 200 mg/L. 

Oxidation of rhenium sulphide proceeds as follows: 

ReS2 + 4,75О2 + 2,5Н2О → ReO4
-  +  2SO4

2- + 5Н+ 

Thermodynamically pH does not influence Re leaching. Rhenium is extracted 
with U and Mo.  

Sulfuric acid with oxidizers is used for uranium extraction by ISL in Ka-
zakhstan. Oxygen, iron (III), manganese dioxide are used as oxidizers. FeOH2+, 
Fe(OH)2+ and Fe+ are used for oxidation of uranium (IY). Oxidation proceeds as 
multistepped process and is described by the following reactions: 
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UO2 + Fe(OH)2
+ → UO2

+ + Fe(OH)2 

UO2
+ + Fe(OH)2

+ → UO2
2+ + Fe(OH)2 

Fe(OH)2 + 2H+ → Fe2+ + 2Н2О 

Fe3+/Fe2+ > 1 is the optimal ratio at concentration of Fe3+ ≥ 0.5 g/L. 
Uranium (YI) oxidation proceeds in acid and carbonate mediums without oxi-

dizers.  
Fields of UO2SO4 - UO2(SO4)2

2- and UO2(СОз)з4- in Eh-pH diagrams at sulfuric 
acid and carbonate uranium leaching respectively are thermodynamically favora-
ble. Thermodynamically uranium extraction by sulfuric acid with oxidizers is 
possible at pH=6.5-5.0 and without oxidizers at pH<4.5. Content of technological 
solutions after uranium leaching is (mg/L): 10-500 U; 0.1-0.3 Re; 0.2-1.0 Sc, 2-
10 Y; (sometimes 5-50 Y); up to 200 V; 10-100 Мо. 

Characteristics of technological solutions and sorbents 

UO2SO4 anion, UO2(SO4)2
2-, UO2(SO4)3

4- anion complexes are formed at ISL. At 
pH>2.5 anion complexes are polymerized into the following polynuclear com-
plexes: U2O5(SO4)2

2+,  U3O8SO4
2+.  

Mo, Re, Sc, V, Y, rare-earth elements (REE) are accompanying useful compo-
nents of uranium ore after ISL. These elements are the following products: MnO4

- 
and ReO4

-, Sc3+,Y3+, REE3+, and vanadium as VO2+, VO2
+ and VO3

-. 
Carbonate leaching is used at autoclave process in Kazakhstan, as a result 

Na4[UO2(CO3)3] or NH4[UO2(CO3)3] are formed. Mo and Re are found in the 
technological solution. Average content of components after ISL is given in 
table 4. 

Table 4. Average content of components after ISL for technological solution (g/L) 

Component Technological solution Component Technological solution 
Sulfur acid Bicarbonate-

carbonate 
Sulfur  
acid 

Bicarbonate-
carbonate 

pH 1.2-2 7.5-8.5 Ca 0.3-0.6 0.1-0.3 
U 0.015-0.1 0.015-0.1 Mg 0.3-1.6 0.1-0.2 
H2SO4 1-7 - AI 0.3-2.5 - 
CO3

2-   - 0.01 SO4
2- 10-25 0.9-2 

HCO3
- - 0.2-2 NO3

- 0.06-0.6 0.02-0.03 
NH4

+ - 0.06-0.6 CI- 0.2-1.7 0.5-0.7 
Fe 2+ 0.2-1.5 - P 0.02-

0.15 
- 

Fe3+ 0.15-0.9 - SiO2 0.1-0.5 - 
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Microcomponents content of sulfuric acid solutions is the following (mg/L): Ti 
0.2-5; Mn 0.1-20; Zn 0.1-20; Pb 0.006-0.01; Ni 0.1-15; Sr 0.06-0.2; Cu 0.03-5; As 
about 0.05. 

Strong alkaline gel and porous anionites are used for uranium sorption. Sor-
bents properties are given in table 5. 

Сommercial anionites are in CI- form as a rule. At technological processing 
anionites transfer into SO4

2-, CO3
2- or  HCO3

- forms depends on nature of used 
reagent and solution. 

Sorption proceeds as ion-exchange and complex forming process according to 
the following equations: 

(R4N+)2SO4 + UO2
2+

 + SO4
2- = (R4N+)2[UO2(SO4)2]; 

2(R4N+)2SO4 + UO2
2+

 + 2SO4
2- = (R4N+)4[UO2(SO4)3] + SO4

2- 

2(R4N+)2SO4 + UO2
2+

 + 2SO4
2- = (R4N+)4[UO2(SO4)3] + 2SO4

2- 

or if anionite in nitrate form: 

R4N+NO3 + UO2
2-

 + 2SO4
2- = (R4N+)2[UO2(SO4)2] + 2NO3

- 

Uranium concentration in technological solution after ISL is low (6.10-5 – 
4.5.10-4 M). Film kinetics of sorption is prevalent for such solutions. Duration of 
anionite contacts with solution is 6-8 hours in practice.  

The value of U extraction, anionites capacity, anionite characteristics, the con-
tent of suphate,  nitrate, U distribution coefficient (Kd) are the basic uranium sorp-
tion indices. Kd is much higher for low uranium concentration (1-25 mg/L) in 
comparison with high U concentration (0.1-10 g/L). 

Affinity to anionites is the base of depression influence of some anions as the 
following:  

Table 5. Characteristics of some anionites. 

Characteristics Amberlyt 
IRA-400 

Duolite  
A101D 

Permutite  
S-700 

AMP VP-1p 

Active group -N+(CH3)3 -N+(CH3)3 -N+(CH3)3 
-N+(CH2)2 
-C2H4OH 

C5H9N+ C5H9N+ 

Specific surface, 
m2/g 

- - - - 14-20 

Specific volume, 
sm3/g 

3 3 2.8-3.6 3.3 4 

Full exchange ca-
pacity to CI-,  
mg-equivalent/g 

4.2 4.2 3.5-3.7 3.1 4.8 

Mechanical hard-
ness, % 

 50-60  95 95 

Size, mm 0.3-1.2 0.3-1.2 0.3-1.2 0.63-1.6 0.63-1.6 
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SO4
2- < F- < CI- < NO3

- < HSO4
- < CIO4

- < PO4
3- 

Residual uranium concentration is very low (1-2 mg/L). 
Uranium desorption is carried out by various chemical reagents (acids, alki-

lines, salts). U residual capacity of anionite, uranium content in commercial 
eluate, phisico-chemical characteristics of sorbent are the main desorption indices. 

The influence of temperature increasing at uranium desorption was studied. Op-
timal temperature was determined. At optimal desorption conditions uranium con-
centration is higher (by 10-15%), process duration is lower (by 20-30%). 

Technological solutions after ISL contains U, Re, Sc, REE, Y, V, Mo. Extrac-
tion of microelements together with uranium is economically profitable because it 
includes only exploit expenses (10-15% of cost price of final uranium product). 

Strong alkaline ionites are used for sorption extraction of U, Re, Mo, Au, rare 
elements. AFI-21 and AFI-22 can be used for sorption of U, Sc, Re, and Th from 
ISL solutions. Vanadium is extracted by VPK amfolite. VP-14KP is effective for 
rhenium sorption and concentration. Sc, Ca, Vg, AI and rare-earth elements are 
extracted by using of KU-2, KU-8n, KU-23k ionites. 

So, high technico-economical indices of complex processing for uranium ores 
are obtained due to the achievements in the ISL, ion-exchange and liquid-
extraction of metals in Kazakhstan industry practice. 

The yellow cake produced by the Mining Groups is converted into natural 
uranium concentrate (U3O8) at he Ulba Metallurgical Plant. It has a variety of 
functions relevant to uranium, the most basic of which since 1997 is to refine most 
Kazakhstan mine output of U3O8. It also produces beryllium, niobium and tanta-
lum. Since 1973 it has produced nuclear fuel pellets from Russian-enriched ura-
nium which are used in Russian and Ukrainian VVER and RBMK reactors. Other 
exports are to the USA. It briefly produced fuel for submarines (from 1968) and 
satellite reactors. Since 1985 it has been able to handle reprocessed uranium. Ulba 
has secured both ISO 9001 and ISO 14001 accreditation. 

Conclusions 

Kazakhstan has one-fifth of the world's uranium resources. The Republic has been 
an important source of uranium for sixty years. Over 2001-2006 production rose 
from 2000 to 5279 tonnes U per year, and further mine development is aiming for 
15,000 t U annual production by 2010 and 30,000 tonnes by 2018. 

Kazakhstan produces natural uranium, nuclear fuel for power stations, products 
and semi-products of beryllium, tantalum, niobium and its alloys. The Republic 
has a major plant making nuclear fuel pellets and aims eventually to sell value-
added fuel rather than just uranium. It aims to supply 30% of the world fuel fabri-
cation market by 2030. 

Research findings in-situ leaching, ion-exchange, liquid-extraction of uranium 
and accompanying useful components U, Mo, Re, Sc, V, Y, rare-earth elements 
(REE) are given. 
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Abstract. Gold deposits with uranium in the conglomerate assize belong to the 

leading Industrial type. They are main suppliers of gold and uranium in the word. 

The deposits Witwatersrand  (South Africa), Blind River (Canada) and so on. 

In the history of development of the Earth′s Crust gold deposits with uranium in 

the molass basins have been formed repeatedly in the periods of revolutionary 

epoch of orogenesis, mountain building and erosion of auriferous and uranium 

deposits. 

In the territory Germany this Variscian epoch of orogenesis and mountain build-

ing, accompanied by forming of gigantic molasses troughs and depressions with 

thick conglomerate assize. Sudetion, rudnohorian, asturian, zaalian and pfalcian 

phases of the revolutionary orogenesis and mountain building played an essential 

role in the forming of thick and extended conglomerate assize in molass basins. 

On the base of metallogeny of gold and uranium of Germany, the geological crite-

rions, paleohydrology and so on are predictive areas:   

• Subvariscian frontal depression.Gold ore province of Ardenn. The High Fenn. 

Aachenian carbonic basin. Conglomerates of the Upper Carboniferous basins 

Inda. 
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• Hessenian depression.  Korbakhian gulf. The regions of gold deposits Korbakh 

and copper-uranium deposits Vreksen. Conglomerates of the Permian age.  

• Laakh-Badenian depression.The regiones of the gold and uranium deposits 

Swartwald {Baden-Baden, Wittiken, Karlsrue and so on} and auriferous plac-

ers. Conglomerates assizes of the Carbon- Permian age. 

• The Eastern-Thuringenian trough.  In the regions of gold deposits Shleits, cha-

moisite Deposits with ancient auriferous quartzic veins Shvartsburq saddle and 

Ordovician schist.Conglomerates assizes of the Carbon- Permian age. Aurifer-

ous conglomerates of Saxonian of the Saxon-Thuringian  zone, and also the 

western margin of the Czechian massif.  

• Molasses troughs of Rudnohorie Mts, Delenian, Olbernhau-Brandov an other 

troughs in the region of development of Noble quartz formation (Freiberg), 

gold  bearing arsenic pyritic and pyritic ores with native gold in Saxonia. 

• Conglomerates assizes of the Carbon- Permian age 

• and so on 

In the Varision molasses basins conglomerates assizes have a huge thickness, of-

ten they clastic rocks of gold and uranium deposits. 

The novelty of the exploitation in that the Conglomerates assizes are dissenting 

rated with water, are probed according to the bearing of Conglomerates with large 

billow method and are exploitation as placer gold deposits with uranium. Re-

estimation of the Varicsian molasses conglomerates basins including carbonifer-

ous and cupriferous, on gold with uranium  

Thus, the exploitation of Conglomerates assizes of Varisxian molasses basins on 

gold and uranium with the use of the new method of exploitation allows the create 

a large and unique mineral- raw base of the Gold-mining Industry with Uranium 

of Germany. 
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Abstract. The Elkon uranium ore area in Russia as far as geotectonics is con-

cerned is located in the Aldan shield. Like the whole central area of Aldan shield, 

the Elkon area is characterized by a complicated combination of geological struc-

tures including ore-bearing structures forming together a three-level fold-block 

construction.  

For the area a digital map of the relief was processed with the use of algorithm 

Monolith and modeling stress and strain of rock masses of finite element method.  

With account for rock characteristics, the mean intensity of stress in the rock mass 

unbroken sections is approximately 25 MPa. Being the threshold of analyzing 

stress distribution in the model, this value is relative. In individual local segments 

of the rock mass, calculated values σi exceed 80 MPa, and in the zones of in-

creased stress, they decrease to 20 MPa and less.  

High level of differentiation of σI distribution in the model allows us to separate 

potentially dangerous zones (both the zones of likely destruction of rocks in the 

dynamic form with increased stresses and rock inrush zones in the areas of rock 

mass discharge), which are of practical interest in the context of the task we set. 

A feature of stress intensity distribution is a thick zone of stress concentration, 

which is bend-shaped and extends from north to south in the western area. The 

rest of concentration zones appear to be oriented at angles close to 45° from north-

east to southwest and from northwest to southeast. It generally conforms to the ex-
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isting stress field and the orientation of uranium ore bodies that are genetically re-

lated to fault systems of similar orientation. In the central area of the model the 

stress level is lower than in boundary parts. Differentiation effect in physical and 

mechanical characteristics of individual blocks is shown very weakly in the mod-

els. Of special interest are zones of concentrations of values τxy, which would be 

missing in homogeneous environment with this calculation scheme. 



Some approaches to remediation study of the 
fucoid sandstone in the Straz pod Ralskem site - 
Nothern Bohemia 

Pavel Franta1, Vaclava Havlova1, Lukas Kraus2, Barbora. Drtinova2, Karel 
2, Ondra Sracek3 and Zbynek Vencelides3 

1Nuclear Research Institute Rez plc, Rez near Prague, CZ-250 68.  
2Department of Nuclear Chemistry, Czech Technical University in Prague, 

3OPV (Protection of Groundwater) Ltd, Belohorska 31, CZ-16000 Prague 6. 

Abstract. The behaviour of acid contaminantion in fucoid sandstone was studied 

on samples from Straz pod Ralskem, Czech Republic. Long term leaching of solid 

phase cores of contaminated fucoid sandstone with very low value permeability 

about 0.6 mD by background groundwater from Cenomanian aquifer was per-

formed and possible chemical reactions were proposed. Results of leaching and 

modified extraction method divided core samples into two groups, depending on 

their leaching kinetic parameter (KDM). The KDM is dependent predominantly 

on pore accessibility for leaching solution and dissolution of secondary minerals. 

Radioactive 35S and 3H were used to determine effective diffusion coefficients.  

Introduction  

In the last 40 years of the 20th century uranium mining belonged among the most 
active sections of Czech mining industry. Uranium ore was exploited either by 
underground mining (e.g. Rozna, Pribram, Zadní Chodov, Hamr) or in situ acid 
leaching (Straz pod Ralskem). Straz pod Ralskem region is a part of the Bohemian 
Cretaceous Basin. The geological profile of the site consists of Quaternary alluvial 
sediments, Turonian and Cenomanian aquifers .The Cenomanian formation is 
formed by the upper layer of low permeable fucoid sandstone underlied by friable 
sandstones, which contain uranium bearing minerals. The in-situ leaching of ura-
nium took place for about 30 years and was carried out by the injection of tech-
nological solutions with 50-60 g/L of sulphuric acids into the deep layers of the 
Cenomanian aquifer. The total amount of dissolved matter is estimated as 4 million 

Stamberg

Brehova 7, CZ-115 19 Prague 1. 
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tons. About 40% of contaminants (Al, As, Be, Cd, Co, Cr, Cu, F, Fe, Ni, Mn, Pb, 
V, Z, SO4

2-, NH3/NH4
+) are retained in solid phase. The problem of restoring the 

groundwater quality in this largest aquifer of North Bohemia is therefore a serious 
challenge. The study of less permeable “fucoid” sandstones was initiated in order 
to characterise the potential pathways of contamination and to suggest a remedia-
tion approach.  

Experimental 

Solutions  

Two different solutions were used for experiments: background cenomanian water 
(PCW) sampled from borehole NPV MIPC-18 (Mimon) out of the leaching field 
area and the acid technology solution (ATS, pH = 1.95) from leaching well No.VP 
20-5824 (Table 1). 

Rock samples 

Dynamic leaching experiment was performed with a solid phase core sample from 
the borehole VP 13B7051, interval 87 – 119.8 m, characterised by low vertical 
permeability of 0.597 mD ( 1 Darcy = 9.64.10--6 m/s)  and lower concentrations of 
contaminants  (1.5 g/L of TDS in pore water). Supplementary batch leaching and 
diffusion experiments were also performed on the individual samples from a fuco-
id core, borehole VP 8C 7095, interval 42 - 153m, with TDS 0.3 – 2.3 g/l in pore 
water. Properties of samples are  listed in Table 2 and Table 3. 

Table 1. Pure cenomanian water (PCW) and acid technological solution (ATS) composi-
tion, used for experiments.  

Sol. pH Conductivity NO3 PO4 SO4
2- H2SO4 NH4OH V Mn 

  mS/m                        mg/L   
PCW 8.2 26.8 <2.0 0.04 18 - 0.05 0.0001 0.14 

ATS 1.95 2000 265 256 26300 261 511 11.2  15 
 TDS Al As Ca 

mg/L 
Cr Fe K Mg Na            

 
PCW 153 - <0.02 40 <0.002 0.06 1.3 7.7 3.8 
ATS 47340 3806 5.13 259 8.7 766 50 51 21 
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Column leaching experiments  

The column was prepared from unbroken drill core from the cored borehole VP 
13B 7051, sample No. 48471 (see Table 2) with a diameter of 130 mm and length 
200 mm. Total pore volume of column, PV, was 531 cm3. Leaching agent, PCW, 
was injected at the bottom of column with hydrostatic pressure gradient of 17.5 
kPa.Linear velocity of effluent was 1.5 cm/day that was near to natural groundwa-
ter velocity in uncontaminated Cenomanian aquifer, i.e. fucoid sandstones, which 
is assumed to be within the range of 1 – 5 cm/day. Experiment was performed for 
220 days during which through the column flowed 7919 g of effluent, i.e. about 15 

Table 2. Rock sample (a) and pore water (b) properties: fucoid sandstone sample 
No.48471 (VP 13B 7051, depth 111.5 – 111.8 m). ε = porosity (%), κh = horizontal per-
meability, κv = vertical permeability (mD). 

a) rock property 
ε  
% 
 

κh 
mD 

κv 
mD 

Si 
wt  
% 

Al 
wt 
% 

Ca 
wt  
% 

K 
wt 
% 

Fe    
total 
wt% 

Ti   
wt% 
 

C  
inorg 
wt% 

C org 
wt% 

21.4 1.803 0.5969 42.8 2.44 0.02 0.126 0.351 0.233 1,86 0,64 

b) pore water composition 
pH Redox 

absol. 
mV 

Conduct. 
   mS/m 

TDS 
mg/L 

NH4 
mg/L 

Na 
mg/L 

K 
mg/L 

Mg 
mg/L 

Ca 
mg/L 

3.48 156 158.5 1420 43.6 - 11.7 10.8 63.6 
         
Fe to-
tal 
mg/L 

Al  
mg/L 

H2SO4 
mg/L 

SO4 
mg/L 

     

36.3 115 961 -      

Table 3. Rock sample properties for samples from borehole VP 8C 7095 (depth 143 – 153 
m). In bold: data, distinguishing PI group (48541, 48555, 48567) and PII group (48544, 
48547, 48550) – see further.  

Sample 
ε  
 

κh 
 

κv 
 

Spec. 
surface SiO2 Al2O3 Fe2O3 CaO K2O TiO2 Corg Cinorg 

 % mD mD m2/g wt% wt% wt% wt% wt% wt% wt% wt% 
48541 27.3 18.5 6.3 0.65 94.7 2.7 0.67 0.006 0.07 0.23 0.86 0.64 
48544 23.2 1.0 0.3 1.62 92.1 4.5 0.66 0.046 0.13 0.33 0.96 1.15 
48547 22.8 0.2 0.2 1.49 88.4 6.7 0.82 0.43 0.19 0.37 1.23 1.81 
48550 25.6 7.7 - 1.32 93.6 3.7 0.83 0.027 0.09 0.31 0.71 1.06 
48555 25.7 31.9 18.2 0.67 93.4 3.7 0.80 0.016 0.09 0.29 0.81 1.00 
48567 22.8 90.0 28.4 0.85 96.4 2.0 0.53 0.009 0.05 0.15 0.47 0.64 
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PV. Sampling was carried out about twice a week, concentrations of selected 
anions and cations were measured by analytical methods and/or AAS and ICP me-
thods in analytical laboratory of NRI Rez. The main part of this contribution deals 
with the study of behaviour of principal contaminants like SO4

2-, Cl-, Al, and Fe.  

Batch experiments: leaching and modified sequential extraction 

Leaching and modified sequential extraction method of six fucoid sandstone sam-
ples were performed (Table 3). 

Kinetics of leaching  

Leaching experiments were carried out applying the batch technique in PE-bottles. 
The rock samples of the fucoid sandstone (the grain size fraction < 1 cm) were 
mixed with PCW and also with deionized water for comparison. Sample weight to 
liquid volume ratio was adjusted to 5 mL/g. The suspensions were shaken at am-
bient temperature for 1, 5, 24, and 120 hours.  

Concentrations of the constituent cations and anions in the leachates were 
measured using AAS with the aim to assess dominant geochemical processes that 
could take place during the in situ leaching. Measured concentrations of many mi-
nor contaminants (e.g., V, U, Be, Cr) were near to detection limits of used analyti-
cal methods. 

Sequential extraction 

According to Tessier scheme modified three-step sequential extraction (Tessier et 
al. 1979) was performed as follows:  
1. Fraction – water soluble phase: 1g sample + 20 mL deionized water shaking for 

1 hour at room temperature.  
2. Fraction – adsorbed and exchangeable phases: residual fraction + 20 mL 1 M 

MgCl2 (pH = 7) for 1 hour at room temperature.  
3. Fraction - carbonate phase: residual fraction + 20 mL 1 M NaAc + HAc (pH = 

4.8) for 5 hours at room temperature. 

Diffusion experiments 

Diffusion experiments with 3H (T1/2 = 12.4 years, non sorbing conservative tracer) 
and 35S (T1/2 = 87.4 days; slightly sorbing tracer) were carried out with 6 rock 
disks (sample 48544 – see Table 3; 10 mm width, 50 mm diameter). Three sam-
ples were cut in horizontal direction, three ones were cut in vertical direction in 
order to determine differences in diffusion in both directions.  

The through-diffusion cell set up, experimental procedure and sampling were 
carried out according to the methodology, widely reported elsewhere (e.g. Skagius 
and Neretnieks, 1986; Shackelford, 1991).  
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The solutions used were cenomanian water (PCW, composition in Table 1) and 
acid technology solution (ATS, composition in Table 1). The solution in inlet cell 
was spiked with radionuclides. The experimental set up is reported in Table 4.  

Results 

The pH value on the column outlet decreased dramatically (< 1.5) in comparison 
with pH value of injected PCW (8.2; see Figure 1). 

It was almost identical with pH value of acid technological leaching solutions, 
used for uranium leaching technology. It was interpreted as the transformation of 
HSO4

- to SO4 
2-  and desorption of H+ from positively charged surface sites initia-

lised after injecting of two pore volumes (PV). Reactions may be expressed: 

HSO4
-    =     SO4 

2-   +  H+ (1) 

FeOH2
+    =   Fe(OH)   +   H+ (2) 

Table 4. Experimental set up for 3H and 35S diffusion experiments. Sample used: fucoid 
sandstone (48544, see Table 3). 

Sample Sampling direction Tracers  Solution in inlet cell Solution in outlet cell 
1 Horizontal 35S PCW PCW 
2 Horizontal 35S ATS PCW 
3 Horizontal 3H PCW PCW 
5 Vertical 35S PCW PCW 
6 Vertical 35S ATS PCW 
7 Vertical 3H PCW PCW 

through-diffusion experiment results also for variable tracer activity in the inlet cell (e.g. 
Vopalka et al. 2006). 
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Fig.1. Dependence of pH value on pore volume of leaching  cenomanian water. 
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The acidity presented within rock is massive and causes decrease of pH value at 
the outlet. The curve presented on Fig. 1 markedly shows periods when the rise 
pH value is retarded by heterogeneous reactions. At next period (injected  5 – 7 
PV) the rise of pH value seems to be retarded as a consequence of the transforma-
tion of jarosite to ferric hydroxide. 

K Fe3 (SO4)2 (OH)6 + 3H2O = K+ +  Fe(OH)3 +  2 SO4 
2-   + 3 H+ (3) 

The pH behaviour around injected 10 PV is characterized by the precipitation 
of desorbed Al 3+ as aluminium  hydroxide or transformation alunite onto Fe hy-
droxide. 

Al3+  + 3H2O   =   Al (OH)3   +  3 H+ (4) 

K Al3 (SO4)2 (OH)6   +  3H2O   =    K+  +  Al(OH)3 +  2 SO4
2-   + 3 H+ (5) 

The similar buffering influence on pH value rise can be assigned to the dissolu-
tion of alunogene Al2(SO4)3 .17H2O. This phase was identified by XRF diffraction 
measurement of dry effluent filtrate, besides copiapite, gypsum, and tschermigite. 
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Fig.2 [A],[B]. Development of concentration of sulfates from beginning (A), except first 
1.56 PV (B). 

Sulphate represents main contaminant in underground leaching area. During 
experiment the sulphate concentration decreased very fast. This matched the re-
sults of batch experiments. The initial value of concentration 100 g/L dropped to 
400 mg/L during the first injected two PV of PCW. Next injected PCW leached 
sulphate from solid phase and after about next 7 PV the sulphate concentration 
reached the same level as in injected PCW, see Fig.2[A],[B].   
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Fig.3 [A],[B]. Development of Ca, Na, Fe a Al concentration from beginning (A), except 
first 1.56 PV (B). 

Concentrations of Ca, Na, Fe and Al dropped fast during injection of the first 
two PV of cenomanian water, see Fig.3[A],[B]. The most of the element mass was 
diluted by injected water. Close to 5 – 7 PV injected concentrations of Ca, Na, and 
Fe temporarily increased, probably due to the dissolution of gypsum (Ca-
SO4.2H2O) and jarosite (K Al3 (SO4)2 (OH)6).  

0

500

1000

1500

2000

0 5 10 15

PV

C
on

cn
et

ra
tio

n 
(m

g/
l)

K

F

Cl

NO 3

0

200

400

600

800

0 2 4 6 8 10 12

PV

C
on

ce
nt

ra
tio

n 
(m

g/
l)

 
Fig.4 [A],[B]. Development of concentration of K, F, Cl a NO3 from beginning (A), except 
first 1.56 PV (B). 

In the case of K, F and Cl, their concentrations decreased in the first part of ex-
periment ( PV < 2), see Fig.4. Temporary increase of K concentration between 5 – 
7 PV was presumably caused by the dissolution of jarosite (K Al3 (SO4)2 (OH)6).  

The majority of studied elements were leached out in the first extraction step of 
sequential extraction, except for As, K and Na. Differences among results of the 
sequential extraction for different samples were not significant. The smaller total 
amounts of Al and Fe obtained by sequential extraction in comparison with longer 
time leaching by PCW also confirm the dissolution of some characteristic miner-
als containing Al and Fe (e.g. alunite, jarosite). 

From the point of view of kinetic experiment results, the set of samples can be 
divided into two groups, PI and PII, namely with respect to the rate of leaching of 
dominant components and of time-dependences on pH. The first group, PI, con-
sists of samples No 48541 (142 m), 48555 (148 m) and 48567 (153 m), the second 
one, PII, of samples No 48544 (143 m), 48547 (144 m) and 48550 (145 m). It 
holds that the rate of leaching is higher in the case of samples PI than in the case 
of samples PII, see Fig. 5A-C.  

A B 

B A 
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The results indicated relatively homogenous region, corresponding to the 
depths between 143-145 m (samples 48541 – 48567), with respect to the leaching 
procedure used. After 120 hours leaching the pH of cenomanian groundwater 
dropped from initially value 8 to 3. This could reflect leaching of contaminants 
presented within pore space, predominantly sulphate anions and H4SO4 and other 
reactions, e.g., the dissolution of ferric sulphate minerals. The pattern of similar 
rock properties for mentioned rock groups PI and P II is also consistent with rock 
characterizing properties (see Table 3, data in grey). The increased values of spe-
cific surface, horizontal permeability, CaO, Cinorganic and K2O for PII. group can be 
assigned to the formation of different types of mineral phases within pore volume 
(i.e. gypsum, alunite, jarosite, alunogene, copiapite, gypsum, and tschermigite etc. 
mentioned above). Differences in mineral solubility can than cause difference in 
leaching kinetics of both rock groups.  

  

 
Fig.5. Dependence of pH (A), Fe (B) and SO4 (C) concentration on the leaching time for 
samples from various depths of the fucoid core.  

Furthermore, relative homogeneity of the rock sample in both vertical and hori-
zontal direction are supported by the results of diffusion experiments (sample 
48544, PII group). Both 3H and 35S diffused into the fucoid sandstone saturated 
with PCW in the similar pattern (see Figure 6). Evaluating experimental result 
with GOLDSIM diffusion module, effective diffusion coefficient De for 3H in fu-
coid sandstone was determined as 5.10-10 m2.s-1, De for 35S was in the range of 
2.23-10 m2.s-1. 35S diffused through sample No. 1 slightly faster than 3H (see 
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Fig. 6). This could be caused preferentially by rock heterogeneity. The porosity 
can vary in 5% range (from 22 to 27 %), depending on mineral composition, in-
tergranular cement content, and presence of organic matter. A straightforward dif-
ference is remarkable when using acid solution (ATS) spiked with 35S - much fast-
er penetration through the samples was observed than in the case of cenomanian 
water spiked with both  35S and 3H. Activity breakthrough was rapid (few hours) 
indicating processes connected with rock phase dissolution and increase of pore 
space/preferential transport pathway opening. Acid solution (pH 2) may accelerate 
the dissolution of Fe + Al minerals mentioned above (e.g. alunite, jarosite) in the 
pore space and also the dissolution of intergranular cement (kaolinite, illite) and/or 
carbonate minerals, found even within quartz grains. 

Modelling 

The differences in kinetic properties of fucoid core samples type of PI and PII 
were quantified by the means of modelling of sulphate leaching kinetics using six 
mass transfer models differing in types of the following control processes: so 
called two-film model (DM), film diffusion (FD), inert layer diffusion (ID), chem-
ical reaction (CR), gel diffusion (GD) and diffusion in reacted layer (RLD) (Stam-
berg and Cabicar 1980; Stamberg and Plicka 1990). In principle, the results of 
modelling point to the diffusion character of the leaching of fucoid samples. It 
seems to be logical because the cenomanian groundwater can be regarded rather as 
solvent (and the process itself as solvent extraction modelled usually by so called 
two-film model (DM)), than as classical chemical aggressive leaching agent. With 
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Fig.6. Breakthrough curves for diffusion experiments. See experimental set up and sam-
ples identification in Table 3. 
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this agree the results of modelling procedure on the basis of which the transfer 
model type of DM  can be in principle chosen as the best model (see eq. (6): 

( )∗−=− qqK
dt
dq

DM
 (6) 

where KDM ... kinetic (mass transfer) coefficient, h-1, 
q ...   concentration of a given component in solid phase in time 
t, mg/g,  
q* ... equilibrium concentration of a given component corres-
ponding to the concentration in liquid phase in time t, mg/mL, 
t ...   time, h. 

The values of kinetic coefficients, KDM, characterizing the rate of “leaching” of 
sulphates from individual fucoid core samples, and the values of quantity 
WSOS/DF (Herbelin and Westall 1996), characterizing the goodness of fit of ex-
perimental points (WSOS/DF should be smaller than 20) can be found in Table 6. 
It is evident that the values of KDM belonging to the first group (PI) of core sam-
ples re evidently higher than the values of second group (PII) that reflects and 
proves their different kinetic properties. 

Table 6. The results of modelling of kinetic leaching of sulphates 

Samples 48541 
(PI) 48544 (PII) 48547 

(PII) 48550 (PII) 48555 (PI) 48567 (PI) 

KDM 1.09e-1 
± 9.49e-4 

5.09e-2 
± 1.44e-4 

5.08e-2 
± 1.2e-4 

5.79e-2 
± 2.78e-2 

1.70e-1 
± 9.48e-2 

1.43e-1 
± 1.38e-4 

WSOS/DF 5.35 8.66 14.0 8.24 8.14 9.77 

Conclusions 

Contaminants present in fucoid sandstones (predominantly SO4
2-) are leached out 

relatively fast in the contact with background cenomanian groundwater. The lea-
chate pH value is dependent on SO4

2- release and/or dissolution of Fe-Al-SO4 
minerals (jarosite, alunite, alunogene, copiapite etc.). However, differences in 
leaching kinetic behaviour were observed. They can be assigned to the rock prop-
erties (permeability) and dissolution of secondary mineral phases. Difference in 
the solubility products of precipitated minerals may contribute to the observed dif-
ferent kinetic patterns. Contaminant transport within fucoid sandstone in contact 
with background Cenomanian groundwater is driven by diffusion process. This is 
different from the application of acid solution, when dissolution of rocks and 
opening of new preferential flow pathways take place.  
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Abstract. Oxidation of sulfide minerals has resulted in the release of low quality 

water from the Claude waste rock storage area at the Cluff Lake Mine in northern 

Saskatchewan. This low-quality drainage water has been displaced into an under-

lying aquifer, resulting in the development of a groundwater plume. The principal 

element of concern in the plume water is dissolved nickel, which occurs in the 

range of 2 to 14 mg/L. The plume water has low pH (~4.3), is oxidized, contains 

high concentrations of dissolved sulfate (1000-4750 mg/L), aluminum (up to 45 

mg/L), zinc (up to 3 mg/L), cobalt (up to 3 mg/L) and relatively low concentra-

tions of other dissolved heavy metals and iron. A pilot-scale permeable reactive 

barrier was installed at the site in 2005, to assess the potential for this technology 

to control the migration. Laboratory experiments are being conducted in conjunc-

tion with the field evaluation to assess the treatment performance of three reactive 

mixtures, which contained organic carbon and varying amounts of zero valent iron 

(ZVI).  

The reactive materials are combined with gravel to maintain adequate permeabili-

ty. The organic carbon used in the mixtures was obtained from a peat bog near the 

waste rock storage area. The mixtures include 1) organic carbon mixed with lime 

and limestone to buffer the pH; 2) organic carbon mixed with 10 vol. % ZVI and 

3) organic carbon mixed with 20 vol. % ZVI. The initial results of the column ex-

periments show that all of the mixtures promote bacterially mediated sulfate re-

duction and removal of dissolved metals through the formation of secondary metal 
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sulfides. After six months of testing, there was no discernable difference between 

the two reactive mixtures containing ZVI, and testing of the 20 vol. % mixture 

was discontinued. Profile sampling indicates that the reactivity of mixture 1, 

which does not contain ZVI, has declined whereas the reactivity of mixture 2, con-

taining ZVI, has remained constant. The preliminary results of the experiment in-

dicate that the addition of modest amounts of ZVI can increase the longevity of 

the reactive material. This benefit needs to be weighed against the additional costs 

associated with the incorporation of ZVI in the reactive mixture. 
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Abstract. The McArthur River mine in northern Saskatchewan is the largest sin-

gle producer of uranium in the world.  Most of the ore is extracted by raisebore 

mining methods at depths of 530 to 600 m below ground surface where pore pres-

sures in the fractured host sandstone and gneiss are on the order of 5 MPa. Cur-

rently, ground freezing is used to isolate the ore from ground-water sources. Loca-

lized depressurising of the freezing drifts is being considered to increase their 

ground-stability.  

Cross-hole flow and shut-in tests in eight NQ-size coreholes were conducted in the 

basement rock that is adjacent to a fault contact with the overlying 500 m thick 

sandstone unit. The hydrogeologic parameters of basement rock in the vicinity of 

a freezing drift were obtained. A 15% to 25% reduction of pore pressure over a 25 

m distance was observed within a three hour test period.  

A detailed three-dimensional ground-water flow model was constructed to repli-

cate the pore pressure measured in the coreholes. The pore pressure distribution 

simulated from the model provides the hydrogeologic input for geotechnical engi-

neers to evaluate ground-stability and assess whether additional active depressu-

rising should be conducted.
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Abstract. The present paper shall briefly overview the past of the Romanian ura-

nium industry and its current state. Then it will present the features of the radioac-

tive contaminated mine waters and the treatment methods used for their deconta-

mination. The advantages and the disadvantages of the decontamination method 

will be pointed out. The main updates concerning the calixarenic derivatives be-

havior towards uranium will be presented. 

Uranium industry in Romania 

Since 1950s the Romanian uranium industry met its top development, when ura-
nium-bearing ores were found by radiometric investigations and aerial gamma 
prospecting in three main areas, namely Banat, Apuseni Mountains and Eastern 
Carpathians (Georgescu D., Popescu M. and Aurelian F, 2004). 

Since 1952 until 1962, uranium ore was directly extracted and exported to the 
former Soviet Union, respectively to the Silimäe ore processing plant in Estonia. 
On 1962, its shipment to the Soviet Union was stopped and it was stockpiled 
nearby the mining pits. Since 1978 the stockpiled ore beside the new extracted one 
began to be processed when Feldioara plant was commissioned. Beside that the 
specific technological researches were tightly related with scientific studies about 
wastes treatment, mining activities closure and ecological restoration of affected 
areas by extraction and processing uranium ores (Popescu I.C. et. al., 2005). 



88      Ioana-Carmen Popescu et al.  

Session I: Uranium Mining 

Under the complex international context and due to the public concern increas-
ing about the radiological risk and the radioactive contamination threats, the ura-
nium extraction and processing activities were almost closed in Romania, follow-
ing the European pattern, and the  entire scientific interest was shifted towards the 
environment radioactive decontamination within the areas  affected by uranium 
exploration, exploitation and processing activities. 

We have to underline the fact that the information concerning the uranium in-
dustrial activity is still classified and protected by the secrecy law. 

The main assignments for the research scientist teams were to elaborate extrac-
tion flow sheets and projects in order to process the Romanian uranium ores, to 
purify yellow-cake and to produce nuclear pure uranium dioxide powder.  

Main aspects concerning the environmental radioactive 
pollution and exposure pathways 

The environment radioactive pollution is caused mainly by the flow of water on 
horizontal and vertical direction that enhances the chemical reactions such as 
leaching processes and rocks’ weathering. Other chemical reactions may be in-
itiated either by the microbiological processes or the biofilms occurrence on the 
surface of the minerals and they are consisting mainly in the minerals’ and other 
elements’ oxidation. The most complex chemistry could be observed in cases 
when the organic compounds are included into the rock mass and the degradation 
processes will significantly influence the environmental chemistry for the rest of 
contaminants. Biological contaminants degradation will determine the releases of 
different gases such as methane,, hydrogen sulfide, carbon dioxide or ammonia. 

One of the most important possible exposure pathways is the use of contami-
nated aquifers or rivers as sources for potable water or for irrigation of crops and 
watering the livestock. 

The air contamination is based on the re-suspension of dust or releases of ra-
don, which may occur. So the inhalation and the contamination of surroundings 
represent secondary pollution sources. 

Radioactive contaminated mine waters features and the 
decontamination methods used 

As it is already known the uranium industry is a significant pollution source, 
which generated huge amounts of radioactive contaminated wastewaters. A very 
important part of them is represented by the mine waters, which are a serious 
threat for the environment and for the people living nearby as well. 

The interaction between radioactive contaminated mine waters and environ-
ment is very complex because it depends on a lot of factors such as the pH and 
temperature of water; the uranium ore body geological nature; environmental 
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conditions (aerobic or anaerobic environment); the microorganisms’ presence, etc. 
So to identify the most appropriate and economic feasible solution from the ra-
dioactive decontamination viewpoint in order to treat the mine waters contami-
nated by the radionuclides could be a very difficult challenge. 

Before 1989, among the other assignments, in Romania, to recover the uranium 
from mine waters was a national strategic objective for the research scientists in-
volved in the uranium industrial activity. It was also important to come up with a 
viable solution using indigenous reagents and substances. Therefore a lot of re-
search studies were performed using different types of ion exchange resins. The 
most promising one was called VIONIT AT1, a strong basic anionite, fabricated in 
Romania by the Chemical Plant Victoria from Ramnicu Valcea, which was able to 
uptake around 100 mg U per 1 mg of resin. Other alternative methods for the re-
covery of uranium were tested in lab as well. 

One of many options was to create a new sort of adsorbent by chemical extrac-
tion of the humic acids contained by an indigenous sort of charcoal and to impreg-
nate them into an inert support. Despite the fact that the test results were encour-
aging respectively the  uranium uptake was of about 300 mg / g of humic acids  in 
situ investigations pointed out  the inefficiency of this method as the uranium’s re-
covery concerns because only about 3 mg U /g of product were up-taken. 

The ionic flotation, uranium precipitation using limestone and iron sulfate, ad-
sorbtion on other adsorbents were also studied as radioactive decontamination me-
thods. 

In practice (Popescu I.C., 2005) the methods used for the treatment of radioac-
tive contaminated mine waters could be grouped in: 
• Physical methods mainly based on the adsorption, absorption  and ion exchang-

ing processes using organic or inorganic compounds; 
• Chemical methods that involve redox reactions; 
• Biological methods that involve the microorganisms’ growth reaction based on 

electron transfer mechanism. 
The control analysis performed out lined the following list of mine water con-

taminants, which should be removed according to the Romanian specific regula-
tion enforced: solid suspension matter, which proved to contain natural radionuc-
lides, especially uranium and radium; solubilized uranium due to the conjugated 
action of more favorable factors on the way covered by the underground water 
through the mine; radium, which is present as an equilibrium element of the ra-
dioactive disintegration of uranium. 

It has to be underlined the fact that in mine water, all the contaminants listed 
above have presented content values higher compared to the Romanian safety lim-
its. By time, it has been observed a decrease of this concentration; in fact the vari-
ation of this concentration depends on the mining activity intensity and on the 
quality of the mined ore. 

Between 70’s and early 80’s the concentration of solids in suspension had val-
ues higher than 10 g/L, uranium content was frequently higher than  4 mg/L and 
the radium content was about 0.5 Bq/l. On 1999 mine water analysis showed that 
ore solid suspension values were less than 5 g/L, uranium content between 1.5-2 
mg/L and radium between 0.1-0.3 Bq/lL 
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Our research scientists’ team elaborated a technical flow sheet following the re-
search studies results in order to radioactively decontaminate the mine waters. On 
its basis a treatment plant was erected and the flow sheet is presented by fig.1. 

The other potential contaminants, such as heavy metals, especially mercury and 
arsenic reached a concentration under the safety limits and thus there will be no 
need for additional treatment of mine water because of them. 

Our most recent chemical analysis of mine water samples showed they have a 
relative complex composition such as suspended materials ~10 mg/L, uranium 
present as Na4UO2(CO3)3 ~1.6 mg/L, nitrates ~20 mg/L, sulfates ~0.20 mg/L, 
chlorides ~0.30mg/L, calcium ~40 mg/L, molybdenum (II) 0.20 mg/L, magnesium 
~20 mg/L, NaHCO3 ~ 1000 mg/L. The pH of the water ranges from strong basic 
to low acidic. 

 
Fig.1. Radioactive mine waters decontamination flow sheet. 
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Could the calixarenes be a viable solution for the 
radioactive decontamination of the mine waters? 

Despite of their extremely encouraging results each one of the above mentioned 
procedures presents some weak points such as is the case of the bioremediation 
processes, where everything is beautiful until the poor micro-organisms die and all 
the radionuclides accumulated by their bodies return into the natural circuit. 

It is important not to ignore the fact that now the science made significant 
progress in getting to understand intimately the chemical behavior of uranium and 
his progenitors at molecular level such as in the supramolecular chemistry’s case 
and has reached a point in which is able to filter molecules (see the reverse osmo-
sis units, nano- and ultra-filtration ones as well). Unfortunately the last ones are in 
many cases too expensive to afford it. 

Many research studies have been carried out worldwide in order to synthesize 
extremely selective organic molecule able to discriminate between the competing 
ions, to retain uranium and to discriminate the radioactive mine water. 

In their quest for the appropriate answer they discovered a very promising class 
of organic compounds known as calixarenes (Schmeide, K, et. al. , 2002). Calix-
arenes are macrocyclic molecules formed by 4, 6 ore 8 para-substituted phenolic 
units linked by methylene bridges ortho to the OH functions (fig.2). 

Thus, molecules of different ring sizes are formed. It has been reported recently 
that the ones especially designed are suitable to separate uranium from aqueous 
solutions. They have huge potential for industrial applications depending on their 
structure such as in the case of the uranium detecting sensors (Becker A. et. al., 
2005), in determination of uranium contents in the human body fluids (Baglan N., 
et. al. 2005), separation of cesium and strontium, lanthanides sequestration 

 
Fig.2. Calix[n]arenas structures (where n=4, 6 or 8). 
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(Perin R. et. al., 1993), separation of neutral organic molecules, uranium recovery, 
accelerators for instant adhesives, heavy metals separations (Nechifor) and so on. 

Tests performed on synthetic solutions conducted to recent reports concerning 
the high selectivity for uranium of the calix[6]arenas functionalized with carboxyl-
ic or hydroxamic groups on the lower rim (Schmeide, K, et. al., 2002). 

Conclusions 

Romanian uranium mining is a very important source of pollution because it gene-
rates is a very important source of pollution because it generates huge amounts of 
radioactive contaminated wastewaters.  The mining water represents a very impor-
tant part of them and their chemical composition depends on many different envi-
ronmental factors. The recent research reports’ results indicate that the calixarenas 
could be a very good answer to the potential difficulties in decontaminating ra-
dioactive mine waters. Whether they are suitable or not for it, that can be found 
out only by carrying out new research studies. 
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Abstract. Acid mine drainage generated in the uranium deposit Curilo, Bulgaria, 

with a pH of about 2.5 - 4.0 and polluted with radionuclides (U, Ra), heavy metals 

(Cu, Zn, Cd, Pb, Ni, Co, Fe, Mn), arsenic and sulphates, were treated efficiently 

by means of a passive system consisting of a permeable reactive multibarrier and a 

constructed wetland. The multibarrier consisted of an alkalizing limestone drain 

and an anoxic section for microbial sulphate reduction, biosorption and additional 

chemical neutralization. The water flow rate trough the multibarrier varied in the 

range of 1 - 17 m3/24 h, reflecting water residence times of about 300 to 18 h. 

Introduction 

The acid mine drainage waters generated in the uranium deposit Curilo, Bulgaria, 
are a heavy environmental problem, especially since the end of the mining opera-
tions in this deposit sixteen years ago. The fractured ore body and several dumps 
consisting of mining wastes are, especially after rainfall, the main sources of these 
waters. The waters have a low pH (usually in the range of 2.5 – 4.0) and contain 
radionuclides, heavy metals, arsenic and sulphates in concentrations usually much 
higher than the relevant permissible levels for waters intended for use in the agri-
culture and/or industry. The solubilization of these pollutants from the residual ore 
in the deposit is connected mainly with the oxidative activity of the indigenous 
acidophilic chemolithotrophic bacteria (Groudev et al. 2003). 

Since a relatively long period of time a portion of the above-mentioned polluted 
waters is treated by means of different passive systems such as natural and con-
structed wetlands, alkalizing limestone drains, permeable reactive multibarriers 
and a rock filter, used separately or in different combinations. Information about 
the water treatment carried out by means of these passive systems has been pre-
sented in several papers, the most recent of which are these by Groudev et al. 
(2007a, 2007b). The best results in water clean up were achieved by means of a 
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complex system involving a permeable reactive multibarrier and a constructed 
wetland connected in a series. This system was put into operation in the summer 
of 2004. The present paper summarizes the data obtained during the 42-month op-
eration period and contains the main conclusions based on these data. 

Materials and methods 

The passive system was constructed in a ravine collecting a portion of the acid 
drainage waters generated in the deposit. The multibarrier was a pond dug into the 
ground and its bottom and walls were isolated by an impermeable plastic sheet. 
The multibarrier consisted of two sections: an alkalizing limestone drain and an 
anoxic section for microbial dissimilatory sulphate reduction, biosorption and ad-
ditional chemical neutralization. The alkalizing drain had a volume of about 2.5 
m3 and was filled by a mixture of crushed limestone and gravel pieces (in a ratio 
of about 1:2 as dry weight) with a particle size less than 12 mm. The second sec-
tion of the multibarrier had a volume of about 20.4 m3 (8.0 m long, 1.7 m wide, 
and 1.5 m deep) and was filled by a mixture of biodegradable solid organic sub-
strates (cow manure, plant compost, straw), crushed limestone and zeolite satu-
rated with ammonium phosphate. This section of the multibarrier was inhabited by 
a microbial community consisting mainly of sulphate-reducing bacteria and other 
metabolically interdependent microorganisms (Table 1).  

In the spring of 2007 about half of the content of the alkalizing drain and about 
30 % of the content of the anoxic section were changed by fresh materials with the 
relevant initial composition to restore partially the permeability and activity of the 
multibarrier. The constructed wetland consisted of two sections and was a pond 

Table 1. Microorganisms in the acid mine drainage and in the effluents from the permeable 
reactive multibarrier 

Microorganisms In the acid 
mine drainage 

In the multibarrier 
effluents 

 Cells/ml 
Fe2+-oxidizing chemolithotrophs (at pH 2) 104 – 107 0 – 102 
Aerobic heterotrophs (at pH 2) 101 – 104 101 – 103 
S2O3

2--oxidizing chemolithotrophs (at pH 7) 0 – 103 101 – 104 
Aerobic heterotrophs (at pH 7)  0 – 102 101 - 104 
Anaerobic heterotrophs (at pH 7) 0 – 101 104 - 107 
Sulphate-reducing bacteria  0 – 101 104 – 107 
Cellulose-degrading microorganisms 0 103 – 106 
Bacteria fermenting sugars with gas production 0 103 – 107 
Ammonifying bacteria 0 102 – 105 
Denitrifying bacteria 0 102 – 105 
Fe3+-reducing bacteria 0 103 – 106 
Methane-producing bacteria 0 101 – 104 
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dug into the ground and its bottom and walls were isolated by an impermeable 
plastic sheet. The wetland was 12 m long, 2.4 m wide, and 0.8 m deep. Its bottom 
was covered by a 0.5 m layer consisting of soil rich in organics and mineral nu-
trients. The wetland was characterized by an abundant water and emergent vegeta-
tion and a diverse microflora. Typha latifolia, Typha angustifolia and Phragmites 
australis were the main plant species in the wetland but representatives of the ge-
nera Juncus, Eleocharis, Potamogeton, Carex and Poa as well as different algae 
were also present. The quality of the waters was monitored at different sampling 
points located at the inlet and the outlet of the alkalizing drain, the anoxic section 
and the constructed wetland, as well as at different depths within these compo-
nents of the passive system. 

The parameters measured in situ included: pH, Eh, dissolved oxygen, total dis-
solved solids and temperature. Elemental analysis was done by atomic adsorption 
spectrophotometry and induced coupled plasma spectrophotometry in the labora-
tory. The radioactivity of the samples was measured, using the solid residues re-
maining after their evaporation, by means of a low background gamma-
spectrophotometer ORTEC (HpGe – detector with a high distinguishing ability). 
The specific activity of 226Ra was measured using a 10 l ionization chamber. 

Elemental analysis of solid samples from the sediments and the plant biomass 
was performed by digestion and measurement of the ion concentration in solution 
by atomic adsorption spectrophotometry and induced coupled plasma spectropho-
tometry. Mineralogical analysis was carried out by X – ray diffraction techniques. 
The mobility of the pollutants was determined by the sequential extraction proce-
dure (Tessier et al. 1979). The fraction analysis of the solid organic component in 
the multibarrier was performed using air dried samples after their prior washing 
with distilled water to remove the carbonates and the water – soluble organic 
compounds. The total amount of crystalline polysaccharides (cellulose) and non-
crystalline polysaccharides (hemicellulose) was determined by hydrolysis with 
sulphuric acid (Ryan et al. 1990). The non-crystalline polysaccharides (hemicellu-
lose) were determined by hydrolysis with hydrochloric acid under anaerobic con-
ditions (Lowe 1993). For determination of lignin the samples were initially treated 
by 1 M HCI for 12 h to remove the solid precipitates from the surface of the or-
ganic matrix and to make it well exposed for the subsequent solubilization of the 
lignin. This solubilization was performed by means of solution containing 2 M 
NaOH, CuO, Fe(NH4)2(SO4)2.6H2O under anaerobic conditions, at 170 0C for a 
period of 4 h in the Soxhlet apparatus (Kögel and Böchter 1985). The suspensions 
of dissolved organic compounds obtained by the above-mentioned hydrolythic 
treatments were clarified by centrifugation at 1700 rpm for 30 min. The clarified 
supernatants were used for determination of the concentration of the respective 
dissolved organic compounds by their chemical oxidation to CO2 at high tempera-
ture. 

The isolation, identification and enumeration of microorganisms were carried 
out by methods described elsewhere (Karavaiko et al. 1988; Widdel and Hansen 
1991; Widdel and Bak 1991; Groudeva and Tzeneva 2001; Hallberg and Johnson 
2001). 
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Results and discussion 

An efficient removal of pollutants from the acid drainage waters was achieved by 
means of the multibarrier (Tables 2). The water flow rate through the multibarrier 
was changed considerably during the operation period (within the range of about 1 
– 17 m3/24 h, reflecting water residence times of about 300 – 18 hours). These 
changes were connected mainly with the activity and permeability of the multibar-
rier. 

The activity of the multibarrier was based on three main mechanisms participat-
ing in the removal of pollutants: chemical neutralization, biosorption and microbi-
al dissimilatory sulphate reduction. The chemical neutralization was performed by 
the crushed limestone mainly in the alkalizing drain but also in the second, rich-in-
organics section. In the alkalizing drain the pH of the polluted waters was in-
creased to values near the neutral point and as a result of this most of the dissolved 
iron (present as Fe3+ ions) was precipitated as ferric hydroxides. Portions of the 
non-ferrous metals and aluminum (usually about 20 – 40 % and about 70 – 80 %, 
respectively) were also removed in the drain as a result of hydrolysis and subse-
quent precipitation as well as by sorption by the gelatinous ferric hydroxides. Por-
tions of uranium and arsenic were also removed in this way. The increase in pH in 

Table 2. Data about the acid mine drainage and the effluents from the permeable reactive 
multibarrier 

 
Parameters 

 
Acid mine  
drainage 

 
Multibarrier  

effluents 

Permissible levels 
for waters intended 

for use in agriculture 
and industry 

Temperature oC (+1.2) - (+25.1) (+1.4) - (+27.5) - 
pH 2.42 – 4.25 6.22 – 7.83 6 – 9 
Eh, mV (+290)-(+597) (-140)-(-280) - 
Dissolved O2, mg/l 1.7 – 6.0 0.2 – 0.4 2 
TDS, mg/l 930 – 2972 545 – 1827 1500 
Solids, mg/l 41 – 159 32 – 104 100 
DOC, mg/l 0.5 – 2.1 51 – 159 20 
SO4

2-, mg/l 532 – 2057 275 – 1225 400 
U, mg/l 0.10 – 2.75 < 0.05 0.6 
Ra, Bq/l 0.05 – 0.50 < 0.03 0.15 
Cu, mg/l 0.79 – 5.04 < 0.20 0.5 
Zn, mg/l 0.59 – 59.8 < 0.20 10 
Cd, mg/l <0.01 – 0.10 < 0.004 0.02 
Pb, mg/l 0.08 – 0.55 < 0.02 0.2 
Ni, mg/l 0.17 – 1.49 < 0.03 – 0.10 0.5 
Co, mg/l 0.12 – 1.22 < 0.03 – 0.10 0.5 
Fe, mg/l 37 – 671 0.5 – 9.5 5 
Mn, mg/l 2.8 – 79.4 0.5 – 5.2 0.8 
As, mg/l 0.05 – 0.32 < 0.01 0.2 
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the alkalizing drain facilitated the growth of microorganisms in the second section 
of the multibarrier. The role of chemical neutralization was essential during the 
cold winter days when the growth and activity of the microbial community in the 
multibarrier was inhibited or completely ceased. The chemical generation of alka-
linity steadily decreased in the course of time because the limestone was armored 
due to the iron precipitates deposited on its surface. The change of approximately 
half of the limestone in the alkalizing drain by fresh batch of this material restored 
to a significant degree the alkalinity production and permeability of this section of 
the passive system. 

The biosorption of pollutants by the dead plant biomass present in the second 
section of the multibarrier was also an essential mechanism in the water clean up 
during the warmer but mainly during the cold months of the year (Table 3). Con-
siderable portions of all heavy metals, arsenic and uranium as well as most of the 
radium were removed in this way. The biosorption, together with the chemical 
neutralization, was the prevalent mechanism during the first 5 – 6 months since 
the start of the operation and even later was prevalent in the first 3 – 4 m from the 
inlet of the anoxic section, especially in the top layers (down to 50 – 70 cm from 
the surface). The sorption capacity of the dead biomass steadily decreased in the 
course of time. 

The microbial dissimilatory sulphate reduction played an essential role in the 
water clean up during the warmer months of the year. The anaerobic sulphate-
reducing bacteria were a quite numerous and diverse population in the multibarrier 
(Table 4). The prevalent and most active strains of these bacteria were related to 
the genera Desulfovibrio (mainly D. desulfuricans) and Desulfobulbus (mainly D. 
elongatus) but representatives of the genera Desulfococcus, Desulfobacter and 
Desulfosarcina were also well present. As a result of their activity the pH of the 
waters was stabilized around the neutral point due to generation of hydrocarbonate 
ions during the microbial sulphate reduction (the role of limestone was also essen-
tial as it was mentioned earlier). The non-ferrous metals, iron and arsenic were 

Table 3. Content of pollutants in the dead solid plant biomass in the permeable reactive 
multibarrier 

Pollutants Content, mg/kg dry biomass 
 November 

2004 
March 
2005 

March 
2006 

September 
2006 

March 
2007 

Uranium 10-32 17-71 32-114 32-122 30-127 
Radium 5-14 10-32 21-53 23-57 23-60 
Copper 28-73 37-134 60-225 62-221 64-223 
Zinc 14-51 28-82 51-230 59-242 62-248 
Cadmium 2-12 6-19 8-41 8-44 9-42 
Lead 8-30 7-59 15-73 15-77 16-78 
Nickel 8-35 9-62 15-90 19-95 23-99 
Cobalt 5-30 11-51 17-82 16-30 18-91 
Manganese 32-109 37-135 51-210 55-233 51-230 
Arsenic 2-14 6-23 12-44 12-51 12-55 
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precipitated mainly as the relevant insoluble sulphides. Uranium was precipitated 
mainly as uraninite (UO2) as a result of the prior reduction of the hexavalent ura-
nium to the tetravalent form. All these precipitates were present mainly in the re-
levant oxidizable mobility fractions. 

A relatively long period of time (of about 3 – 4 months) was needed for the 
sulphate-reducing bacteria to establish a numerous and very active population in 
the multibarrier. The microbial sulphate reduction was the prevalent mechanisms 
in the deeply located layers and in the back zones in the multibarrier (at distances 
longer than 4 – 5 m from its inlet). The microbial sulphate reduction was a func-
tion of the concentration of organic monomers dissolved in the waters. These mo-
nomers were generated as a result of the biodegradation of the solid biopolymers 
by the different heterotrophs possessing hydrolythic enzymatic activity. This 
process resulted in a steady decrease in the concentration of the easily degradable 
solid biopolymers (cellulose and hemicellulose) present in the mutibarrier (Table 
5). At the same time, the precipitation of pollutants caused a negative effect on the 
permeability of the multibarrier (Table 6). It must be noted that the precipitation of 
the different pollutants was not homogenous and the different sites in the multibar-
rier differed considerably from each other with respect to their chemical and mine-
ralogical composition (Table 7). The contents of the different mobility fractions of 
the pollutants in these solid samples were also different (Table 8). The data from 
these determinations revealed the relative role of the different mechanisms in-
volved in the water cleanup during the different climatic seasons. The relative por-
tions of the easily leachable mobility fractions (exchangeable and carbonate) in 
the sediments formed during the cold winter months were much higher than the 
respective portions in the sediments formed during the warmer months.  

The partial change of the solid mixture by fresh material with similar initial 
composition carried out in the spring of 2007 restored considerably the permeabil-
ity of the multibarrier and the activity of the anaerobic microbial community. This 
resulted in an increase of the concentration of dissolved organic substances and 
the rate of sulphate reduction. 

Table 4. Sulphate-reducing bacteria in the effluents from the permeable reactive multibarrier 

Sulphate-reducing bacteria Cells/ml 
Desulfovibrio (mainly D. desulfuricans) 104 - 107 
Desulfobulbus (mainly D. elongatus) 102 - 107 
Desulfococcus (D. postgatei) 102 - 106 
Desulfobacter (D. multivorans) 102 - 105 
Desulfotomaculum (mainly D. nigrificans) 101 - 104 
Desulfosarcina (D. variabilis) 102 - 105 
Desulfomonas (non-identified species) 101 - 104 
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Table 5. Exhaustion of the solid biodegradable organic substrates in the multibarrier during 
the water clean up 

 
Organic fraction and time of 

sampling 

Sampling points, distance from the inlet 
1 m 
top 

1 m 
down 

3 m 
top 

3 m 
down 

6 m 
top 

6 m 
down 

Organic carbon in the sample (percent) 
Crystalline polysaccharides: 
July 2004 8.2 8.2 8.2 8.0 8.2 8.1 
November 2005 3.2 4.4 3.5 4.8 3.2 4.3 
November 2006 0.5 0.5 0.4 0.8 0.5 0.7 
May 2007 2.8 1.0 2.1 0.9 0.8 0.6 
Non-crystalline polysaccharides: 
July 2004 37.4 37.1 37.0 37.0 37.4 37.1 
November 2005 16.1 21.5 20.3 23.9 20.8 24.0 
November 2006 1.4 1.9 1.7 2.8 2.3 3.0 
May 2007 6.4 4.1 5.9 3.5 2.1 2.3 
Lignin: 
July 2004 5.1 5.1 5.0 5.0 5.2 5.1 
November 2005 4.8 5.0 4.7 4.6 4.8 4.8 
November 2006 4.6 4.8 4.3 4.1 4.4 4.5 
May 2007 5.0 4.6 4.8 4.2 4.1 4.0 

Table 6. Data about the changes in the permeability of the main sections of the multibarrier 
during the treatment of the polluted waters 

Section of the multibarrier Time since the start of the operation, months 
0 (start) 9 16 22 28 

 Filtration coefficient, m/h 
Alkalizing drain 110.4 34.6 10.8 4.7 0.08 
Zones in the section for MDSR:      
2 m from the inlet 7.2 3.8 1.5 1.4 0.06 
4 m from the inlet 7.2 5.7 3.1 2.6 0.07 
6 m from the inlet 7.2 6.6 5.6 5.1 0.08 
 

The microbial activity in the multibarrier markedly depended on the temperature and 
during the cold winter days was negligible. However, at air temperatures about 0 oC and 
water temperatures close to freezing point, the temperatures inside the multibarrier, within 
the deeply located layers, usually were in the range of about 2 – 6 oC. Under such condi-
tions the microbial sulphate reduction still proceeded, although at much lower rates. In any 
case, the water clean up efficiency of multibarrier was much higher during the warmer 
months of the year (Table 9). 
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Table 7. Data about the composition of solid samples from the permeable multibarrier 

Parameters Zones in the section for microbial sulphate rduction 
2 m from the inlet 4 m from the inlet 6 m from the inlet 

Time since the start of the operation, months 
16 28 16 28 16 28 

pH (KCl) 5.68 7.06 6.35 7.23 7.43 7.45 
Ash content, % 71.0 81.9 62.0 70.7 64.0 72.4 
Organic content, % 29.0 18.1 38.0 29.3 36.0 27.6 
Cu, mg/kg 1211 1950 482 1466 76.4 212 
Zn, mg/kg 587 1488 363 921 135 183 
Cd, mg/kg 4.9 15.2 2.9 5.2 0.9 1.0 
Pb, mg/kg 46.6 41.9 74.9 68.0 36.9 70.7 
Ni, mg/kg 269 1565 249 906 20.2 118 
Co, mg/kg 298 890 98.4 495 8.8 59 
Fe, mg/kg 6204 6632 6512 6804 6468 7120 
Mn, mg/kg 473 895 810 2161 459 783 
U, mg/kg 60.3 215 45.3 190 11.1 59.6 
As, mg/kg 4.96 0.8 0.4 1.1 1.1 1.4 
S total, mg/kg 6612 10087 6239 9111 5520 7050 

Table 8. Distribution of pollutants in sediments from the permeable reactive multibarrier 
into different mobility fractions (as % from the total content of the respective pollutant) 

Pollutants Portions in different mobility fractions, % 
Exchangeable Carbonate Oxidizable Reducible 

U W 7 – 18 3 – 12 60 – 88 2 – 5 
C 21 – 46 8 – 16 41 – 62 2 – 6 

Ra W 68 – 86 3 – 11 2 – 8 5 – 14 
C 71 – 91 3 – 9 2 – 6 4 – 10 

Cu W 7 – 18 4 – 12 54 – 82 5 – 9 
C 12 – 28 10 – 24 32 – 64 4 – 8 

Mn W 21 – 41 19 – 35 15 – 37 5 – 10 
C 28 – 60 23 – 46 10 – 21 5 – 11 

Fe W 7 – 17 14 – 27 44 – 77 8 – 23 
C 14 – 30 25 – 46 14 – 29 19 – 39 

Notes: W – during the warmer months; C – during the cold winter months (December – 
February); 

 
The effluents from the multibarrier were enriched in dissolved organic com-

pounds and in some cases still contained manganese and iron in concentrations 
higher than the relevant permissible levels (Table 2). These effluents were treated 
in the constructed wetland where the Mn2+ and Fe2+ ions were oxidized to Mn4+ 
and Fe3+ ions by some heterotrophic bacteria producing peroxide compounds and 
the enzyme catalase, which degraded the excess of peroxides to molecular oxygen 
and water. The Mn4+ and Fe3+ ions precipitated as MnO2 and Fe(OH)3, respective-
ly. The dissolved organic compounds were efficiently degraded by the different 
heterotrophs inhabiting the wetland. 
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Table 9. Removal of pollutants from the acid mine drainage by means of the permeable re-
active multibarrier during different climatic seasons 

Pollutants Pollutant removed, g/24 h 
During the warmer months During the cold winter months 

(at 0 – 5 oC) 
Uranium 2.42 – 19.2 0.35 – 2.27 
Copper 9.74 – 80.2 1.52 – 7.20 
Zinc 6.44 – 114.4 1.40 – 9.72 
Cadmium 0.14 – 1.20 0.03 – 0.19 
Lead 1.24 – 5.05 0.28 – 1.34 
Nickel 2.71 – 11.35 0.60 – 2.84 
Cobalt 1.80 – 7.81 0.41 – 2.08 
Manganese 23.5 – 194 4.73 – 25.9 
Arsenic 0.95 – 2.71 0.27 – 1.04 
Iron 594 – 5481 88.4 – 712 

Conclusions 

The data from this study clearly reveal that complex passive systems consisting of 
an appropriate combination of units performing processes such as chemical neu-
tralization, biosorption, microbial dissimilatory sulphate reduction, microbial oxi-
dation of manganese and iron ions and degradation of organic substances can be 
used for an efficient clean up of acidic waters polluted with radionuclides, heavy 
metals, arsenic and sulphates. 

The combination of a permeable reactive multibarrier consisting of an alkaliz-
ing limestone drain and an anoxic section for microbial sulphate reduction, bio-
sorption and additional chemical neutralization, with a constructed aerobic wet-
land for microbial degradation of organic substances and oxidation of the residual 
concentrations of the bivalent manganese and iron ions is very suitable with this 
respect. 

A passive system of this type can operate even at temperatures close to the wa-
ter freezing point, although at longer residence times. The application of such pas-
sive system is connected with a detailed characterization of the composition and 
flow rate of the polluted waters, as well as of the climatic conditions and the plant 
and microbial cenoses in the area, in which the system will be constructed. 
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Abstract. Shaking and throughput flow column experiments were carried out 

using different species of filamentous green algae. Only Cladophora aegagropila 

allowed operating a column with live algae for app. 36 hours without blockage. 

Column experiments resulted in much higher retention of uranium than shaking 

experiments.   

Introduction 

Downstream of uranium mining residues (tailings and dumps) very high uranium 
and radium concentration may occur. In the waters of some of these contaminated 
sites neutral-alkaline pH-values are measured, on the one hand caused by carbon-
ates added during the conditioning process (Wismut 1999) and on the other hand 
by the paragenesis of the ore: uranitite in combination with different carbonates 
(Dahlkamp 1993).  

Algae are generally able to accumulate heavy metals inclusive radionuclides 
compared to the surrounding water (Kalin and Smith 1986; Kalin et al. 2002b; 
Kalin et al. 2005; Vymazal 1995). This ability is important for the application of 
algae for waste water treatment, e.g. in Constructed Wetlands or throughput flow 
reactors. Technical use of filamentous algae for eliminating uranium, however, is 
almost impossible because of the development of mats, which affect diffusion and 
may clog the reactor. 

At the former Wismut mining site Pöhla Characeae are successfully used (Kalin 
et al. 2002a; Kiessig et al. 2004), which have been tried efficiently in Canadian 
wetlands where they grow naturally for waste water treatment, however, they are 
not endemic in the Saxon ore mountains. 

Downstream of the aforementioned former uranium mining sites (Lengenfeld, 
Helmsdorf, Neuensalz; see Fig. 1), green algae were found, some forming dense 
mats. Obviously, these algae are well adapted to the chemical conditions of dump 
and tailing waters (e.g. neutral-alkaline milieu, uranium contents several µg*L-1 to 
several mg*L-1). Uranium concentrations in algae from these waters vary between 
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20 and 400 µg*g-1 (DM) (Dienemann et al. 2002, Kalin et al. 2005, Vogel et al. 
2004).  

Cladophora spec. was found main species besides Ulothrix spec. (Dienemann 
et al. 2002). Many Cladophora-species are known to form dense algal mats 
(Pokorný et al. 2002, Paalme et al. 2002), but some may also appear as bowl-like 
aggregations, which have been subject to investigation for several decades 
(Potonié 1912). Nowadays, these bowls are e.g. used to treat the water in aquari-
ums.  

Unlike Cladophora fracta and Cladophora glomerata Cladophora aegagropila 
does form balls instead of mats, so the working hypothesis was that Cladophora 
aegagropila may be successfully used in a throughput flow reactors eliminating 
more uranium from the water than filamentous Cladophora-species without clog-
ging the reactor.  
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Fig.1. Locations: italics: coal mining residues, other: uranium mining residues 
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Materials and Methods 

Material 

Three different species of Cladophora were used: Cladophora fracta, Cladophora 
glomerata and Cladophora aegagropila. Cladophora aegagropila was ordered via 
aquarium-specialized trade and adapted to laboratory conditions for 3 months. 

Cladophora fracta was gathered from water from the cooling towers of Box-
berg power station. Before adapting and keeping it in the laboratory it was care-
fully cleared of all debris.  

Cladophora glomerata forms stronger filaments than Cladophora fracta. It was 
collected in the downstream areas of the former uranium mining site Neuensalz 
and kept for more than 6 months under laboratory conditions. 

In all algae uranium contents - measured shortly before the experiments - were 
less than 1 mg/kg TM. 

Methods 

Uranium solutions (Uraniumacetate, Fa.Chemapol, p.A.) were adjusted by 
Na2CO3 to pH 7.5 in order to induce the formation of uranium-carbonate-
complexes. Cladophora glomerata and Cladophora fracta were used for batch-
experiments (m=6gFM, V=100ml, t=20 min, n=4). Algal material and uranium so-
lution were (slowly) shaken via overhead-shaker (Fa. Heidolph; 5 rpm).  

Cladophora aegagropila was used for column experiments. A plexiglass col-
umn (Makrolan, Fa. PCH) was filled with Cladophora aegagropila and water 
containing LiCl (Tracer; Fa Merck, p.A.). Uranium concentration of the uranium 

 
Fig.2. Cladophora aegagropila  
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solution was app. 1700 µg*L-1. Pore volume (250 mL) and exposure time were 
measured by an extra tracer (KBr (Fa Merck, p.A.)) Flow rate was adjusted to 
2ml*min-1 (Minipuls, Fa. Gilson).. 

Uranium concentration in the uranium solution was measured every 90 min-
utes, uranium solutions had to be changed after 6 hrs. and after 25 hrs., column 
outflow was sampled every 30 minutes, all samples were filtrated (0,45µm cellu-
loseacetate, Fa. Sartorius) and concentrations were measured by ICP-MS (Pq2+, 
Fison/TJA) on isotopes U-238; U-235, Li-7, Br-79 and Br-81. 

Results 

Fig. 3 shows the results of the batch-experiment with Cladophora fracta combined 
with results from Dienemann et al. 2005 of batch-experiments with the same spe-
cies and identical experimental design with uranium concentrations of 100 and 
250 µg*L-1. 

At the end of the experiment, Cladophora fracta contained 360 µgU*g-1 (DM) 
(at a water concentration of app. 2700 µgU*l-1).The batch-experiments resulted in 
no significant difference between Cladophora fracta and Cladophora glomerata 
with an average uranium concentration of app. 300 µg*L-1. 

Fig. 4 shows the initial concentration (blank values) in the columns for the ex-
periment with Cladophora aegagropila. Unfortunately, the necessary re-supply of 
uranium solution (originally planned to last for 6 hrs.) after 6 and 25 hrs. is clearly 
marked (arrows).  

The application of tracers (Li, KBr) allowed estimating the length of stay in the 
column (Fig. 5), which is 2 hrs. 
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Fig.3. Uranium contents (µg*g-1 TM) of Cladophora fracta (batch-
experiment n=4) of this work combined with results from Dienemann et 
al. 2005 ( r² = 0,98) 
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Fig.4. Initial uranium concentrations, experiment with Cladophora aegagropila, arrows in-
dicate re-supply of solution  

 
Fig.5. Concentration of tracer for estimation of length of stay in the column (added imme-
diately at the beginning of the experiment) – peak after 2 hrs.  

Flow rates were relatively constant (± 10%). Fig. 6 displays differences in ura-
nium concentrations at the column input and output under consideration of the ex-
posure time. 

Uranium retention in the column was much higher than expected. Saturation 
concentration of Cladophora aegagropila appears to be app. 800 mg*kg-1 DM. 
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Fig.6. Differences in uranium concentrations at the column input and output under consid-
eration of the exposure time of 2h 

Discussion 

Batch-experiments show – as expected – relative low uranium retention (see Kalin 
et al. 2005). Equations comparing the uranium contents in algae of the experiment 
to those from an artificial flow-path (bypass) in the area of Neuensalz (Vogel and 
Dudel 2004) correlate.  

Differences between filamentous and bowl-like Cladophora species could be 
explained by differing experiment design, e.g. much longer exposure time in the 
column experiment. If this were the only reason, it should be possible to find 
green algae with uranium contents of 700 mg*kg-1 DM in the field, which has so 
far not been the case, although many samples were taken from several former ura-
nium mining sites. 

Another difference in the experimental design is the continuous pumping of 
uranium solution over algae along a column row. It is assumed that at the begin-
ning of the exposition an exchange resp. retention of calcium-ions takes place. 
Since columns consisted of transparent plexiglass, supposedly live activities of the 
algae caused CO2 to be removed from the solution, which would result in a shift of 
the calcium carbonate-carbonic acid-equilibrium causing carbonate- and calcium 
concentration to decrease. As these ions are crucial for the uranium speciation, this 
may result in a change of the uranium species, which increases the sorptive fixa-
tion onto the algal material (Dienemann et al. 2005)as well as the probability of 
reductive fixation (Brooks et al. 2003). 
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This explanation is also supported by considering the surface of Cladophora 
aegagropila, which appears like a bowl consisting of numerous filaments. So the 
actual surface is significantly bigger and allows additionally biofilms to grow. 
Bacteria and fungi may accumulate uranium (Suzuki et al. 2002; Suzuki et al. 
2003; Suzuki et al. 2005). Development of biofilms is depending on time. 

Algae sampled from the respective ponds usually contained more uranium than 
found in the water (Dienemann et al. 2002). 

Conclusions 

Application of Cladophora aegagropila allows using conventional throughput 
flow column reactors for water treatment. Typical problems - like blockage - oc-
curing while using filamentous green algae did not occur. On a larger scale 
enough light must be provided as well as possibly developing gases considered.  
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Abstract. Closure of uranium mines often result in formation of acid mine drai-

nage (AMD). Usually AMD contains high concentrations of uranium and other 

heavy metals, which may influence the ambient environment of the mine. To pre-

vent this, restoration measures are required. A feasible way to ensure pollutant 

immobilization is the utilization of the mine sites natural-attenuation potential, 

which may be furthermore enhanced by injection of reactive materials. Stimula-

tion of autochthonous sulphate-reducing bacteria would subsequent lead to a re-

ductive reaction zone within the mine. 

Introduction 

In the former German Democratic Republic intensive uranium mining was per-
formed in different mine sites. Caused by political change, mines were closed in 
the early 1990’s and for the purpose of remediation, flooded today. The aim of the 
present study was the development of a remediation strategy by using autochthon-
ous microorganisms, most notably sulphate-reducing bacteria, which are wide-
spread in the environment. Our investigations were carried out with material of the 
Königstein mine, which was operated by acidic in-situ leaching technology, since 
1984. Due to the reactions of the used sulphuric acid, the geochemical nature of 
the deposit was substantially changed. As a result acid mine drainage (AMD) for-
mation occurred by mine flooding. AMD contains high concentrations of uranium, 
heavy metals and sulphate. A pollutant discharge into the adjacent aquifers has to 
be prevented by site restoration measures. Currently a conventional pump & treat 
system is used. However such a system can not be considered as a long term solu-
tion. 
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Site description 

Hydro-, geochemical screening 

The uranium deposit in Königstein was formed by adsorption and reduction of di-
luted uranium transported by groundwater flow. The dominating uranium ore, pre-
cipitating mainly at sandstone-siltstone boundaries, consists of pitchblende and 
coffinite. Iron (in part zinc- and lead-) sulphides, hydrated ironoxides and barite 
were associated minerals (Tonndorf 2000). Uranium production by acidic in-situ 
leaching and other acidification processes (as a result of anthropogenic induced 
pyrite oxidation) caused oxidation and therefore mobilization of uranium and 
heavy metals. The oxidation products remained partly in porewater and ironhy-
droxide sludge, precipitating by mixing acidified sandstone porewater with neutral 
groundwater in flooding process. Contaminant concentrations (As, Pb, U, Zn) in 
mine water (water mixture of acid porewater and neutral groundwater), sandstone, 
sandstone with siltstone interlayers and ironhydroxide sludge are shown (table 1). 
They were obtained by hydrochemical analyses and respectively by sequential ex-
traction (Kassahun 2007) as the sum of all fractions. Rock samples were obtained 
before mine flooding. Sludge samples and mine water were collected from an 
open drainage canal (march 2007). 

Uranium concentrations in rock samples correspond to mean values in the de-
posits sandstone strata (Tonndorf 2000).  

The binding forms of the pollutants were verified by sequential extraction, too 
(Fig.1).  

In the sandstone with siltstone interlayers, which contains clay (14 wt% kaoli-
nite, 2.6 wt% illite), organic carbon (1 wt%) and 0.05 wt% reduced sulphur (Σ 
monosulphidic+disulphidic) (related to dried matter), pollutants are predominantly 
in reduced bonds and silicate bonds. Uranium has the same status in sandstone (no 
clay, 0.02 wt% organic carbon, no reduced sulphur). It seems, that intensive, anth-
ropogenic oxidation has not converted natural pollutant binding forms completely. 
Nevertheless pollutants are mainly found in oxidized binding forms. Pollutants are 
either water-soluble or, in case of existing ironhydroxides in the material (sand-
stone, ironhydroxide sludge), in iron-oxide occluded fractions (incorporated and 
adsorbed on surface). Reduced zinc and lead in the ironhydroxide sludge sample 
(10 wt% kaolinite, 8 wt% illite, 0.27 wt% organic carbon, 0.02 wt% acid volatile 

Table 1. Pollutant concentrations in mine site samples 

 Mine water Sandstone (siltstone 
interlayers) Sandstone Ironhydroxide 

sludge 
As (mg/kg) < 0.01 25 92 2000 
Pb (mg/kg) 0.24 340 150 180 
U (mg/kg) 10 38 52 380 
Zn (mg/kg) 14 430 11 190 
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sulphur) are related to small particles, which contain cement of destabilized sand-
stone.  
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Fig.1. Pollutant binding forms in solid samples 
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Microbial screening 

The characterization of the microbial diversity in the mine site was done, by using 
molecular genetic methods, like terminal restriction fragment length polymor-
phism (T-RFLP) (Seifert et al 2008). Furthermore some samples were investigated 
by bacterial diversity analyses (16S rDNA clone libraries).  

The porewater sample of the oxidic ironhydroxide sludge was dominated by an 
acidophilic, autotrophic, iron oxidizing bacterium (Ferribacter polymyxa) and an 
iron and sulphur oxidizing bacterium (Acidothiobacillus ferrooxidans), associated 
with heterotrophic acidophiles, like Alicyclobacillus sp. and Acidobacteria sp. In 
contrast, the sandstone sample was more divers. Unfortunately, most of the se-
quences were closely related to uncultivated bacteria obtained from diversity ana-
lyses of various environmental samples. Major sequence groups belong to the Del-
taproteobacteria class, like Desulfovibrio, Desulfobacca, Desulfomonile and 
Synthrophobacter species, and to the Firmicutes class, like Desulfosporosinus and 
Desulfitobacterium species. Thus, next to the commonly accepted presence of aci-
dophilic microbes, autochthonous sulphate-reducing bacteria were detected in dif-
ferent mine site samples. 

Development of the remediation technology 

Stimulation of sulphate-reducing bacteria metabolism may lead to contaminant 
remediation. This was widely investigated for heterotrophic bacteria and used in 
different remediation strategies (Johnson and Hallberg 2005), (Sheoran and Bhan-
dari 2005), (Johnson et al 2004), (Dvorak et al 1992). The injection of an organic 
carbon source in a uranium mine site will lead to a mobilisation of heavy metals 
and radionuclides by complexation reactions (Lieser 2001). So heterotrophic bac-
teria are not useful for remediation technologies within a mine site. In contrast the 
use of autotrophic sulphate-reducing bacteria, which do not use organic carbon 
sources, is investigated rarely (Boonstra et al 1999), (van Houten et al 1994), but 
might be usable for uranium mine site remediation. The autotrophic metabolism 
may be stimulated by injection of hydrogen or a hydrogen generating agent. Injec-
tion of zero-valent iron (ZVI), for example, may lead to hydrogen production due 
to anaerobic corrosion in the mine water (Eq. 1). This reaction will furthermore 
change the hydrochemical milieu in the mine water (pH increase, pe decrease). 
Autotrophic sulphate-reducing bacteria may consume the evolved hydrogen 
(Eq. 2) and lead to a precipitation of iron sulphide at anodic areas of the ZVI sur-
faces (Eq. 3).  

 
(Eq. 1) 

 
(Eq. 2) 

 
(Eq. 3) 

Fe0 + 2H2O Fe2+ + H2 + 2OH-

SO4
2- + H+ + 4H2 HS- + 4H2O

Fe2+ + HS- FeS(s) + H+
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The processes of iron corrosion and subsequent sulphide formation lead to im-
mobilization of diluted heavy metals and radionuclides. Immobilization by reduc-
tion on the surfaces of zero valent iron is known for uranium (Gu et al 1998), 
chromium and lead (Ponder et al 2000). This leads to formation of reduced min-
eral precipitates (e.g. uraninite). Furthermore sorption on and coprezipitation in 
ironmono- and -disulphides is known for many elements like arsenic, cadmium, 
cobalt, chromium, copper, nickel and zinc (Morse and Arakaki 1993), (Bostick 
and Fendorf 2003), (Farquhar et al 2002). 

Therefore usage of zero-valent iron in a autochthonous sulphate-reducing bac-
teria containing mine site might be a applicable remediation strategy. 

First, laboratory experiments were carried out, to demonstrate, that the reaction 
pathway is feasible for Königstein mine site samples. A mixture of mine site rocks 
(50 g sandstone, 50 g sandstone with siltstone interlayers), ironhydroxide sludge 
(17,5 g) and mine water (1070 mL) was put in a glass bottle, covered with a 
chlorobutyl stopper. As reactive material 3 g zero-valent iron (impure cast pow-
der) were added. Impurities of the reactive material, like carbides or silicides con-
teracted an early passivation of the iron surface and promoted therefore iron corro-
sion. The gas phase consisted of nitrogen on the one hand or 
hydrogen/carbondioxide mix (4:1) on the other hand. The hydrogen/carbondioxide 
gas phase shall lead to an extensive stimulation of sulphate-reducing bacteria (test 
named “stimulated” in the following). Storage of the bottles took place at tempera-
tures similar to field conditions (15°C).  

Anaerobic iron corrosion induced hydrogen release was detectable by 
GC-WLD analysis. Values up to 30 vol.% were observed. In consequence of this 
reaction pe values decreased to -4, while pH increased from 2.8 up to ≈ 7 (Fig.2a).  

Sulphate reduction (SR) was observed after a lag-phase of 40 days in the stimu-
lated and 60 days in the non-stimulated system. At first SR was verifiable by a 
complete blackening of the bottles, which indicates iron sulphide precipitation 
(Fig.2b). Simultaneous decrease of iron and sulphate concentration occurred. In 
the stimulated system sulphate was depleted after 197 days. An approximation to 
describe the time-dependent degree of sulphate consumption is the calculation of 
sulphate reduction rates. If zero-order kinetics are assumed the rate is represented 
by the slope of the linear regression line for the relationship between time and sul-
phate concentrations. Sulphate reduction rates of 17 µmol L-1 day-1 for the un-
stimulated and 63 µmol L-1 day-1 for the stimulated system were observed. These 
values are very close to the range reported in similar bench-scale experiments 
(Burghardt et al 2007). There was no detectable sulphide in the aqueous phase, 
due to ferrous iron excess at any time. However sulphate depletion is led back to 
microbial sulphate reduction, as accumulation of 34S in residual sulphate was ob-
served (Fig.2d). It is well known, that the light isotope 32S is favoured in metabo-
lism of sulphate-reducing bacteria (Knöller et al 2006).  

T-RFLP analysis of the stimulated batch test showed, that the microbial com-
munity changed their consistence extremely. After 127 days the mine water was 
dominated by sulphate-reducing bacteria. Major sequence groups belong to Desu-
fovibrio sp., and Desulfosporosinus sp, which were detected in the used sandstone 
sample, marginally. The former dominating acidophilc, autotrophic, iron oxidizing 
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bacteria played a minor role. Thus the stimulation of autochthonous autotrophic 
sulphate-reducing bacteria by iron-corrosion induced hydrogen release was suc-
cessful.  
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Fig.2. Batch investigations of pollutant immobilization (1-nitrogen gas phase, 
“non-stimulated”; 2-hydrogen/carbon dioxide gas phase, “stimulated”) 
(a) pH/pe, (b) Fe- and sulphate-concentration, (c) As-, Pb-, U-, Zn-concentration, (d) sulphur 
isotope fractionation 
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As expected sulphate reduction caused pollutant immobilization in all test se-
ries (Fig.2c). Dissolved uranium and zinc were depleted in short time scale. Ura-
nium concentration dropped to a quarter of initial concentration within 7 days. A 
total immobilization of uranium and zinc was observed after 35 days in the stimu-
lated and after 106 days in the non-stimulated system. Arsenic and lead, which 
were less concentrated in the initial mine water and mainly associated with 
iron(hydr)oxides in the original solids, remained in the solid phase during the 
whole test time.  

Pollutants were verifiable in batch tests solid phases by SEM-EDX analysis 
(Fig.3). SEM analysis showed pollutants associated with Fe-precipitates (Fig.4 as 
example for Pb-rich precipitates). These investigations pointed out, that the pro-
posed immobilization pathway occurred as expected and pollutants were 
(co)precipitated at parts of the solid phases rich of iron. 

 

 

Fig.3. SEM-EDX analysis of batch tests solid Fig.4. SEM image (BSE imaging mode) 
phase (various immobilized pollutants  of batch sediment (Pb associated with  
detectable) Fe-precipitate) 
 

XPS investigations of the solid phase identified sulphur to occur completely re-
duced in monosulphidic (50,9%) and disulphidic (49,1%) phases in both systems 
(data shown for “stimulated” system). This implies, that an alteration of the ini-
tially precipitated, iron monosulphides took place quickly. An accelerated pyriti-
zation of fresh precipitated monosulphides due to surface oxidation of the precur-
sor iron monosulphide is published (Wilkin and Barnes 1996) and conceivable in 
the tests, as small amounts of oxygen (up to 4 vol.%) were detected via GC-WLD 
analysis in the gas phases. Moreover XPS furnished proof, that pollutants immobi-
lized in reduced mineral phases, too. Uranium for example is predominantly tetra-
valent (80,1% UO2) and partially immobilized as polysulphide phase (9,1% USx 
(x>1)). Only small amounts remained as hexavalent uranium (10,8%) up to the 
time of XPS analysis (day 237).  

The batch-scale experiments showed clearly, that a stimulation of autochtho-
nous autotrophic sulphate-reducing bacteria by iron corrosion induced hydrogen 
release is possible. In the experimental system this stimulation resulted in a 
complete change of the composition of the microbial community. Moreover the 
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coupled process of iron corrosion and sulphate reduction led to a conversion of the 
geochemical conditions. The hydrochemical milieu changed as expected. Sulphur 
was completely reduced and stayed in solid phase monosulphidic and disulphidic. 
The pollutants were and stayed immobilized in reduced mineral phases or copre-
cipitated with iron bearing phases. This means, that the types of bonding changed 
completely for the pollutants, which were mainly water soluble or coexistent with 
ironoxides. Applied to the Königstein mine site, the demonstrated pollutant reme-
diation pathway represent a restoration of the original, anthropogenic uninfluenced 
pollutant binding forms and ensure therefore stable and enduring pollutant reten-
tion. 

Implementation in field-scale 

To establish a reductive reaction zone in a part of the Königstein mine site and 
thus to prove the reaction pathway in field scale, the reactive material has to 
achieve more features next to the long-term supply of H2. To assure a full spread 
of the material, it is necessary, that the material is injectable and floatable within 
the convective water flow of the flooded mine, which is induced by the adjacent 
aquifer. 

To realize these features in an iron containing material, zero-valent iron was in-
cooperated in a low density foam glass. Therefore a mixture of glass powder, gray 
cast powder and Paris white (as blowing agent) was sintered in a conveyor furnace 
at 830°C. The product was crushed and sieved afterwards. The produced foam 
glass has a sealed porosity, which makes it floatable. Iron is evenly distributed 
within the material. Via scanning electron microscopy (SEM) it was detectable on 
the surface of the material, on the surface of the closed pores and within the glass 
bulk (Fig.5). 

 
Fig.5. SEM image (BSE imaging mode) of a low density foam 
glass with zero-valent iron inclusions 
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Incooperation of the reactive zero-valent iron within the foam glass entailed, 
that iron corrosion is mainly addicted to the glass dissolution in the water. As a re-
sult a long term hydrogen supply occurs, which is regulated by the hydrochemical 
conditions of this water. 

Additionally established protective coatings around the grains of the material 
(for example soluble glass based, silica coatings) inhibit iron corrosion anymore 
and thus extend the hydrogen supply in the reaction zone. 
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Abstract. Many of the reasons behind the anthropogenic contamination problems 

in rural environments of developing countries lie in changes in the traditional way 

of life and the ignorance on the toxic potential of introduced manufactured prod-

ucts. A generalization trend exists within the international community suggesting 

that water in developing countries is of poor quality. However, the water quality is 

rarely analytically determined. Existing potabilization solutions may be prohibi-

tively expensive for the rural populations. Therefore, efficient and affordable 

technologies are still needed to ameliorate the water quality. In the recent two dec-

ades, elemental iron has shown the capacity to remove all possible contaminants 

(including viruses) from the groundwater. This paper presents a concept to scale 

down the conventional iron barrier technology to meet the requirements of small 

communities and households in rural environments worldwide. 

Introduction 

Water is essential to life and its quality is a major issue in sustainable development 
(Gadgil 1998). In humid areas of developing countries water problems are cur-
rently reported to be related more to quality preservation than to shortages (e.g., 
Brown 2007, Garcia 2007). Guidelines have been developed for maximum accept-
able values for a number of contaminants in drinking water (WHO 2004). Specific 
guidelines are presented for acceptable concentrations of (i) bacteria, viruses, and 
parasites; (ii) chemicals of health significance including specific inorganic and 
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organic constituents, pesticides, disinfectants, and disinfection by-products; (iii) 
radioactive constituents; and (iv ) substances and parameters in drinking water that 
may give rise to complaints from consumers. Availability of plentiful and safe wa-
ter for domestic use has long been known to be fundamental to the development 
process, with benefits spreading across all sectors, such as labour productivity and 
obviously health sector. It has been shown that the most common and deadly pol-
lutants in the drinking water in developing countries are of biological origin. 

The population in the developing world suffers from six main diseases associ-
ated with water supply and sanitation (i) Diarrhea, (ii) Ascaris, (iii) Dracunculisis, 
(iv) Hookworm, (v) Schistosomiasis, and (vi) Trachoma (Gadgil 1998, Sobsey et 
al. 2008). Many of the poorest people in developing countries must collect water 
outside the home and are responsible for treating and storing it themselves at the 
household level. This practice is a serious public health issue and has been ad-
dressed in the Millennium Development Goals, which aim to halve, by 2015, the 
proportion of people without access to safe water in 2000 (UN 2000). Looking 
toward the future, the water management must involve promoting improved inter-
national cooperation (Brown 2007, Micklin 1996). 

One of the internationally recommended action to improve water management 
is water pricing. Water pricing is considered as a key tool: (i) to promote water use 
efficiency, (ii) to prevent water pollution, and (iii) to make for a more rational al-
location of water (Micklin 1996, Sobsey et al. 2008). The idea behind water pric-
ing is that the more one pays for water, the more careful he will use it. The more 
one must pay to pollute water, the less he will pollute. Economists have long ad-
vocated water pricing as helpful key to solve water resource use problems. For 
water pricing to be effective, water laws and institutions that inhibit formation of 
open water markets, have been reformed. Comprehensive and accurate water 
measuring system are currently established where it does not exist. At the end of 
the chain produced water should be affordable also for poor people, unless the 
goal of making potable water available could not be achieved. Thus, the question 
arises how sustainable is water pricing for developing countries? 

Rural environments in developing countries have been reported to suffer from 
aching chemical pollution problems mostly from anthropogenic nature. Many of 
the reasons behind the chemical anthropogenic problems lie in changes in the tra-
ditional way of life and the ignorance on the toxic potential of recently introduced 
industrially manufactured products (Noubactep 2008a). Frequently, the sole avail-
able income generation activities (mining activities, intensive agriculture) are the 
source of water chemical pollution. Traditionally, there are three main sources of 
drinking water in rural areas: (i) rain water, (ii) surface water (spring, stream, riv-
er), and (iii) shallow groundwater (well). A recent development throughout the 
world is the installation of drilled wells with mechanic pumps. Drilled wells is 
considered as the best solution for bringing clean and quality water to surface. But 
the actual cost (about € 6000 or US$ 9500 each drilled well in Cameroon for ex-
ample) is prohibitively expensive for many small communities. Therefore, the 
drinking water problem for developing countries is far from been solved. Ideally, 
all available water sources (rain water, surface water and shallow groundwater) 
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should be treated on-side (at the point of use) such that even thirsty farmers, hunt-
ers can drink potable water far from their home. 

The oldest and simplest method to produce potable water is to filtrate available 
water through a filter containing a non-toxic material. Ideally the filter material 
should be able to remove a large spectrum of contaminants (charged/uncharged, 
organic/inorganic, living/non-living, reducible/non-reducible) and should be cost 
effective. It is very difficult to find a universal material which can be applied to 
the removal of a wide range of contaminants due to their very different chemical 
structures and molecular sizes. Fortunately, elemental iron (Fe0-bearing materials), 
a cost-effective and readily available material has shown the capacity to remove 
all possible contaminants (including biological contaminants – You et al. 2005) 
from the aqueous solution upon its oxidation (corrosion) during the past two dec-
ades. Elemental iron was originally introduced as filling material for subsurface 
reaction walls for groundwater remediation (Matheson and Tratnyek 1994, 
O´Hannesin and Gillham 1998). 

The present work presents a concept to scale down the conventional iron barrier 
technology to meet the requirements of households and communities in rural envi-
ronments worldwide. It is expected that elemental iron may be produced locally 
by rural communities while using old environmental friendly technologies of 
blacksmiths. Alternatively, construction steel and other Fe0-bearing materials 
(mild steel, cast iron) can be diverted from their intended use to serve as filter ma-
terial for water treatment. In the following, some information on the quality of wa-
ter in developing countries is first given. Then a survey of technologies for water 
treatment is presented, followed by an overview on the iron technology. In the last 
section, a discussion of the possibility of using the iron technology for ameliorat-
ing the quality of drinking water in developing countries is given. 

A priori polluted Water 

A generalization trend exists within the international community suggesting that 
water in developing countries is of poor quality (e.g., Zimmerman et al. 2008). 
Thereby, despite remarkable progress in environmental instrumental analytical 
chemistry, the water quality is rarely determined. Clearly, the biochemical quality 
of the water that is drunk by billions of people worldwide is not known. Paradoxi-
cally, the western world (i) has developed standards for all known contaminants (ni-
trates, metals) and groups of contaminants (e.g., pesticides, radioactive species), and 
(ii) spends a lot of money on preserving wildlife or plant biodiversity in develop-
ing countries. The health of indigenous peoples that are currently struggling for 
survival in a permanently changing environment seems to be less important than 
that of exotic animals and plants. The majority of these indigenous peoples have 
shown a great preparedness to cope with the modern world, but have not received 
the adequate education to be trust to modern environmental challenges (Noubactep 
2008a). 
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The belief that available water is of poor quality has been partly accepted and 
internalized by the large part of educated people in developing countries who are 
now seeking solutions to pollution in collaboration with partners worldwide. But 
how should a solution look like when the nature and the extent of contamination 
are not known? Another paradox of the belief of “a priori polluted water” is the 
fact that “Spring Water Companies” are currently supplying “pure”, natural spring 
water (bottled water) to residents of industrialized countries. Thereby, the natural 
quality of “true flowing” springs, the mineral content, and the “natural taste” are 
three important features to justify elevated prices. Why should spring waters in the 
so-called third world be fundamentally of different quality? 

The present work considers that the actual water quality is not known and pro-
poses a concept for a safe and affordable technology to ameliorate the water quali-
ty in the case it may be polluted (precautionary principle). Before presenting the 
concept an overview over available treatment technology will be given, followed 
by a presentation of the elemental iron technology. 

Survey of technologies for water treatment 

Water supply for human consumption has three primary objectives: (i) the mini-
misation of contamination of waters to be used as sources for drinking water; (ii) 
the reduction or removal of contaminants by means of treatment processes; and 
(iii) the prevention of contamination of the drinking water during distribution, sto-
rage and supply (Arnold and Colford 2007, Ram et al. 2007, WHO 2004). In de-
veloping countries natural waters are drunk mostly without treatment. These wa-
ters are certainly polluted at some sites. In particular in regions where poisonous 
geogenic species as arsenic are available. For these regions several low-cost point 
of use technologies have been proposed to protect live of indigenous peoples (Ar-
nold and Colford 2007, Pokhrel et al. 2005, Ram et al. 2007, Ramaswami et al. 
2001, Sobsey 2002, Sobsey et al. 2008). The supposedly simple, appropriate and 
affordable technologies suitable for rural areas with no electricity and no tap water 
have been mostly proposed in the frame work of international research projects. 

The developed countries and international organizations have reported on pro-
viding substantial help to the developing world in meeting their pressing water 
needs (remember that the water quality is unknown as a rule). Technical assistance 
accompanied by massive infusions of capital is required to ensure universal access 
to clean drinking water. Beside the use of alternative water sources such as rain 
water harvesting, two currently proposed solutions are (Ramaswami et al. 2001): 
(a) On-site treatment in column systems packed with various adsorbents (includ-
ing activated carbon and metal oxides) and reagents, e.g., iron, lime; (b) In-home 
treatment with alumina, iron, ferric chloride, and other reagents. 

Brown (2007) recently reviewed “point of use” (POU) water treatment and safe 
storage technologies and their application in developing countries. Physical me-
thods for small-scale water treatment include boiling, heating (using fuel and so-
lar), filtering, settling, and ultraviolet (UV) radiation (solar or ultra violet lamps). 
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Chemical methods include coagulation-flocculation and precipitation, ion ex-
change, chemical disinfection with germicidal agents (primarily chlorine), and ad-
sorption. Combinations of these methods simultaneously or sequentially often 
yield promising results, for example coagulation combined with disinfection. Oth-
er combinations or multiple barriers are media filtration followed by chemical dis-
infection, media filtration followed by membrane filtration, or composite filtration 
combined with chemical disinfection. The review from Brown (2007) suggested 
that success of interventions is highly context specific, with no one technology or 
method representing a universal best solution. Availability of materials, quality of 
raw water available, cultural factors and preferences, or cost may determine where 
each of these is most suited to POU water treatment applications in developing 
countries (Sobsey 2002). 

Appropriate point of use technologies for any water of unknown quality must 
meet certain criteria to be effective: (i) The technology must be effective over a 
wide range of contaminants, (ii) The technology must be simple to use, should not 
require running water or electricity, and be easily transferable to the users in their 
home. (iii) The materials need to be cheap, readily available and/or have a high re-
use potential that would further reduce costs. (iv) Finally, any appropriate tech-
nology must be assessed to ensure that no other harmful chemicals are introduced 
into the water while the concerned contaminant is being removed. 

Elemental iron is an appropriate material for point of use technologies. It has 
been already successfully tested in many regions of the world for arsenic removal 
(Karschunke et al. 2000, Ramaswami et al. 2001). Elemental iron has been suc-
cessfully used to treat water contaminated with a variety of pollutants including 
fungicides, nitrates and pesticides. Furthermore, the mechanism of contaminant 
removal has been shown to be primarily non-specific, this makes Fe0 an ideal ma-
terial to treat water of unknown composition. Before presenting a concept to gen-
eralize the use of elemental iron as point of use material for rural areas of develop-
ing country, an overview on the iron technology will be given. 

The elemental iron technology 

Permeable reactive barriers (PRBs) are a recent development of a passive system 
to remediate subsurface waters containing organic or inorganic contaminants. 
Contaminated groundwater flows under its natural gradient and passes through a 
permeable curtain (Fig. 1) of treatment medium that either (i) removes the con-
taminants from the aqueous phase by one ore several mechanisms or (ii) trans-
forms the contaminants into environmentally acceptable or benign species. The 
most widely adopted treatment medium is elemental iron (Fe0), a substance that is 
highly reactive, environmentally acceptable, and is readily available as a manufac-
tured product derived from the recycling of scrap iron and steel. In cores of the re-
acted treatment media, the most abundant secondary product formed in situ is Fe 
oxyhydroxide (iron corrosion products – iron hydroxides and oxides), but a variety 
of precipitates has been identified. For example, secondary pyrite, greigite, covellite, 
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chalcopyrite, and bornite have formed in the treatment medium (Jambor et al. 
2005, Mackenzie et al. 1999). The secondary sulfides are volumetrically small and 
are unlikely to impede the permeability of the treatment medium, but the forma-
tion of Fe oxyhydroxides and secondary carbonates in the presence of Fe0 requires 
further monitoring to determine whether the secondary precipitates and the con-
sumption of Fe0 will appreciably lessen the effectiveness of such PRBs over the 
long term. Current indications are that PRBs are both an environmentally effective 
and a cost-effective technique of remediation (Henderson and Demond 2007, 
Jambor et al. 2005, Laine and Cheng 2007). 

A trend persists in the scientific literature terming iron PRBs as a reduction 
technology (Kim et al. 2008, Laine and Cheng 2007) although contaminant reduc-
tion has not been traceably demonstrated. Elemental iron (Fe0) is a strong reducing 
agent (Eq. 1) and the spent agent, Fe2+ is environmentally innocuous. 

Fe0  ⇔ Fe2+ +  2 e- (1) 

When coupled with the reduction of a compound (e.g. an organic halide - R-X) 
the reaction should be spontaneous (Eq. 2): 

Fe0  +  R-X  ⇒ Fe2+ +  RH   + X- (2) 

Most investigators agree that the mechanism by which Fe0 remove reducible 
contaminants is by direct reduction at the iron surface. Other mechanisms have 
been proposed, including: (i) reduction by hydrogen, (ii) reduction by ferrous iron 
that is produced during the corrosion process, (iii) adsorption onto in-situ gener-
ated iron corrosion products. A few studies have shown that contaminant adsorp-
tion onto the Fe0 surface is an intermediate step towards reduction. The validity of 
these considerations has been challenged recently (Noubactep 2007, Noubactep 
2008b). The major weak point of the “reductive transformation concept” is that it 
can not explain why non-reducible species (e.g., Zn, viruses) are quantitatively 
removed in Fe0-H2O systems. An alternative concept was proposed considering 

 
Fig.1. Illustration of a permeable reactive barrier remediating a plume 
(Source: www.powellassociates.com). 
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adsorption and co-precipitation as primary mechanism of contaminant removal in 
Fe0-H2O systems (Noubactep 2007). 

The new concept takes the dynamic nature of the generation of iron corrosion 
products into account. Here, contaminant reduction by ferrous iron is an inde-
pendent reaction path regardless from the external redox conditions and the elec-
tronic conductivity of the oxide film on iron. More importantly the new concept 
explains accurately why non-reducible pollutants and viruses are quantitatively 
removed in Fe0-H2O systems. 

The long term feasibility of Fe0 reactive barriers in the cleanup of contaminated 
groundwaters has been demonstrated in laboratory column studies and confirmed 
by field installations. Column studies and fields installations indicate that Fe0 
maintains its reactivity over long periods of time (Jambor et al. 2005). Many 
forms of iron have been proposed for water treatment. They differ in their size 
(nm, μm, mm), origin (scrap iron, by-products) and composition (cast iron, carbon 
steel, bimetallic). The next paragraph discusses how to use this technology to ame-
liorate the quality of drinking water in developing countries. 

Iron technology for developing countries 

Considering adsorption and co-precipitation as the primary (initial or first step) 
removal mechanism of any species (ionic, neutral, organic, inorganic, and living) 
in the presence of elemental iron (e.g., in Fe0-H2O systems), Fe0 is proposed as re-
active medium for filters and small reactive walls for both on-side (well, source, 
river) and in-home (mostly rain) water treatment. The idea is to scale down reac-
tive barrier for near-surface water treatment. Some features of subsurface reactive 
walls are still valid, in particular that the oxide-film primarily acts as contaminant 
scavenger. For reducible contaminants, direct or indirect reduction may still occur. 
An important difference is the increased availability of molecular oxygen at the 
surface. Long-term laboratory and field experiments are required to address this 
specific aspect. 

As said above, the idea is not new but filters that had been proposed for water 
treatment at sites of specific chemical contamination is now proposed for world-
wide use with two key differences: (i) the proposition is based on the latest scien-
tific results (contaminant co-precipitation as primary removal mechanism), and (ii) 
filters and small reactive walls should be available everywhere where water is po-
tentially drinkable even occasionally by hunters or travellers. Moreover biological 
and chemical contamination are both addressed. 

To meet the ambitious goal of worldwide availability and cost-effectiveness, it 
should be avoided that populations have to buy special manufactured Fe0 materi-
als. For this purpose potential source of scrap iron should be identified and the 
material tested for their effectiveness. Alternatively, available Fe0 materials for 
other intended purposes can be tested for use as water treatment material. Such Fe0 
materials are abundant in the construction industry (construction steel, reinforcing 
steel, wire). 
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Fig. 2. Illustration of source management options: un-treated (up) and treated in an iron re-
active wall (bottom). Whether the whole source flows through the barrier or not depends 
on the hydrodynamic conditions. The dimensioning of the branch through the reactive bar-
rier will depend on the hydrodynamics, the characteristic of the used Fe0 material and the 
wished frequency of Fe0 replacement (e.g. once or twice a year). 
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Alternatively: (i) indigenous populations can be encouraged to produce steel by 
themselves while using environmental friendly technologies of their ancestors; (ii) 
Governments and NGOs (Non Government Organizations - sponsor) can purchase 
suitable Fe0 materials. 

The Fe0 materials mixed with sand should serve as reactive material in in-home 
filters and in on-site small walls. In both cases layers of available adsorbents can 
be placed before the layer of Fe0 to assure long-term reactivity of the filter/wall. 
On-site treatment units may be installed only on a natural or artificial branch of 
the available water source for economic purposes (Fig. 2). Intensive laboratory re-
search is needed for a properly dimensioning of these units and to predict the fre-
quency of material change. 

The application of the results of these investigations will contribute to amelio-
rate the health of billions of people worldwide. A potential specific use of this 
technology is the adequate water supply for population (i) after a natural catastro-
phes (e.g. earthquake, Hurricane, Tsunami), (ii) in refugee camps over the world. 
Therefore, international organizations (FAO, WHO, Red Cross, NGOs) should be 
interested in the realization of this idea. There is no doubt that the successful ap-
plication of the proposed concept will help to largely achieve the Millennium De-
velopment Goals (halving the proportion of people without access to safe water in 
2000 by 2015). 
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Comparison of three different sorbents for 
uranium retention from a source water 
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Abstract. A source water from Suceava County with a total salt concentration of 

493.5 mg/L was analysed, mainly because of the high content of uranium (5.6 

mg/L UO2
2+) in the geological formations were it is coming from. In order to re-

duce the uranium concentration down to 0.1 mg/L, a natural Callovo-Oxfordian 

clay, a nano-ETS-10 synthetic titanosilicate and Azolla caroliniana Willd. (Pteri-

dophyta) bioaccumulator. 

All investigated sorbents were able to decrease the uranium concentration down 

to the accepted limit. Nevertheless, the price of the sorbents themselves is varia-

ble, as well as the price of the considered technological approach. It can be ob-

served that after only 15 min in the sorption system ETS-10 - source water, the fi-

nal concentration decrease down to the accepted standard for health. For the 

natural clay, the depollution performance was better, but only after 30 min contact 

time. For both inorganic ion exchangers the process is temperature independent, 

the optimum pH is slightly acid and the necessary amount of sorbent of about 1-

1.2 mg/mL. This is a disadvantage in the case of the synthetic titanosilicate, which 

is relatively expensive. 

Even if the required contact time in the case of the used biosorption process is 

of one hour, the performance of the biosorption is the best one and the optimal 

weigh of sorbent is only 0.25 mg/mL water. The process is slightly temperature 

dependent, proving the endothermic nature of the biosorption process. A thermo-

dynamic evaluation of the data shows an endothermic heat of sorption and 
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negative free energy values, indicating that the uranyl ions are preferred in the 

biosorbent solid phase. 
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Abstract. It is known that uranium exists in groundwater mainly in form of anion 

complexes. Therefore uranium sorption on soil particles (anion exchange capacity 

of which is low) is weak. As a result uranium can migrate from the uranium con-

taining waste deposits (waste rock pile, tailings ponds, etc.) causing groundwater 

contamination. In Hungary in the frame of EU sponsored PEREBAR project a pi-

lot-scale permeable reactive barrier (PRB) was built in 2002 for in situ treatment 

of uranium contaminated groundwater. The installation still works. The results of 

the six years' experiment are discussed bellow. 

 Introduction 

Permeable reactive barriers (PRB) provide an efficient technology for passive in-
situ groundwater remediation. In the European research project PEREBAR the 
long-term behaviour of PRBs has been studied. At first step the laboratory and 
field experiments showed that the elemental iron in mixture with sand is an ef-
fective material for the removal of uranium from contaminated groundwater as it 
was demonstrated earlier by some authors. General reviews of the development of 
research and application of the PRB technology are given among others by Morri-
son and Spangler 1996, Gavaskar et al. 1998, EPA 1997, 1998, 1999, Meggyes 
and Simon 2000, Noubactep et al. 2002, Birke et al. 2003, Simon et al. 
2003,:Roehl et al. 2005). 

The constructed experimental PRB proved to be effective for removing of ura-
nium from the groundwater: the concentration of uranium passed the PRB 
dropped from app. 2-3 mg/l to app. 0.02 mg/l. The details of the construction and 
first experimental results are described in some publications (Roehl and Czurda 
2002, Csővári et al. 2005, Simon et al. 2003).  
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Location of the PRB 

Among the waste rock piles (WP) obtained during the underground mining activi-
ty the most large is the WP3. Major part of the seepage from the WP3 is collected 
by the cavities of the former mine N1 (because the WP3 is situated practically 
above the former mine), but some part of it leaves the area in the direction of a 
drinking water aquifer. Taking into account the possible long-term effect of WP3 
(it contains app. 1000 t of uranium), it was important to develop an appropriate 
method for removing of uranium from the groundwater leaving the area. Therefore 
the valley cold Zsid-valley, collecting the “escaped” contaminated seepage from 
WP3 was chosen for the test site.  

The geological investigations of the site has showed that the upper 1-2.5 m 
layer consists of clay and clayey sand, under which with thickness of 3-5 m main-
ly sand and linces of clayey sand are present. Over the Pannonian sandstone be-
drock a broken sandstone zone (app. 1 m thick) can be found. The site has proved 
to be ideally suitable for PRB. The average value of the hydraulic conductivity is 
kf ~5x10-5 m/s. The hydraulic gradient is 0.02 m/m, therefore the groundwater 
flow velocity is app. 8-9cm/day. Fragment from the wall of the PRB is shown in 
Fig. 1.  

The original groundwater composition can be characterized with high bicarbo-
nate content (600-700 mg/l) with uranium contamination up to 1 mg/l (in 2002).  

Based on a detailed site investigation, various approaches towards the possible 
design of the experimental barrier were considered. The experimental installation 
was designed with a length of 6.8 m, a thickness of 2.5 m and a depth of 3.8 m. 
The PRB consists of two zones: zone I is 50cm thick with a low content of coarse 
elemental iron (12% by volume or 0.39 t/m3, grain size 1 - 3 mm), and zone II is 
1m thick with a higher content of fine elemental iron (41% by volume or 1.28 
t/m3, grain size 0.2 - 3 mm). Sand was mixed with the elemental iron aiming at in-
creasing the porosity of the active zone even in long term. The total mass of ele-
mental iron installed as reactive material was 38 t, of which 5 t was coarser ma-
terial. 

 
Fig.1. The sediments fragment from the PRB wall on the test site. 
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On both sides (upstream and downstream) 50cm thick sand layers were placed 
to allow an even distribution of water inflow and outflow. The PRB is sealed with 
clay and geosynthetic clay liners at the bottom and with a geomembrane (high 
density polyethylene - HDPE) at both ends and on the top, and covered over with 
a layer of clay. 

Arrangement of the monitoring wells around the PRB is shown in Fig. 2. Some 
monitoring wells have been replaced from the starting of the experiment with new 
ones because of different reasons, so in some cases the numbering of the wells is 
differs from that of given in the earlier publications. Nevertheless the change of 
the composition of ground water can be followed using the map of well place-
ment. View on the test site  (from North to South) is presented in Fig. 3 together 
with the location of the main monitoring well Hb1/1. 

The principal sketch of design of the experimental PRB installation is displaced 
in Fig. 4. 
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Fig.2. The location of the monitoring wells on PRB test site. 
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Fig.3. View on the test site (valley) with monitoring wells (May 2008). 

Change of the groundwater composition 

The first test results were published in the monograph “Long-term Performance of 
Permeable Reactive Barriers” by Roehl et al. (2005). Some new results have been 
published by consortium members (Simon et al. 2003, Csővári et al. 2005, Bier-
man et al. 2006, Meggyes 2007). In this contribution a brief summary for the 
whole operating period is presented. 

The PRB installation is monitored regularly: water samples are collected usual-
ly two times per year. Beside the common components (TDS, HCO3, Cl, Na, 
SO4, Ca, Mg, Fe) the trace elements such as Se, Cr, Zn, As, Mn etc. are also de-
termined in the water periodically. From some wells (built directly in the PRB) 
only uranium is determined because only small volume of water sample (the 
monitoring wells in this case are practically tubes only with diameter of 20 mm) 
was available. 

The changing of the most important components (U, TDS, HCO3
-, SO4

2-, Fe) in 
the groundwater characterizing the performance of the PRB is presented by graph-
ics in Fig. 6. The data for some selected wells and components for 2007 are pre-
sented separately in Fig. 7. For the evaluation of the performance of the PRB the 
data for Pe-04, PRB-01, PRB-03 and HB1/1 are the most important because the 
water composition in these wells depends on the processes taking place in the 
PRB.  

Hb1/1

GW flow  
direction 
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Changing of the uranium concentration  

The development of uranium concentration is displaced in the graphics in Fig. 5. It 
can be seen that the uranium concentration decreases sharply in the reactive wall. 
The upstream uranium concentration still is growing from 1mg/l to more than 
2mg/l in 2007 (well PRB-1, Pe-04), while in the water passed the PRB (well PRB-
3) remains on the level of 0.01 mg/l practically over the whole period of observa-
tion. Data for 2007 (Fig. 6) also justify that the uranium is still captured by the 
PRB because its concentration in the reactive zone remains practically on the level 
of 10 μg/l.  

The overall effect of the PRB on the groundwater quality in the valley is shown 
in Fig. 7. In this figure the uranium concentration in the sample from the monitor-
ing well Hb1/1 (installed in the valley for the monitoring of the water leaving the 
mining area toward the drinking water catchment area) is presented from 1996 up 
to 2008. The high performance of the PRB is obvious: uranium concentration in 
the groundwater decreased sharply (below 0.1 mg/l) immediately after the installa-
tion of the PRB and still is on this level.  
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Fig.4. Sketch of the design of the PRB near Pécs (Hungary). 
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Fig.5. Historical data on the groundwater composition on the test site 

Monitoring pH Eh U TDS HCO3
2- Ca2+ Mg2+ Fe SO4

2-

wells mV μg/dm3 mg/dm3 mg/dm3 mg/dm3 mg/dm3 mg/dm3 mg/dm3

Upstream
PE-04 n.d. -82 1920 n.d. n.d. n.d. n.d. < 0.002 n.d.

PRB-01 7.2 184 2330 1100 526 158.5 44.6 0.006 398
PRB-15 -48 <10 11.000
PRB-16 32 0.457
PRB-17 46 <10 0.078
PRB-18 6 13 4.730
PRB-19 10 13 0.023
PRB-20 68 <10 0.001

PRB-03 8.7 -21 <10 536 256 13.4 48.6 0.016 183

Downstream
PRB-26 7.9 -58 14 544 317 25.3 36.6 0.279 135

Hb-01/1 8.2 286 101 626 289 28.9 55.9 0.041 210

Fe ∼0,39 t/m3

Fe ∼1,28 t/m3

 
Fig.6. Groundwater chemistry for some selected components on the PRB test site in 
2007. 
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Fig.7. Uranium concentration and the TDS in groundwater prior to the installation and after 
installation of the PRB on the test site. 

Changing of the general composition of the groundwater 

It is known that the basic chemical process between the uranium and iron can be 
described as the reduction of the U(VI) to U(I)V), which precipitates at the ele-
vated pH established in the process of dissolving of the iron: 

The concentration ratio of the CO3/HCO3 creases at the elevated pH and as a 
consequence calcium (and in some extent the magnesium too) precipitates pre-
sumably in form of carbonates. The resulting effect is the significant decreasing of 
the TDS in the groundwater.   

Practically these processes are observed in the PRB: pH increases from 7.2 to 
above pH=8, TDS decreases in great extent app. by 50% from the original. The 
sulfate concentration has dropped to app. half of its original value in the upstream. 
It is supposed that this is due to anaerobe sulfate reduction process taking place in 
the PRB body. It is worth mentioning that the dissolving iron is precipitate in the 
reactive zone with higher pH, there is no sign of its escaping from the reactive 
zone. In PRB-02 iron concentration is less than 0.1 mg/l. 

pH of the groundwater leaving the PRB is higher than that of the upstream, 
which is an indicator that the PRB is still active from the chemical point of view, 
i.e. the PRB still works.  
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Conclusions  

The zero-valent iron-based experimental PRB works well after six years of opera-
tion, uranium is retarded by the reactive zones with high efficiency (> 99%). Ura-
nium concentration in groundwater passing the installation is on the level of 10 
microgram per liter, well below the drinking water limit.  
TDS of groundwater decreases by app. 50%, which is explained with the increased 
pH resulting in the precipitation of calcium carbonate. The considerable decreas-
ing of the sulfate concentration is likely due to the anaerobic sulfate reduction 
processes enhanced by bacteria.  
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Abstract. Real and perceived risks due to gold and uranium mining in the West 

Rand and Far West Rand goldfields of South Africa have led to intense and some-

times heated public debate. In this context, it is critical to present results of such 

investigations carefully in a neutral format. The format for reporting in the current 

study was that of a Tier-II risk assessment, as routinely implemented by the US 

EPA. Sources, release and fate and transport mechanisms have been investigated 

and integrated with identified pathways to the local communities. An unacceptable 

level of risk has been identified, primarily due to the chemical toxicity of uranium 

on ingestion via drinking water. 

Introduction 

In recent years, environmental degradation due to mining activities in South Afri-
ca has become a matter of intense public debate and scrutiny. Political change 
since 1994 has allowed greater public access to information than was available in 
the past at the same time as growth in public environmental awareness globally. 
As often happens in these circumstances, media reports have highlighted extreme 
negative impacts. In this context, it is critical to present results of environmental 
investigations carefully in a neutral format and to assess data using an accepted 
framework. In order to maintain scientific integrity and credibility, it is vital that 
data are presented in full and without undue delay. Owing to the lack of a broadly 
accepted integrated environmental risk assessment methodology in South Africa, 
the United States EPA’s guidelines for ecological risk assessment (Environmental 
Protection Agency 1997) have been employed as a tool for the assessment of risks 
due to mining. 

The West Rand and Far West Rand Goldfields have been mined for gold since 
the late 19th Century, with the associated uranium having been deposited as mine 
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waste (primarily tailings) for most of this period, with the exception of a portion 
of the second half of the 20th Century where uranium was extracted as a by-
product of gold mining. The major portion of the mining areas are drained by the 
Wonderfonteinspruit (See Fig 1), a major tributary of the Mooi River, which is the 
primary water source for the City of Potchefstroom, downstream of the mining 
areas. It is estimated that approximately 400,000 people are dependent on the 
Wonderfonteinspruit as a source of water for, mainly for domestic and agricultural 
purposes, although some communities use the water for recreational purposes and 
fishing. A large number of these people live in informal and semi-formal settle-
ments with little or no formal water supply. In these communities, chronic and 
acute malnutrition and a high incidence of HIV infection are believed to place 
people at increased health risk and vulnerability to pollution. 

Studies by the Department of Water Affairs and Forestry (Institute for Water 
Quality Studies 1999) have indicated elevated levels of radioactivity in rivers 
draining the gold-mining areas of the Witwatersrand. A detailed study of the Mooi 
River system (including the Wonderfonteinspruit) showed radioactivity levels in 
this system to be elevated, although doses to the public from formal drinking wa-
ter sources were found to be within acceptable limits at most sites studied. 

 
Fig.1. Locality of the Wonderfonteinspruit, showing the Mooi River Catchment, mining areas 
and local towns. 
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Risk-assessment methodology 

Overview 

The process investigated as applicable to a baseline risk assessment in the Won-
derfonteinspruit catchment is graphically presented on Fig 2. 

 

 
Fig.2. Schematic overview of the RAGS Part A Baseline Risk Assessment. 

Site-specific objectives of the risk assessment 

The objective of a risk assessment of metals and metalloids in the Wonderfontein-
spruit catchment is to provide critical information to the stakeholders in the 
catchment. The major target group for this study is the authorities responsible for 
the maintenance of the water supply in the area, i.e. DWAF, regional water-supply 
authorities, local authorities, particularly the Potchefstroom Municipality.  
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Furthermore, the major water users in the area, particularly the mining and ag-
ricultural industries could utilise the results in their planning processes, while local 
community members will use the information presented in ordr to make informed 
choices regarding water use and related activities.  

Scope of the risk assessment 

The current risk assessment should be viewed as a Tier-II risk assessment, since it 
builds on the information gathered in previous “Tier-I” risk assessments in the 
catchment, and adds information about pathways of contaminant transport. The 
level of detail or depth of the assessment is measured by the amount and resolu-
tion of data used, and the sophistication of the analysis employed. Sometimes, as 
is the current case, the primary limitation is availability of resources. The current 
assessment will therefore consist of benchmarking measured contaminant concen-
trations against regulatory limits. 

Preliminary conceptual analysis 

A conceptual model of the site (in this case the Wonderfonteinspruit catchment) 
was developed for this study. Conceptual models consist of a set of risk hypothe-
ses that describe predicted relationships among stressor, exposure, and assessment 
end-point response, along with the rationale for their selection. 

 

 
Fig.3. Aid to identifying components of the conceptual model (after Environmental Protec-
tion Agency 1989). 
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The components of an ecosystem can be divided into several major compart-
ments. None of the environmental compartments exist as separate entities; they 
have functional connections or interchanges between them (See Fig 4.).  

Initial uranium deposition in a compartment, as well as exchanges between 
compartments (mobility), is dependent upon numerous factors such as chemical 
and physical form of the uranium, environmental media, organic material present, 
oxidation-reduction potential, nature of sorbing materials, and size and composi-
tion of sorbing particles. 

Risk assessment results 

Identification of chemicals of potential concern 

The following method of selection of contaminants of concern was implemented: 
 

 
Fig.4. Preliminary graphical conceptual site model (after Servant 2002). 
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Fig.5. Flowchart for the selection of contaminants of potential concern (COPCs) (after En-
vironmental Protection Agency 1997). 

Based on the Tier-1 risk assessment, Cr, Co, Ni, Cu, As, Cd and U were identi-
fied as contaminants of potential concern, with U and Cd potentially having the 
highest environmental impact.  

Data compiled from previous studies, combined with analytical data obtained in 
the scoping phase of the current study, resulted in uranium being selected as the 
contaminant of greatest concern in terms of surface- and groundwater contamina-
tion in the Wonderfonteinspruit catchment. 

Environmental chemistry of uranium 

Uranium occurs in natural waters in three oxidation states, uranium(IV) (e.g. U4+), 
uranium(V) (e.g. UO2

+) and uranium(VI) (e.g. uranyl ion UO2
2+). In reducing sur-

face waters, uranium occurs as U4+ and UO2
+. Uranium(IV) has a strong tendency 

to precipitate (e.g. as uraninite, UO2(s)) and to remain immobile, whereas UO2
+ 

forms soluble, but relatively unstable, complexes. Uranium tends to occur in 
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oxidised surface waters as UO2
2+ which forms stable, readily soluble, cationic, 

anionic and/or neutral complexes which are highly mobile.  
The speciation of uranium is relatively complex in oxidised fresh surface wa-

ters (pH 5−9). Since uranium is a highly charged cation, the redox and complexa-
tion reactions of uranium in surface waters are strongly influenced by hydrolysis. 
Hydrolytic reactions limit the solubility and influence sorption behaviour.  

In addition to carbonate, natural organic matter (OM) is a very effective com-
plexing agent of uranium in natural waters. Organic matter may be soluble (dis-
solved OM, or DOM) or insoluble (particulate OM, or POM), depending on its 
molecular weight, state of aggregation, degree of protonation, and the extent of 
metal binding (the ionic strength of the water).  

Organic matter may act as a sink for uranium if the uranyl-OM complex is in-
soluble (as uranyl-POM), or may serve as a mobile phase if the uranyl-DOM 
complex is soluble, or colloidal.  

Sorption plays a dominant role in determining the fate of uranium in fresh-
water systems. Below pH 5, sorption is generally to clay minerals (e.g. smectite, 
montmorillonite) and at higher pH, to iron and aluminium (oxy)hydroxides, silica 
and micro-organisms. This process significantly reduces the mobility of uranium 
in oxic waters. Sorption of uranium to insoluble organic matter, or organic matter 
attached to particles (e.g. hydrous iron oxides), also reduces the mobility of ura-
nium.  

Oxidation-reduction conditions are important in the geologic transport and 
deposition of uranium. Oxidised forms of uranium (U(VI)) are relatively soluble 
and can be leached from the rocks to migrate in the environment. When strong re-
ducing conditions are encountered (e.g. presence of carbonaceous materials or 
H2S), precipitation of the soluble uranium will occur. 

In addition to the migration of dissolved or suspended uranium due to the 
movement of water in the environment, the transport and dispersion of uranium in 
surface water and groundwater are affected by adsorption and desorption of the 
uranium on surface-water sediments.  

Uranium can also be removed from solution by physical adsorption processes, 
such as adsorption onto oxides of iron or manganese that occur as coatings on the 
particles of soil and sediment.  

Uranium mobility may also be increased owing to the formation of soluble 
complexes with chelating agents produced by micro-organisms in the soil. Ura-
nium may be transported to vegetation by air or by water. It can be deposited on 
the plants themselves by direct deposition or resuspension, or it can adhere to the 
outer membrane of the plant's root system with potential limited absorption. Simi-
larly, uranium deposited on aquatic plants or water may be adsorbed or taken up 
from the water.  
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Exposure assessment  

Potentially exposed populations 

The Wonderfonteinspruit valley is densely populated because of its agricultural 
value and presence of gold mines. Potchefstroom is located downstream of the 
Wonderfonteinspruit, from which more than 400 000 people derive their drinking 
water via the Boskop Dam. 

The majority of the inhabitants live in informal settlements, using contaminated 
ground- and stream water for personal hygiene and drinking. With above-average 
infection rates of HIV/AIDS and chronic and acute malnutrition, this subpopula-
tion is particularly vulnerable to additional stress of the immune system by con-
taminants such as uranium.  

Identification of exposure pathways 

The integration of sources, releases, fate-and-transport mechanisms, exposure 
points and exposure routes into complete exposure pathways was performed. 

Uranium can enter the human via a number of pathways from the source, being 
largely tailings dams in the catchment, through groundwater, to soil, and to river 
water. Contaminated groundwater may also be used by humans. 

Principal modes of contact are ingestion of water and food products, and inha-
lation of dust and aerosols. 

Toxicity assessment  

Key site-related contaminants and key exposure pathways identified 

The key contaminant identified in the Wonderfonteinspruit catchment was ura-
nium; for the purposes of this example, the key exposure pathway from stream 
water to human through the mode of drinking water was chosen. 

Types of health risk of concern 

Both radiological cancer risk and chemical non-cancer hazards were investigated. 
The primary organ at risk from uranium chemical toxicity is the kidney, while or-
gans at risk from chronic radiological toxicity include the lymph nodes and the 
bone. A review of uranium toxicity around the time of the study set minimum de-
rived drinking-water concentrations at 31 µg/l for chemical toxicity, although val-
ues as low as 2 µg/l have been identified as a safe limit, and 63 µg/l based on 1 
mSv/a, 500 l/a radiological risk, assuming secular equilibrium with its progeny. 
The World Health Organisation has recently recommended a guideline level of 15 
µg/l, based on chemotoxic effects (World Health Organisation 2005). Based on 
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the recommendation of the United Nations Scientific Committee on the Effects of 
Atomic Radiation (United Nations Scientific Committee on the Effects of Atomic 
Radiation 1998) regarding studies of uranium in the environment, the chemical 
toxicity of uranium formed the basis for the risk assessment in this study. Nuclide-
specific analyses were not performed, making a detailed assessment of radiologi-
cal dose impossible. It should be noted that there is practically no lower limit for 
acceptable radiological risk, based on a linear dose-response profile, and that re-
cent research suggests that there is also no clear lower threshold for chemical tox-
icity. 

Risk characterisation 

Exposed population characteristics 

The most-exposed populations are expected to be those of informal settlements. 

Magnitude of the carcinogenic and non-carcinogenic risk estimates 

In the risk-assessment procedure that was applied, risk quotients are determined 
by dividing the measured and predicted uranium concentrations in surface water 
that could be used by communities as a sole drinking-water supply, by the limit or 
guideline value for the contaminant of concern.  

A significant risk is therefore determined where the risk quotient is greater than 
unity, with higher values indicating higher levels of risk. The carcinogenic risk 
quotient for uranium in the surface water of the Wonderfonteinspruit is 2.22, 
based on conservative assumptions regarding secular equilibrium between ura-
nium-series radionuclides. The chemical toxicity risk quotient for this water was 
calculated as 6.67. Using the more recent guideline level proposed by the World 
Health Organisation, this figure should be revised to 13.78. 

Major factors driving risk 

Major factors driving risk are contaminant mobility from tailings dams into the 
river system, and the practice of drinking from the contaminated streams in the 
catchment. 

Conclusions 

The chemical risk quotient associated with drinking river water is 6.67, and the 
radiological risk quotient is 2.22. Both the numbers are above 1, meaning that 
there is a risk of ill-health effects by drinking water from contaminated streams in 
the Wonderfonteinspruit catchment. Studies of the Wonderfonteinspruit catchment 



150      Peter Wade and Henk Coetzee 

Session I: Uranium Mining 

have however established that in the dissolved fraction, uranium is not in secular 
equilibrium with its progeny, typically displaying activities significantly higher 
than its radioactive daughters. The assumption of secular equilibrium, used to cal-
culate the radiological risk quotient will therefore lead to an overestimate of the 
total radiation dose. The radioactive progeny however, have no influence on the 
chemical toxicity of uranium in solution in water. The recommendation of 
UNSCEAR (1998) therefore appears to be valid, and it is recommended that the 
chemical toxicity of uranium be regarded as the primary health risk due to the wa-
ter in the Wonderfonteinspruit. 

Follow-up studies performed by the South African National Nuclear Regulator 
(National Nuclear Regulator 2007) have confirmed these indications of risk, with 
a number of sites in the catchment having been identified where the potential ra-
diological dose to the public exceeds the guide level of 1mSv/a, primarily due to 
pathways relating to the sequestration of radionuclides in sediments. At these 
sites, uranium is also likely to present a significant hazard due to its chemical tox-
icity. 
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Abstract. A risk assessment of a landfill for NORM waste (fertilizer plant process 

waste) has been carried out. Although some enhanced levels of radionuclides 

could occur in groundwaters inside the site, the doses potentially received by a 

hypothetical exposed persons through consumption of water would be lower than 

the applicable dose limits. Furthermore, dilution in both the aquifer and the Ebro 

river leads to very low levels of radionuclides in this river, which would be 

masked by background levels. 

Introduction 

A fertilizer manufacturer in Flix, Tarragona (Spain) has been disposing process 
waste in an authorized landfill since 1989. As a result of public concern regarding 
the enhanced natural radioactivity contained in the wastes, a series of studies were 
commissioned by the plant owners in order to assess the chemical stability of the 
wastes, the hydrogeological characterization of the site and the risk posed by the 
presence of the wastes to the surrounding area. This paper focuses on the radiolog-
ical impact and risk assessment due to the possible migration of radionuclides to 
the aquifer through infiltration of water.  

Site description 

The landfill for NORM (Naturally Occurring Radioactive Materials) wastes is 
formed by 10 terraces, which are currently closed, and an area under exploitation 
which is out of the scope of the present study. The site has 5 off-site control 
piezometers, three on –site wells and two basins for receiving the leachates. 
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Fig. 1 shows an aerial view of the site. The terraces have different altitudes with 
respect to sea level, with a vertical interval of 37 m between terrace 1 and 10.  

The wastes contain relatively high levels of U and Th, as well as Ra, Pa, 
Pb-210 and Po-210. It is very likely that the source of these radionuclides in the 
waste is the residual phosphate coming from the recovery process. 

Conceptual model 

The conceptual model is based on the information gathered in the field work and 
the information on previous work made available by the landfill managers. Brief-
ly, the waste has been deposited in the 10 terraces consecutively since 1989. Due 
to infiltration from rain water, leaching of waste can occur. This can lead to a 
transport of radionuclides to the tertiary basement underlying the landfill, which is 
linked to an alluvial aquifer discharging to the Ebro river. A well is located 1750 
m downstream from the site. In this risk assessment it will be assumed that the 
well is used for supplying drinking water to a small community (although no uses 
have been reported for this well). Fig. 2 shows a schematic view of the conceptual 
model. 

 
Fig.1. Aerial view of the site (from Google Maps). 
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Exposure pathway 

Only the ingestion of well-water pathway is considered to be relevant (irrigation 
of fields is done with water from the Ebro river).  

The effective dose received by an exposed individual will be simply given by: 

FIAD rwing ··=  

where 
Ding: Dose received by an exponed individual due to consumption of well 

water (mSv/y) 
Aw: Specific activity of each radionuclide in the well water (Bq/l) 

Ir: Annual consumption of water by an adult (standard value of 2 l/d) 

F Ingestion dose conversión factor for adults (Sv/Bq, tabulated in ICRP 
1996). 

We have pessimistically assumed that all water consumed by the exposed indi-
vidual comes from the contaminated well. From the equation above it is necessary 
to know the specific activity of all radionuclides in the well water. This specific 
activity has been calculated with the transport model described in the following 
section. 

Well

 
Fig.2. Conceptual model of the system (not at scale) 
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Transport model 

The transport model is based on a one-dimensional flux of groundwater, with ad-
vective transport of radionuclides (hydrodynamic dispersion has not been taken in-
to account, although the spatial discretization has led to numerical dispersion). 
Sorption in the different materials (waste, tertiary host rock and alluvial aquifer) 
has also been considered, as well as solubility limits in the pore waters of the 
waste terraces. The box-modelling tool AMBER (Enviros, 2006) has been used to 
set-up the compartment system and transfers, and to solve the corresponding sys-
tem of ordinary differential equations. Fig. 3 shows an AMBER window with all 
the elements of the system: 
• 10 compartments for the 10 waste terraces 
• 10 compartments for the tertiary host rock underlying the landfill site. 
• 100 compartments for the alluvial aquifer (the well abstracts water from com-

partment number 39). 
• 1 compartment for the river, which acts as the sink of the system. 
• 10 source term transfers (one transfer per terrace, in order to be able to simulate 

the different time of closure of the terraces). 
• Transfers by infiltration between the terraces and the tertiary host rock. 
• Advective transfers between the aquifer compartments. 

 
Fig.3. AMBER window showing the box model of the system. 
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The box-modelling approach is based on the resolution of the following cou-
pled differential equations governing the amount of contaminant in each com-
partment: 

ninimi
m

mniniini
m

nmii
ni STAkAAk

dt
dA
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, ++++⎥

⎦

⎤
⎢
⎣

⎡ +−= ∑∑ ++λλ  

where 

niA , : Total amount (in mole) of radionuclide i in compartment n 

niA ,1+ : 
Total amount (in mole) of parent radionuclide i+1 (in the decay 
chain) in compartment n 

iλ : Decay constant of radionuclide i (y-1) 

1+iλ : Decay constant of parent radionuclide i+1 (y-1)  

nmik , :  
Transfer parameter of radionuclide i between compartment n and 
m (y-1) 

niT , :
 Source term of radionuclide i in the compartment n (mol·y-1) 

niS , : Sink of radionuclide i in the compartment n (mol·y-1) 
The transfer parameters are derived from the knowledge of the transport proc-

esses taking place between compartments. In particular, the transfer parameter for 
infiltration between the terraces and the tertiary basement (which gives the leach-
ing rate of the waste) is given by the following formula: 

( )
VR

AEPk iltration

··
·1·inf

θ
−=  

where 
P: Average annual rainfall (m·y-1).  
E: Runoff (-).  
A: Terrace surface (m2).  
θ: Waste porosity (-).  

( )
θ

ρθ dKR ·11 −+=  Retardation factor for each element  

 ρ: Waste density (kg·m-3) 
 Kd: Distribution coefficient (m3·kg-1) 

V: Volume of terrace (m3) 
On the other hand, the transfer parameter for the advective connections be-

tween compartments is given by: 

VR
AhK

VR
Flowratek advection

··
··

·· θθ
∇==  

where 
K: Permeability of the material (m·y-1).  



156      Anne Delos et al.  

Session I: Uranium Mining 

h∇ : Hydraulic head (-) 
A: Cross-section of each aquifer compartment (m2) 
R: Retardation factor (defined previously but applied to the aqui-

fer compartments) 
θ: Water filled porosity (-) 
V: Volume of each aquifer compartment (m3) 
All parameters have been populated with data based on experimental or field 

observations and/or bibliographic sources. In cases where data were scarce or un-
certain, a pessimistic approach has been followed in selecting the data.  

Results 

The AMBER model has been run in a Pentium based PC. Due to the linear beha-
viour of box-model systems, very short computing time has been needed,. The 
main results of the transport model and risk analysis are summarized below. It 
should be pointed out that the model described here is not a predictive model. In-
stead, it is an assessment of the potential radiological impact to the environment 
due to the presence of the landfill. On the other hand, all concentrations and activi-
ties given in the following sections do not include the natural background, and 
therefore they should be considered as the concentration and activities that would 
be added to the background as a consequence of the presence of the landfill. 

Tertiary host rock 

The specific activities obtained in the tertiary host rock, at the landfill outlet, are 
shown in Fig. 4. Simulation time has been set to 100 years. 

A few years after closure of the landfill uranium isotopes, Ra-226 and Po-
210/Pb-210 reach levels high enough to be detected using standard radiometric 
techniques. Thorium isotopes, being controlled by solubility in pore waters, reach 
very low levels. This result would confirm that groundwater beneath the landfill 
could be affected by the presence of the waste, provided that infiltration and waste 
leaching occur at the rate we have assumed here. 
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Fig.4. Specific activities of the most relevant radionuclides in the tertiary host rock. 

Well 

As mentioned previously, the well is located in compartment 39, and therefore the 
concentrations or specific activities in well water correspond to the concentrations 
or specific activities of that compartment (it is assumed that abstraction of water 
does not affect the aquifer dynamics). The specific activities of the most relevant 
radionuclides in the well water are shown in Fig. 5 Simulation time has been ex-
tended to 1,000 years in order to see when the guidelines values  for U-238 and U-
234 are reached. 
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Fig.5. Specific activities of the most relevant radionuclides in the well water. WHO guide-
lines for drinking water are also given. 

However, activities increase with time and eventually the uranium guidance 
levels established by the WHO (WHO, 2006) are surpassed after 1000 year. The 
reason why activity levels increase so slowly is that advective transport is retarded 
by sorption processes in the aquifer matrix, as well as the dilution effect in the aq-
uifer itself. 

Doses to the public 

The calculated effective dose received by an adult is given in Fig. 6. Also plotted 
in the graphs are the applicable limits under Spanish regulations, which are 1 
mSv/y for the public (Real Decreto 783/2001, BOE 26/07/2001) and 0.1 mSv/y 
for the Total Indicative Dose for ingestion of water (Real Decreto 140/2003, BOE 
45/2003). 
 



Risk assessment of a landfill for wastes containing naturally occurring radionuclides      159 

Session I: Uranium Mining 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

19
89

20
89

21
89

22
89

23
89

24
89

25
89

26
89

27
89

28
89

29
89

Time (Calendar year)

A
nn

ua
l d

os
e 

(m
S

v/
y)

Total indicative dose

Dose limit for public

Total
U-234

U-235
U-238

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

19
89

20
89

21
89

22
89

23
89

24
89

25
89

26
89

27
89

28
89

29
89

Time (Calendar year)

A
nn

ua
l d

os
e 

(m
S

v/
y)

Total indicative dose

Dose limit for public

Total

Th-234

Th-230

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

19
89

20
89

21
89

22
89

23
89

24
89

25
89

26
89

27
89

28
89

29
89

Time (Calendar year)

An
nu

al
 d

os
e 

(m
S

v/
y)

Total indicative dose

Dose limit for public

Total
Ra-223

Ra-226

 

1.E-06

1.E-05

1.E-04

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

19
89

20
89

21
89

22
89

23
89

24
89

25
89

26
89

27
89

28
89

29
89

Time (Calendar year)

S
pe

ci
fic

 a
ct

. (
Bq

/l) Total indicative dose

Dose limit for public

Total
Pb-210

Po-210

 

Fig.6. Doses received by an adult due to consumption of well water. The contributions of 
the most relevant radionuclides are highlighted. 

The main contributors to the total dose are the uranium isotopes, reaching the 
total indicative dose 500 years after the landfill closure. It is worth noting that 
uranium concentration in the waste pore water is controlled by the solubility of a 
secondary phase, which we have conservatively assumed to be schoepite. If a 
more realistic phase is used, such us becquerelite with a lower solubility, then the 
total indicative dose is not reached in the timeframe of 1,000 years. 

Affection to the Ebro river 

Finally, the possible affection to the Ebro river as a consequence of discharge of 
the alluvial aquifer has been assessed. To this end, the mass flux to the river at the 
end of the aquifer has been multiplied by the river flow rate, giving the “added” 
concentration of the different radionuclides to the river. The results are given in 
Fig. 7. In this case it has been necessary to extend the simulation time to 10,000 
years to see relevant patterns. 
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Fig.7. Specific activities to the Ebro river that would result from the discharge of the allu-
vial aquifer.  

It is worth noting that simulation time has been extended until 10,000 years in 
order to be able to observe significant trends. In general the specific activities are 
very low, easily masked by background levels.  

Conclusions 

The main conclusion of the risk assessment is that, although some enhanced levels 
of radionuclides could occur in groundwaters inside the site, the doses can reach 
dose limits on drinking water only at long term and under very pessimistic as-
sumptions. Furthermore, dilution in both the aquifer and the Ebro river leads to 
very low levels of radionuclides in this river, which would be masked by back-
ground levels. 
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Abstract. We developed an integrated approach to evaluate quantitatively the 

fundamental data required to perform a risk assessment induced by the existence 

of uranium mine tailings disposals or any other form of low activity waste storage. 

From the characteristics of the radioactive sources the different types of possible 

releases are evaluated using phenomenological models. The concentrations in the 

main environmental compartments are deduced. To this data we apply models of 

environmental transport, dispersion and fate within each environmental compart-

ment, as well as models of inter-compartment transfer. The activity is then pre-

dicted at predefined exposition locations, in each environment compartment. 

Models of transfer to the food chain were also developed allowing to estimate 

concentration of different radioisotopes in all the media. This data, complemented 

with an exposure scenario, allows a quantitative environmental risk assessment. 

Introduction 

The large volumes of ore manipulated in the extraction and processing operations 
of radioactive ores produced huge rates of useless solid wastes which were dis-
posed, in the past, in open air areas. These waste storages generate liquids and/or 
gaseous releases. Wind, rainfall and biological processes tend to provoke the dis-
persion of the released compounds in the environment contributing to the trans-
port, transfer and fate processes through the atmosphere, superficial aquatic systems 
or subsoil, leading to the contamination of new environmental sub-compartments. 
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Such dispersion is of particular concern for the radioactive wastes due to the long 
decay periods resulting in long-term exposures.  

The exposure to these materials may follow from inhalation of contaminated 
air, or ingestion of contaminated water or, less directly, through ingestion of con-
taminated foodstuffs. Although less direct this pathway may be quite significant as 
a result of biological magnification into the foodstuffs. External exposure to gam-
ma radiation is also possible. 

When modeling contaminant release and transport mechanisms for each envi-
ronmental compartment generally the major output chosen is the contaminant con-
centration in each exposition point selected (for instance, breathing air at a certain 
height, superficial soil and water from wells). This will allow the assessment of 
doses, if an additional exposure scenery is considered.  

We intended to apply mathematical models with phenomenological basis to the 
release, the dispersion and the intercompartimental transfer of low level radioac-
tive substances. Multicompartment models were developed and adapted with the 
purpose to predict the activity concentration in predefined exposure points located 
in each one of the compartments; our research works focused essentially in the 
development of models concerning the release mechanisms, the radionuclides 
transport, its intercompartimental transfer and fate, consolidating the scientific 
base for estimating exposure assessments of selected components from the local 
ecosystem.  

The models developed in this study were, after calibration, validated using data 
from the surrounding areas of the former Urgeiriça uranium mine site. 

Methods and Results 

A systematic analysis was performed in order to consider the integrated approach 
of the following points: i) sources; ii) release mechanisms; iii) transport mechan-
isms or dispersive vectors (air and water); iv) transfer mechanisms between the 
environmental compartments; v) estimate of concentrations in each environmental 
compartment using dispersion models with spatial variation; vi) definition of the 
privileged exposure points and vii) identification of exposed receptors. 

The important routes of contamination have been identified as a basis for de-
veloping the appropriate models. The radionuclides of major concern were also 
identified in each one of the compartments, based on their chemical, physical and 
radiological properties.  

It was also incorporated a radionuclide transfer model through the food chain, 
including also, in a more complete version of this conceptual model, the radionuc-
lides distribution within an organism for a relevant trophic level (pasture animals) 
adapted from the biokinetic models present in the specialized literature. 

It was also necessary to use direct extensive measurements from a contami-
nated site in order to calibrate the models and for its subsequent validation. The 
mathematical models were coded into simulation programmes developed in 
Matlab. 
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The values for the parameters existing in the models were obtained from differ-
ent sources: some parameters were taken from measurements at the Urgeiriça ura-
nium tailings piles; others were obtained from published data referring to this site. 
The remaining unknown parameters were obtained from available measurements 
referring to other sites or from literature references, when on-site data was not 
available. 

In the selected methodology the following main components were considered: a 
source term (radionuclide concentration distribution in the wastes); a multi-layer 
cover for the wastes (radon flux attenuation and concentrations at release available 
for dispersion); atmospheric pathway (radon release and dispersion by the wind); 
groundwater pathway (release and transport in underground waters); surface water 
transport (discharge and transport into superficial waters), incorporation into the 
flora and subsequent transfer into the food-chain. For each compartment a poten-
tial receptor or an exposition point were defined. The concentration within each 
compartment can then be easily transcribed to doses values based on a simplified 
exposure pathway and a pre-defined critical group. 

Source 

The usage of the models requires a previous knowledge of the main characteristics 
of the source: type of waste, geometry of the disposal and average chemical 
grades. The primary releases from the source may be alternatively provided by the 
user, estimated by a mathematical model or back-calculated from measured con-
centrations at the receptor location.  

In a undisturbed uranium ore deposit secular equilibrium occurs between the 
238U and its decay products and between 235U and its decay products. This means 
that as the parent nuclide has a very long half-life in relation to its radioactive 
daughters its concentration remains constant in time and that the activity of the 
daughters will be also time constant, proportional to that of the parent. This equi-
librium may be disturbed by the hydrometallurgical treatment of uranium ore as a 
consequence of different radionuclides solubility.  

Only certain nuclides are extracted by the leaching process which means that 
all other members of the uranium decay chain remain in the tailings at their origi-
nal activities. For instance, in the 238U chain, only 238U and 234U are easily soluble; 
after half a year, the activities of the nuclides 234Th and 234Pa have decayed to the 
level of the 238U. The activities remain at this level for tens of thousands of years 
(due to the 80 000 year half-life of 230Th) and for an average 1 kg/ton ore about 
71% of the radioactivity originally present in the ore remains in the tailings due to 
230Th and its radioactive descendents. 

The estimative of the radionuclides content in the tailings was done assuming 
initial equilibrium before leaching in the two uranium series 238U and 235U. The so-
luble isotopes were extracted with the average leaching recovery and the insoluble 
isotopes remained in the tailings. We admitted, based on the historical concentra-
tion ore from the region, that the major part of the tailings resulted from an ore 
with the average grade of 1 kg U3O8/ton being leached with a 90% recovery and a 
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small part resulted from an ore with an average grade of 0,2 kg/ton which was not 
submitted to leaching.  

Using equations based in these assumptions that include as parameters the iso-
topes half-lives, and as input the uranium chemical grade, it is possible to quantify 
the activity that will be generated by the different members of the decay chain. As 
result one obtains the activity concentration for each radionuclide present in the 
solid wastes of the uranium tailings or waste piles (Table 1). 

Multi-layer cover design 

For the case study considered, the former Urgeiriça uranium tailing disposal, the 
area and the average thickness of the deposit were estimated as 12 hectares and 14 
m, respectively. The tailings are characterized by an average radium content of 12 
900 Bq/kg, although they also contain much higher values in some spots (50 
kBq/kg). The natural radioactive background in this region is 30 Bq/kg. 

The radioactive decay of 226Ra produces gaseous 222Rn which decays into a se-
ries of short half-life products that are hazardous if inhaled. Tailings also emit 
gamma radiation which can increase the incidence of cancer and genetic risks.  

A cover design and placement will give long term stability and control to ac-
ceptable levels of radon emission and gamma radiation, preventing also erosion 
and water infiltration into the tailings; generally this consists in enclosing the tail-
ings with compacted clay or native soil to prevent the radon release and then cov-
ering this layer with rocks and vegetation1.  

Radon migration to the surface is a complex process controlled mainly by po-
rosity and moisture of the crossed media; coverers are efficient in attenuating the 
radon flux, as the duration of travelling for radon becomes longer and more radon 

                                                           
1 A special multi-layer cover was already built. 

Table 1. Activity distribution by the radionuclides presents in the solid wastes considering 
the treatment of a uranium ore with the average grade of 1 kg/ton being leached at 90%. 

Nuclide λ  
(s-1) 

Activity  
(Bq/kg) 

Activity 
(Bq/kg) R=90 % 

Mass at 
Equilibrium (g/t) 

Activity 
(Bq) 

238U 4,87 x 10-18 10375 1037,5 84,19 87,35 
234Th 3,33 x 10-7 10375 1037,5 1,21 x 10-9 1,26 x 10-9 
234Pa 1,01 x 10-2 10375 1037,5 3,98 x 10-14 4,13 x 10-14 
234U 8,17 x 10-14 10375 1037,5 4,94 x 10-3 5,12 x 10-3 
230Th 2,65 x 10-13 10375 10375 1,50 x 10-2 1,55 x 10-1 
226Ra 1,36 x 10-11 10375 10375 2,87 x 10-4 2,98 x 10-3 
222Rn 2,10 x 10-6 10375 10375 1,82 x 10-9 1,89 x 10-8 
218Po 3,79 x 10-3 10375 10375 9,92 x 10-13 1,03 x 10-11 
214Pb 4,31 x 10-4 10375 10375 8,55 x 10-12 8,87 x 10-11 
214Bi 5,86 x 10-4 10375 10375 6,29 x 10-12 6,52 x 10-11 
210Tl 8,75 x 10-3 10375 10375 4,13 x 10-13 4,29 x 10-12 
214Po 1,46 x 10-4 10375 10375 2,52 x 10-11 2,61 x 10-10 
210Pb 9,98 x 10-10 10375 10375 3,62 x 10-6 3,76 x 10-5 
210Bi 1,60 x 10-6 10375 10375 2,25 x 10-8 2,34 x 10-8 
210Po 5,73 x 10-8 10375 10375 6,31 x 10-8 6,55 x 10-7 
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will decay to non-gaseous nuclides, which are trapped by the cover system. 
Thereby, the efficiency depends on the capacity of the cover material for decreas-
ing the diffusivity of radon in the media. 

The basic equations of diffusion across a porous medium were used for estimat-
ing the theoretical values of the 222Rn flux from the 226Ra content in the waste ma-
terial. The algorithm developed incorporates the radon attenuation originated by 
an arbitrary cover system placed over the radioactive waste disposal. As an alter-
native, it can be estimated the thickness of the cover that allows a radon flux infe-
rior to the acceptable one. 

An engineered cover design of 5,15 m average thickness composed by sand, 
clay and gravel was proposed on the basis of the rehabilitation plan for the site 
(Pereira et al. 2004). A simulation was done with this cover design to estimate the 
resulting radon flux attenuation and the corresponding concentration at 1 m above 
the soil, as the measured data refers to this height.  

First, it was necessary to estimate the flux and the concentration considering a 
non-existing cover system. The values obtained in these conditions were 7,19 
Bq.m-2.s-1 for the radon flux and 547,4 Bq/m3 for the concentration (Dinis 2007). 
The average value measured in the Urgeiriça tailings pile for the radon concentra-
tion was 557 Bq/m3. This corresponds to a dose of 5,2 mSv/year, resulting from 
the exposure to radon in outdoor air, assuming that the receptor spends 1760 h 
outdoor in a year (a 20 % outdoor residence time), with an equilibrium factor be-
tween 222Rn and its decay products of 0,6 and for a dose conversion factor of 9 
nSv.h-1 per Bq.m-3 (Grasty and LaMarre 2004). 

The radon flux attenuation estimated by the model for the cover design pro-
posed was about 187 μBq.m-2.s-1 and the resulting concentration at the average 
breathing height was about 0,0142 Bq/m3 (Dinis 2007). 

The efficiency of these materials were also tested considering that the tailings 
will be covered with 0,5 m of clay plus a layer of overburden to achieve a surface 
flux inferior to the permissible one, which was considered to be 0,74 Bq.m-2.s-1. 
The radon flux attenuation through the clay component cover is 2,63 Bq.m-2.s-1 
with a concentration of 200,23 Bq/m3. The value obtained for the second layer is 
1,52 m which gives a total cover thickness of 2,02 m. The resulting concentration 
at the breathing height is 56,34 Bq/m3 which corresponds to a dose, in the same 
previous conditions, of 0,53 mSv/year. This dose is inferior to 1 mSv/year, the 
limit derived from the European guidelines concerning the exposure of the general 
public to artificial radionuclides (Dinis 2007). 

Atmospheric pathway 

The air-transport is one of the principal pathways whereby radionuclides released 
from wastes sites may reach living organisms. Radionuclides may be discharged 
to the atmosphere through particle suspension and specially by radon emanation. 
Once airborne, the radionuclides will disperse downwind and deposit on ground 
surfaces in a pattern dependent on local meteorology, the location of the point re-
leases, the nature of terrain downwind of the release and the physical and chemical 
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characteristics of the emission. Radon will decay according to its own kinetic pa-
rameters. 

The objective of this model is to predict the concentration of radionuclides at 
specific locations surrounding the source. The basic data needed in this model in-
clude the release rate of each radionuclide, physical characteristics of the source 
(release height, area, etc.) and meteorological data (stability class, wind speed, 
precipitation, etc.). 

For the atmospheric pathway a two-dimensional model is used for calculating 
the radon flux diffusion from the tailings, followed by an estimation of the radon 
concentration at a defined mixing height from the soil which will be the starting 
point to the atmospheric dispersion, considered either simultaneously in each wind 
direction or only in the prevailing wind direction. 

For the estimative of the radon concentrations it was used a box model concept 
which has implicit a mass balance formulation. The contamination source is de-
fined by an emission area, or the sum of several areas, generating a constant emis-
sion rate, where the radon is diluted directly in the ambient air-breathing zone 
above the contaminated source zone. The box volume is defined by its length, 
width and the mixing height.  

As a consequence of a steady state assumption, the concentration is constant in 
time and the mass flow rate entering into the box is equal to the flow rate leaving 
the box. Also the concentration is spatially homogeneous based on the assumption 
of complete mixing inside the compartmental box. 

The atmospheric dispersion is modeled by a modified Gaussian plume equa-
tion, which estimates the average dispersion of contaminants released from the 
source; a plume dispersion model accounts for the contaminant transport from the 
source area at a specific wind-speed to a downwind receptor. The radon concen-
tration dispersion is then simulated from the release point, at the mixing height, 
for defined distances in different wind directions, with different wind velocities, as 
well as in the dominant wind direction.  

It was considered that the site is composed by four contaminated areas with dif-
ferent radium content. The global area was conceptually defined as a regular octa-
gon as the national meteorological data corresponds to octants. Each octagon sec-
tor has a characteristic average wind speed according to its direction (N S E W 
NW NE SE SW). 

The medium point for the global area was defined by the arithmetic average of 
the medium point for each singular area; the release point source is located in the 
centre the polygon area. The air breathing or mixing height was defined as 1,7 m. 

The 222Rn concentration was calculated in each sector at this height without 
cover system. The average value obtained was 5,96 Bq.m-2.s-1 (for a radium con-
tent in the tailings of 10375 Bq/kg) and the average concentration for the com-
partmental box was estimated in 73,2 Bq/m3. The prevalent wind direction is to 
NE and the resulting concentration in this direction is 658 Bq/m3 at the vicinity of 
the site (Fig. 1). 

Dispersion in the dominant wind direction is the situation that better fits reality 
according to the comparison between the model results and the radon concentra-
tion measured in this direction. 
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Groundwater  

Often groundwater is an important pathway for contaminations found in the sub-
soil. Contaminants leached from the waste move downwards through the unsatu-
rated zone to the saturated where they are dispersed by advection, hydrodynamic 
dispersion and diffusion. The contaminants may ultimately discharge to a well or 
to a surface stream. Humans are exposed to radioactive contaminants by using the 
water from well or the surface stream and eventually by eating organisms living in 
the stream. 

For the groundwater pathway a two-direction model is proposed for simulating 
the contaminants release from the tailings pile and its migration process through 
the soil to the groundwater. The final result is the radionuclide concentration in the 
groundwater as function of the elapsed time, at a defined distance from the waste 
pile, where a well is supposed to be located. 

The model calculations are broken down into three linked sub-models: i) con-
taminant leaching from the tailings; ii) vertical movement of the dissolved conta-
minant downward to the water table through the unsaturated zone and iii) migra-
tion of the contaminant in saturated groundwater to the receptor point. 

A leaching model based on a sorption-desorption process is used for describing 
the contaminant release from tailings. The leachate concentration is determined by 
a partition coefficient (Kd), which describes the relative extent of contaminant 
transfer to pore water, by soil properties, such as bulk density and moisture, and 
by the magnitude of the contamination described by the total amount at the source 
and by the thickness. 

The vertical flow transporting the dissolved contaminants is considered to be 
one-dimensional. It is assumed that there is retardation during the vertical trans-
port which is estimated assuming that the adsorption-desorption process can be 
represented by a linear isotherm. 

Movement and fate of radionuclides in groundwater follow the transport 
components represented by the basic diffusion/dispersion–advection equation: 
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Fig.1. Radon dispersion in each wind direction and in the dominant wind direction (Bq/m3). 
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an analytical solution was used for the one dimensional transport of a reactive 
substance with simultaneous retardation and radioactive decay. 

The radionuclides initially considered in the simulation model were uranium, 
thorium, radium, polonium and lead. It was observed that 230Th and 210Pb are not 
transported to significant distances by the groundwater. This may be explained by 
the particle-reactive nature of thorium and lead. For polonium the results were in 
accordance with the expected, based on the assumption that due to the slow rate of 
contamination migration only the radionuclides with relatively long half-life are of 
importance in the transport process.  

Analytical measures of the uranium and radium activity in groundwater and su-
perficial waters from the Urgeiriça site were used for comparison with the model 
results. The analytical results show somehow similar values with those obtained in 
the model. The medium value for total uranium in the well water was about 1,6 
Bq/L and for radium was about 0,4 Bq/L. These values are achieved in the model 
within the first 30 years after the aquifer contamination. These results correspond 
to an effective dose of 0,082 mSv/Bq for 226Ra and of 0,053 mSv/Bq for 238U, con-
sidering an annual ingestion rate of 730 L and an effective dose coefficient of 2,8 
x 10-4 mSv/Bq and 4,5 x 10-5 mSv/Bq for 226Ra and for 238U, respectively. 

Considering radionuclides dispersion through groundwater system, it was ob-
served that there are two preferential plume contamination directions, whether 
uranium or radium is considered. These two directions suggest that SW-NE direc-
tion is preferential to radium dispersion and that NW-SE direction is preferential 
to uranium dispersion (Fig. 2). This allowed us to identify two preferential conta-
mination targets: at south to radium and at north to uranium. 
 

 
Fig.2. Radium and Uranium contamination dispersion in groundwater (Bq/L). 

Surface water transport 

Surface water can be an important pathway for contaminants transport from a 
waste disposal; the surface water bodies include lakes, streams, rivers and runoff 
processes. Contaminants present on the surface of a waste site may become sus-
pended or dissolved in surface runoff and be transported to adjacent bodies of 
surface water. Exposure to humans may occur then through drinking and using 
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contaminated surface water or by eating organisms living in these water bodies 
and by external irradiation from radionuclides sediments. 

This model describes the radionuclides transport and transfer in superficial wa-
ters. The specific case of radionuclides discharge into stream waters was consid-
ered for applying this model to the study site. 

The radionuclide transport and fate in surface waters are described by the ad-
vection-diffusion equation in a three dimension form (IAEA 2001). The generic 
governing equation was simplified to obtain appropriate solutions, according to 
the water body to consider, estimating the radionuclide concentration in steady 
state flow conditions at a defined distance from the discharge point, where is con-
sidered to be located the exposure point or the potential receptor. 

The liquid effluents from the uranium chemical treatment at Urgeiriça site have 
been discharged for many years into a stream near the contaminated site, “Ribeira 
da Pantanha”, which is also the main watercourse that drains the mining area. For 
this reason a simulation was done with the discharge into this watercourse of an 
effluent contaminated with a radium concentration of 271 Bq/m3. 

Several exposure points were considered along this watercourse strategically 
defined by the available experimental data. Radium concentration in superficial 
waters was estimated at these points to determine the relation between the diluted 
concentrations and the distance to the discharge local. The concentration in the 
river sediments was also estimated for the same exposure points. 

The model results suggest a clear decrease in radium concentration downstream 
with the distance to the discharge point. Radium concentration in sediments fol-
lows the same variation pattern.  

Comparing the model results with the measured data for radium concentration 
in the exposition points it was observed that the highest values both in water and 
sediments do not correspond to the discharge point considered but at a distance 
comprised between 1650 and 2750 m distant from the discharge point. The radium 
concentration continues to decrease with the distance afterwards. This suggested 
that probably there are other contamination sources besides the discharged effluent 
as the model considers the contaminated effluent as the only source of contamina-
tion. 

Transfer to flora 

Modeling the radionuclide transfer to vegetation has implicit several simpler 
processes which describe and quantify mathematically the radionuclides transfer 
mechanisms, such as uptake, transport, translocation and absorption by leaves. 
The main goal in this step was to develop a radionuclide transfer model through 
food chain by the ingestion of contaminated vegetation.  

Vegetation may be contaminated through direct deposition, root uptake or irri-
gation with contaminated water. The material resuspension from superficial soil 
may occur due to the wind, rain or mechanical factors, with later deposition 
onto vegetation surface. A model was developed to describe each one of these 
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contamination pathways: root uptake, deposition and resuspension, either from 
deposition or from irrigation with contaminated water from a well.  

The different contamination processes were combined in a global model to si-
mulate the radionuclide transfer resulting from each one of the contamination 
processes. The final output is the total concentration in the vegetation combining 
the internal contamination with the external contamination. 

The conceptual model is based on the assumption that each one of the transfer 
processes may have origin either in soil or in the air. In the first case, the processes 
involved are deposition (characterized by the deposition velocity), interception 
(described by the interception factor) and retention (described by the weathering 
half-life). In the second case, the radionuclide behavior in soil and its mobilization 
reflects the radionuclides physics and chemical properties, soil properties, the type 
of vegetation and local hydrology and geology characteristics. 

The model was applied to 238U, 234Th, 234U, 230Th, 226Ra, 222Rn, 214Pb, 210Pb. It 
was observed that deposition is the most expressive pathway. The lowest values 
were obtained for 222Rn which may be explained by its physical state; being an in-
ert gas it can easily disperse into the atmosphere without suffering deposition. The 
214Pb is almost inexistent which may be explained by the fact that the weathering 
decay constant is almost equivalent to the radioactive decay constant; this means 
that when 214Pb decays to its daughter isotope, it is simultaneously removed.  

Some authors (Madruga et al. 2000) studied 226Ra uptake from Urgeiriça ura-
nium tailings. It was observed that plant uptake for total radium concentration in 
the tailings follows a non-linear function form (log Cp = log a + b log Cs), tending 
however to a linear relationship at higher radium concentration in the tailings 
(Madruga et al. 2000). This function was used in this sub-model. 

Sheppard and Sheppard (1985) proposed a dose-response curve for plant uptake 
of essential and non-essential elements to explain this radium absorption behavior. 
These authors reported that plants readily uptake elements essential for plant 
growth when substrate concentrations are low (deficient), whereas plant uptake of 
non-essential elements is generally constant at high substrate concentration. On 
the other hand, at high substrate concentrations, plant uptake of essential and non-
essential elements can either be constant (no toxicity) or can decrease leading to 
toxicity or death (Martinez and Periánez 1998).  

Considering this approach to 226Ra absorption it appears that radium behave as 
an essential element at low substrate concentrations as plant uptake depends on 
radium concentration in the tailings. 

Transfer into the Food-chain  

Food chains are biosphere pathways through which humans are exposed to envi-
ronmental contaminants. They represent the contaminants bioaccumulation in the 
edible portion of animals and plants that are affected by their release and disper-
sion from the contaminated site. Food chains consist of one or more trophic levels 
between the physical environment and human intake of contaminants.  
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Radionuclides deposition can be a significant pathway to human exposure start-
ing by ingestion of contaminated pasture by animals and then by the ingestion of 
contaminated animal products (dairy or meat). Plants in general tend to accumu-
late radionuclides in a scale dependent on many factors and within animals and 
humans, certain tissues tend to accumulate selected radionuclides. The relevant in-
corporation of the radionuclides in the milk is usually due to the ingestion of con-
taminated pasture. This transfer process is often called the pasture-cow-milk expo-
sure route. 

A dynamic compartmental model was developed to describe the radionuclide 
behavior in the pasture-cow-milk exposure route and predict the activity concen-
tration in each compartment following an initial radionuclide deposition.  

The dynamic model is defined by a system of linear differential equations with 
constant coefficients based in a mass balance concept. For each compartment a 
transient mass balance equation defines the relations between the inner transfor-
mations and the input and output fluxes. The fluxes between the compartments are 
estimated with a transfer rate proportional to the amount of the radionuclides in 
the compartment. The concentration within each compartment is then transcribed 
to doses using a simplified exposure pathway and a pre-defined critical group. 

The first model considered for the transfer through the food chain is relatively 
simple and classic and considers as initial state a contaminated pasture that is con-
sumed by a cow producing a certain quantity of milk. A more sophisticated model 
is also described taking into account the spread of the radionuclide within the cow 
by including the sub-compartments involved: the gastrointestinal system (GIT), 
the plasma and the bones, in the case of radium simulation. The endpoints are ra-
dium concentrations in the soil, pasture, GIT, plasma, bone and milk. 

For the exploration of the model several radionuclides were defined as relevant 
but only for radium and polonium was done a complete model simulation. For 
uranium, thorium and lead it was only applied the simple model due to either the 
irrelevance of the results or the lack of data to define the necessary parameters and 
validate the model. It wasn’t possible to obtain data referring to the study site con-
cerning this exposure route. Data from other similar contaminated sites were used. 

For radium transfer through this pathway seven sub-compartments were de-
fined: soil, pasture, GIT, plasma, bone surface, bone volume and milk. Concerning 
to radium absorption, model results (Fig. 3) are coherent with data published refer-
ring to radium absorption through this pathway (Leggett and Eckerman 2003; 
IAEA 2004; Beresford et al. 2004). After ingestion, radium is quickly spread to 
organs tissues until its maximum absorption, followed by an immediate decrease 
in blood.  

However, the sub-compartment represented by bone tissue doesn’t follow this 
pattern as some organs and tissues, notably bones, have the capacity to concentrate 
radium from blood and, although some of the radium is excreted over a long time, 
a portion will remain in the bones throughout the organism’s lifetime. This is due 
to the radium chemical similarity with calcium. 

For 210Po it was necessary to define 14 sub-compartments to account all trans-
fers rates and 36 kinetic transfer constants. This implied to define a 14 differential 
equations system (Dinis and Fiúza 2007). Concerning 210Po transfer through the 
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food-chain there are no experimental studies documenting 210Po transfer from feed 
to animal products. The only experimental works documented refer to the direct 
210Po introduction into animal body or to animal’s products collection from con-
taminated areas. Nevertheless, simulation results for 210Po (Fig. 3) fit within the 
range of values given in the literature although many assumptions had to be done 
due to the limited available data; conservative parameters had to be used in some 
cases (Leggett and Eckerman 2003; IAEA 2004; Beresford et al. 2004).  

Discussion and Conclusions 

An integrated global model has been developed for evaluating the external expo-
sure resulting from radionuclide dispersion having as main logical structure a 
global conceptual model and as secondary tools some particular and restricted 
quantitative sub-models of transfer and fate. The assessment requires a clear defi-
nition of the environmental path and the final fate for each toxic element retained.  

For each step involved in the global conceptual model, release and transport by 
dispersive vectors, phase transfer resulting in retardation and attenuation and envi-
ronmental exposure of biota, flora, cattle and humans, data were collected and 
adapted from different sources. The final result is an integrated model for assess-
ment of external exposure originated by low activity radioactive wastes.  

The mathematical realization of the sub-models is not uniform: i) some are par-
tially formulated as a set of first order differential equations and partly analytical 
equations are applied; ii) some sub-models are solved by a set of analytical equa-
tions and some of these are analytical solutions of the differential equations. The 
underlying equations are described in detail for each sub-model in Dinis (2007). 

A sensitivity analysis was performed in order to identify the most critical site-
specific parameters in each sub-model. 

The radon release and transport through the tailings depends on radon diffusion 
coefficient which greatly varies with material moisture and porosity. These para-
meters will vary over the year due to the climatic changing. It also depends on ra-
dium content in the tailings, which is highly heterogeneous at Urgeiriça tailings, 

 
Fig.3. Radium and Polonium concentration in each compartment, complete model (Bq/kg). 
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and on the water retention, which is also a seasonal parameter, with spread values 
at the Urgeiriça site. The major complexity in radon flux estimative relies precise-
ly on these on-site parameters variability, both in space and in time.  

When modeling radon dispersion the obvious limitations are related to the re-
duction of the source to a point, being implicit a flat terrain (topography is not 
considered), wind velocity is constant with height and the dispersion is only two-
directional. Nevertheless, the errors arising from these assumptions will have a 
negligible effect for the exposure assessment, because the distance to the exposed 
receptors is large compared to the stack height, area or facility size. 

For the groundwater pathway it is assumed that vertical transport occurs 
through a partially saturated porous media. The mathematical model that quanti-
fies this transport has implicit the estimative of the retardation factor and flow ve-
locity. The simplified approach used is acceptable as any error introduced at this 
stage would only affect the radionuclide arrival time and has little effect on con-
centration in well water for long-lived radionuclides. The exception is for short-
lived radionuclides; however these are not a major concern in this pathway as only 
radionuclides with relatively long half-life are of importance in the transport 
process due to the slow rate of contamination migration. 

Many specific soil parameters can affect the time it takes for a radionuclide to 
travel to groundwater. In particular, the radionuclide distribution coefficient (Kd) 
plays an important role in determining the resulting potential exposure because it 
is a measure of how readily one species sorbs to a surface and sorption retards the 
overall movement of radionuclides. This is the most critical parameter due to its 
variability and due to the complexity for determining its value as it is influenced 
by many factors. 

Transfer to flora sub-model is rather complex as it is necessary to understand 
and transcribe to the conceptual model the interactions between the contaminants 
and the soil components, vegetation, as well as the interactions between the con-
taminants themselves.  

These processes will be described by the on-site specific parameters: intercep-
tion factor, translocation factor, transfer soil-plant and Kd values, which will de-
pend mostly on soil properties, plant specie, local hydrology and geology and ra-
dionuclides physical and chemical properties. 

The parameters independent of the radionuclide characterize environmental and 
ecological characteristics that vary from site to site and also with the spatial scale 
considered. These parameters related to vegetation, soil and fauna characteristics, 
can be directly obtained from on-going site investigation or estimated with simple 
models. However, the experimental data will always and only represent a limited 
set of environmental conditions. 

Some parameters are specific for each radionuclide and they are responsible for 
differences in distribution in the compartments, as well as for their retention and 
elimination from the system. For instance, the quantity absorbed by vegetation 
generally is estimated by a transfer factor (FT) which defines the ratio between the 
activity in the vegetation and the activity in the soil. This is one of the parameters 
presenting a vast lack of data and consequently unreliable intervals of confidence. 
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Studies documenting radionuclide transfer from crop to animal products are not 
abundant and most of them do not contain the necessary information as the radio-
nuclide concentration in the animal’s diet. The existing studies are the result of 
acute controlled feeding exposure, direct radionuclide introduction into animals or 
sample collection from animals feeding near contaminated areas. 
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Abstract. Release of acid drainage from mining-waste disposal areas is a problem 

found in many mine sites all around the world. An understanding of waster flow 

and the geochemical processes within mining-waste is important to the long-term 

prediction of contaminant loading to the environment. This is the first of two pa-

pers and describes the water flow in one of the waste rock piles of the first ura-

nium-mining site in Brazil by the use of the numerical model HYDRUS-2D. The 

obtained results indicated that a steady state condition is achieved after 500 days 

of simulation. The average flow inside the pile was about 0.4 cm/d. The outflow 

estimated by the model was in good agreement with the measured values. Howev-

er, it must be emphasized that result only improved when the flux through the ma-

cropores was taken into account. 

Introduction 

The first uranium production center in Brazil began operation in 1982 at Poços de 
Caldas in the state of Minas Gerais. After 13 years of intermittent operation, the 
mining activities were suspended definitively in 1995. Uranium was extracted 
from large open pit mine. In the development of the mine 44.8 x 106 m3 of rock 
were removed. From this amount, 10 million ton was used as building material 
(roads, ponds, etc). The rest was disposed into two major rock piles, waste rock 
pile 4 (WRP4) and 8 (WRP8). The milling process produced approximately 
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2.39×106 m3 wastes that were disposed into the tailing dam. These areas require 
large efforts for reclamation of vegetation, soil, and ground and surface water sys-
tem (Franklin et al. 2007). 

The major environmental problem of this mining site is the generation of acid 
mine drainage (AMD). This phenomenon occurs when the sulphides, mainly py-
rite, present in the tailings or waste rocks comes into contact with oxygen and wa-
ter. It was estimated that acid drainage generation will last for 600 and 200 years 
from waste rock piles and tailings dam, respectively (Fernandes and Franklin 
2001). The acid drainage from these sources has the potential to impact signifi-
cantly on the quality of groundwater and surface bodies due to the acidic pH val-
ues (2-3) and the elevated concentrations of metals and radionuclides.  

Numerical modeling techniques can lead to a better quantitative understanding 
of the physical and geochemical processes leading to the production of AMD in 
sulphidic wastes. In our study of water flow inside WRP-4, we focus on variably-
saturated flow through of the pile as affected by the infiltration of rainfall. This 
pile was chosen because most of the infiltrating water is collected in a single hold-
ing pond. This allows for a better consistency of the calculations of the water flow 
modeling. Water flow through the pile is very much influenced by the grain size 
distribution of the waste material, the prevailing water content of the pile, the de-
gree of compaction of the material, the rainfall conditions, and the depth of the 
water table inside the pile. Because of the very heterogeneous and structured (ma-
croporous) nature of the waste site, the infiltrated water is expected to move pre-
dominantly through preferential flow paths. Preferential flow has been found to be 
more a rule rather than an exception in macroporous soils and fractured rock (Mo-
hanty et al. 1997, Simunek et al. 2003). Most of the waste rock is under unsatu-
rated conditions, with the waste being subjected to intermittent wetting and drying 
as a function of rainfall, evaporation and drainage. Understanding this complex in-
ternal flow system is critical in order to predict the potential for AMD.  

The purpose of this paper is to investigate the generation of AMD in a real 
waste rock pile using comprehensive numerical model - HYDRUS-2D (Simunek 
et al. 2006) to simulate variably-saturated fluid flow through the highly macropor-
ous or fractured waste pile. This paper is the first of a couple paper, the simula-
tions were used to obtain the understanding of how the water flow (and conse-
quently the generation and evolution of AMD) are affected by the internal 
structures of the pile. In the second paper will discuss the geochemical processes 
involved in this system. 

Modeling Approach 

In a numerical model studies, confidence on the final results will depend, in a first 
place, on the accuracy with which the model is able to simulate the hydro-physical 
processes within the pile. In general, these models require an extensive characteri-
zation program. A field program was conducted on the top and slope surfaces of 
the WRP-4. The program was composed by 12 sampling points. Six of them were 
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fixed in order to form a transect, with 50 meter intervals between each of the sam-
pling points. Three of these points were positioned at the top of the pile (P1, P2 
and P3) and the others were located at the slope of the pile (B1, B2 and B3). To 
increase the consistency of the measurements at the top of the pile, two other 
points were located 10 m to the right and 10 m to the left of each one of the three 
points (P1.1, P1.2; P2.1, P2.2; P3.1, P3.2). 

Waste Characterization 

The methods of construction of the waste rock piles can alter significantly the wa-
ter flow inside the pile affecting the extent and severity of AMD. End- dumping 
was the method of construction of the WRP-4. This method induces the formation 
of stratified piles where the finer particles generally concentrate near the crest, 
while the coarser particles are found at the base of the pile (Morin et al. 1991, Fala 
et al. 2005). Construction reports of WRP-4 and field evidence confirm the grain 
size segregation provoked by the construction methods (IPT 1984, Franklin et al. 
2007). 

Field measurements using the Guelph permeameter were conducted on the top 
and slope of the pile aiming the characterization of different hydraulic domains. 
The saturated hydraulic conductivity (Ksat) values measured on the top of the pile 
varied by one order of magnitude (2.06×10-4 – 1.04×10-3 cm/s). Measurements of 
hydraulic conductivity in the toe (sampling point B3) and in the middle (sampling 
point B2) of the slope of the pile were not possible to be accomplished due to the 
coarse-grained characteristics of the material. However, saturated hydraulic con-
ductivities greater than 10-2 cm/s are very likely at these locations since these are 
the highest values that can be measured with the Guelph permeameter. Measure-
ments of Ksat in the slope of the pile were only possible to be accomplished in 
sampling point B1 located at a distance of 5 meters from the top (9.05×10-4 cm/s). 
Only a few studies could be found in the literature discussing the variability of the 
hydraulic conductivity in waste-rock piles. One study reported Ksat values ranging 
from 10-2 to 10-5 cm/s (Morin et al. 1991). Similar values were obtained for waste 
rock material from two other mining sites: the South Dump of the Doyon mining 
site in Canada and the Nordhalde dump of the Ronnenberg mining district in 
Germany (Lefebvre et al. 2001). Our values of Ksat are well within this range. 

The saturated hydraulic conductivity was also measured in the laboratory by 
means of constant-head permeameters. It has been reported that Ksat values ob-
tained in the laboratory are often higher than those measured in the field (Vieira 
and Fernandes 2004). The Ksat values measured in samples collected in the top of 
the pile also varied by one order of magnitude (8.23×10-4 – 1.95×10-3 cm/s). Sam-
ples collected in sampling point B1 presented a Ksat value of 3.43×10-3 cm/s. The 
difference between the average values obtained in the field and in the laboratory 
was approximately 30%, with the laboratory values mostly being higher than the 
field values. 

The soil-water characteristic curves were determined for each sampling point 
using a large pressure plate apparatus. The results revealed that it was not possible 



180      Mariza Franklin, Horst Monken Fernandes and Martinus Th. van Genuchten 

Session I: Uranium Mining 

to clearly differentiate between the different groups of materials inside the pile 
(Fig. 1). However, the shape of the curves for hillslope points B1 and B2 were 
quite different from the other curves. The water content at a suction of 6.6kPa 
showed considerable variation among the various sampling points, thus reflecting 
the heterogeneous grain size distribution inside of the pile. Coarser materials gen-
erally show a more abrupt change in the water content with changes in the pres-
sure head near the inflection point of the retention curve, while fine-textured mate-
rials require a larger range of suctions to similarly modify the water content. The 
data in figure 1 indicate that the average values of the water content at the top of 
the waste pile are generally about 40% higher than those at hillslope points B1 and 
B2. This reflects the increase in grain size from the top to bottom and side of the 
pile (and hence smaller air-entry suctions) due to grain size segregation condi-
tioned by the construction method of the pile. 

Conceptual model of the WRP-4 

The conceptual model of WRP-4 is based on a 2D vertical Cartesian cross-section 
of the waste pile, 700 m wide and 20 m high. The selected section was through to 
best represent the preferential of water inside the pile since the section follows the 
topographical slope of the valley. The WRP-4 was considered as a heterogeneous 
unsaturated-saturated system containing waste rock layers showing significant 
variations in grain size. The probable segregation of material with depth suggests 
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Fig.1. Measured soil water characteristic curves at sampling points.  
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that the saturated hydraulic conductivity will be higher close to the base of the 
pile, and that preferential flow is very likely within the system. Preferential flow 
in especially the high-conductivity bottom layers should provide rapid conduits for 
water, thereby minimizing rapid changes in the elevation of the water table during 
relatively wet periods. This conceptual model of WRP-4 was based on qualitative 
description and data obtained from the characterization and monitoring program 
conducted by the operator of the mine. The top and the hillslope surfaces of the 
pile were assumed exposed to precipitation and evaporation. The bottom of the 
pile was considered impermeable, due to compacted clay layer placed at the bed of 
the pile, and the water can drain freely from the specific point in the toe of the 
pile.  

We assumed the flow system is at steady state in that a constant rainfall rate is 
maintained at the surface during the entire simulation. The imposed boundary flux 
represents the measured average value of the rainfall rate at the site minus the ru-
noff and evaporation rates. The same strategy was used by Linklater et al. (2005), 
and the predicted concentrations were consistent with observed long term average 
data (> 3 years). It was also assumed that porosity and permeability are not af-
fected by consolidation of the waste rock, nor by mineral precipitation or dissolu-
tion. 

In order to observe the effect of internal structure of the pile on flow system, 
two compositional models for WRP-4 were tested in the simulations. Case 1 as-
sumes that the pile consists of only one type of material, characterized by a repre-
sentative value of the hydraulic conductivity, while Case 2 assumes that the pile 
consists of five layers with each layer having its unique grain size distribution and 
soil hydraulic properties. As well as two hydraulic models (van Genuchten-
Mualen model and modified van Genuchten model) were tested to assess the in-
fluence of the macropores. 

Numerical simulation approach 

The discretization of the waste rock pile (WRP-4) domain was made via a triangu-
lar finite element mesh, including a total of 17,674 elements and 9,172 nodes.  

We assumed that the initial distribution of the pressure head inside the WRP-4 
waste pile was known. This condition was obtained by the linear interpolation of 
the pressure head between 7 m at the lower boundary to -2 m at the surface. This 
distribution was thought to be realistic for the site and found to also minimize nu-
merical oscillations. Three different boundary conditions were imposed: (1) an 
impermeable bottom boundary; (2) a constant long-term flux F of 0.0032 m/d 
along the top and hillslope side of the pile as a result of rainfall, evaporation and 
runoff; and (3) a seepage face along a small boundary segment at the toe of the 
pile from which groundwater could exit the waste pile. The environmental data 
used in the model as representative of the properties of the waste-rock were those 
obtained by field measurements and by laboratory assays. 

Four simulations scenarios were implemented to assess the influence of the ma-
cropores in the flow system: S1 for Case 1 (uniform profile) without considering 
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preferential flow; S2 for Case 1 considering the influence of macropores; S3 for 
Case 2 (layered profile) without preferential flow; and S4 for Case 2 with the in-
fluence of macropores. 

The functions of van Genuchten (van Genuchten 1980) based on measured re-
tention data and Ksat were used to describe the hydraulic properties for simulations 
S1 and S3 that do consider macropore flow. The modified model of van Genuch-
ten as proposed by Vogel and Císlerová (1988), which uses composite hydraulic 
functions, was used to describe the hydraulic properties for scenarios S2 and S4 
involving preferential flow. 

Numerical simulations were performed for a period of 5 years to obtain a quan-
titative description of the system’s evolution to steady-state, leading to certain spa-
tial distributions of the pressure head, water content and flow velocity. 

Results and Discussion 

The estimated seepage flow rate from the pile for all simulations was in good 
agreement with the measured data, having a maximum difference of only 6%. 
These results demonstrate the ability of the code to accurately simulate the water 
budget.  

A remarkable characteristic of the results (shown in the fig. 2), observed for all 
simulations, was that after about 500 days the flow process reached steady-state 
conditions. 
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Fig.2.Variation of the 2D flow rate of the WRP-4 with the days of the simulation.
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The results did not show significant differences between the simulations for the 
uniform and layered profiles. The fig. 3 shows the comparison of the distribution 
of the pressure head (m) between scenario S1 (uniform profile) and S3 (layered 
profile) to illustrate that similarity. However, preferential flow was found to have 
a major effect on the predictions. For this reason we discuss the results in a 
grouped way. 

Simulation S1 and S3 for the homogeneous and layered profiles, but without 
macropore flow, showed that water infiltrating the pile formed a partially saturated 
wetting front that slowly travelled downward and then toward the seepage face. 
After approximately 500 days, the flow process reached a steady-state condition 
(see figure 2). Despite the fact that the discharge rate along the seepage face 
agreed well with measured values, the water table inside of the waste pile was far 
too high, most of the site became saturated (see figure 4a). This suggests that wa-
ter flow within the pile was not simulated correctly, most likely because the stan-
dard van Genuchten hydraulic functions cannot account for preferential flow 
through the large macropores between the rock fragments.  

When we used the modified functions accounting for macroporosity (simula-
tions S2 and S4), the water table inside the pile dropped substantially, leading to 
an approximately 28-m thick saturated zone when steady-state was reached. This 
shows that the modified hydraulic functions are far more appropriate for the flow 
process at the site, even though the estimated water level was still almost three 
times higher than the measured level inside the pile. This difference may be 

 

Fig.3. Distribution of the pressure head (m) to scenarios: S1 (uniform profile) 
without considering preferential flows (a) and S3 (layered profile) without 
considering the preferential flows (b). 
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explained by the fact that an impermeable bottom boundary condition was used in 
our simulations. Other factors that could have contributed to the difference are un-
certainty about the measured water levels and the geometry of the domain (which 
we smoothed somewhat to improve computational speed). Fig. 4 shows calculated 
pressure head distributions inside WRP-4 for the S1 and S2 simulations. 

 

Fig.4. Distribution of the pressure head (m) to scenarios: S1 (uniform profile) 
without considering preferential flows (a) and S2 (uniform profile) consider-
ing the preferential flows (b). 

 

 

Fig.5. Distribution of the velocity field (cm/d) inside WRP-4 after 540 days of 
simulation (scenario S2 – Uniform profile - considering the preferential flows).  
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The modeled data indicate that the velocity field has huge variations, with val-
ues varying from 0.2 to 66 cm/d for the S1 and S3 simulations (no preferential 
flow) and from 0.3 cm/d to 234 cm/d, for the S2 and S4 simulations (considering 
preferential flow). However, most of the pile showed very low velocities of about 
0.4 cm/d. As expected, the highest velocities were found in the outflow area along 
the seepage face near the bottom of the pile. A direct comparison between mod-
eled and measured values was not possible because of a lack of field observations. 
A plot of the calculated velocity field inside WRP-4 for the S2 simulation is 
shown in fig. 5.  

Conclusions 

Our results show that the hydraulic regime of the waste site reached steady-state 
conditions after about 500 days of simulation. The conceptualization of the waste 
pile as being composed of several layers with different standard porous media hy-
draulic functions did not lead to realistic simulations of the flow process inside the 
flow domain. Water flow inside of the pile could be simulated well only after con-
sidering preferential flow.  

Our strategy to simulate preferential flow using composite retention and hy-
draulic conductivity functions rather that more sophisticated but parameter-
intensive dual-porosity or dual-permeability models (e.g., Simunek et al. 2003) 
seemed satisfactory for the WRP-4 site. This approach bring a different perspec-
tive in the simulation of the hydro-physical processes in heterogeneous waste rock 
piles. 

The overestimation of the saturated zone at the base of the pile may be attri-
buted to the invoked boundary conditions in the simulations. Those data reinforce 
the need of calibration of the accomplished modeling. The accurate simulation of 
the water table is important since unsaturated conditions favor the oxidation of py-
rite by oxygen that will diffuse into the air-filled pore spaces of the rocks.  

The calculations provided considerable insight into the behavior of unsaturated 
flow systems in WRP-4. All the consequences on AMD generation and evolution 
are here based on the flow system alone. The simulation of the geochemical 
processes involved in this system is being explored in another paper of this confe-
rence. 
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Abstract. The study provides new information about the most important risks in-

side and surroundings area of a former uraniferous mining site (northern part of 

Avram Iancu mine - Romania). A 3D model was developed for assessing slide, 

flood, erosion, subsidence, groundwater contamination hazard. This model is usa-

ble for geospatial analysis, being able to provide the necessary data about the rela-

tionship between various geological, geotechnical, hydrogeological, geophysical, 

parameters involved in radioactive contamination specific processes and synergy 

of natural and man-made induced phenomena (landslides, mining subsidence, 

etc.). 

Introduction 

This study focus on 3D modelling techniques that brings together geological data 
from 2D and 3D representations, underground and surface mining architecture, 
geospatially defined in situ sampling data, environmental and geomorphology data 
about the mining and surroundings areas.  

The most important parts of this methodology that we’ve pointed by using 3D 
modeling techniques are: Observation, Integration, Infrastructure and Geospatial 
analysis. Observation task require measurements of geological, hydrogeological, 
geophysical, geochemical processes that are at the origin of geohazards. Integra-
tion focused on the processing required changing data, measurements especially, 
into information that can be used by the model.  

Infrastructure means the database architecture and techniques used for the sto-
rage and dissemination of data while the geospatial techniques provide the visual 
representation of modelled phenomena in static and dynamic state. The main ob-
jective of this 3D model is its application for mitigation geohazard processes, but 
further on is a support for numerical modeling of various contaminant transports 
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in groundwater and surface water systems, surface stability due to mining subsi-
dence and numerical analysis of contaminated dumps slope stability and prognosis 
of erosion processes.  

This modelling was performed on easting side of the former Avram Iancu ura-
niferous mine. The tools used for data achievement, data processing and graphic 
representation are implemented on a 3D GIS platform. 

In addition to the problem of creating a system capable of offering 3D model-
ling and functionality, there is a further problem concerning the type of 3D model 
chosen as the basis for 3D GIS. The model contains knowledge about reality, so 
we have to consider the types of real world objects it must represent. Two kinds of 
real world objects may be differentiated in terms of prior knowledge about their 
shapes and location. These objects from the two categories coexist. Traditional 
GIS models the objects of each category independently with the result that two 
separate kinds of systems or subsystems have been developed. 

The first category, regarded as ‘sampling limited’, is for objects having discrete 
properties and readily determined boundaries, such as buildings, roads, bridges, 
mining works, fault blocks, rivers, aquifers. The second category, known as ‘defi-
nition limited’, is for objects having various properties that can be defined by 
means of classification, using property ranges. For example, soil strata may be 
classified by grain-size distribution; moisture content, colloid or pollutant in the 
water by percentage ranges; carbon monoxide in the air by concentration ranges, 
and so forth. These objects may be regarded as ‘fuzzy spatial objects’. 

Site description  

The Avram Iancu uranium mine was considered  as one of the most important 
production centers for uranium ore, exploited for a long period of time. The place 
is situated in the southern part of the Bihor mountains, in a region that is situated 
between the hydrographic basin of Ariesul Mic and Crisul Negru rivers.  

The region is a high mountain area with altitudes between 720m and 1840m, 
where the geological structure is formed of crystalline slates belonging to the Unit 
of Biharia. The geological complex is formed of chlorite slates with albite porphy-
ryblasts, quartzy-chlorite-albite slates, chlorite mica-schist, crystalline limestone 
and magma products metamorphosed with granodiorite intrusions. The hydro-
thermal activity led to the establishment of some economical areas in the region, 
some of these being based on the uranium extraction - one at the Avram Iancu 
mine and another one at the former Baita open pit. The uranium mine was ex-
ploited through the horizontal drifts. The risk assessments made in the area re-
vealed as main sources of surface and underground pollution the waste water of 
the mines and the waste rock piles where the low-radioactive uranium waste rock 
was deposited. The production center Avram Iancu was closed due to the exhaust 
of the ore reserves and due to the reorganization of the mining activity at national 
scale. Starting with 1952, the year when the mine was opened, important quanti-
ties of uranium waste rock with low radioactivity were generated and deposited in 
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different dump-sites, positioned on the valleys of Ariesul Mic, Crisul Negru and 
Dedes rivers, on terrains with slopes of more than 200 (Fig.1). All this waste rock 
piles (Fig.2) must be ecologically rehabilitated in such a way that the limits of the 
maximum admissible concentration of the pollutants, established through the na-
tional and European legislation are not exceeded. 

 

 
Fig.1. The characteristic cross-section through the mining ore body 

 
Fig.2. Waste dumps along Ariesul Mic river with pregnant erosional phenomena.             
On the left bank it may be seen the concrete seal of Aries Shaft. 
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Methodology used for building the 3D model 

Building the 3D Avram Iancu model, required succesive phases as specified 
below: 
• Building the digital terrain model (DTM) using 1:2000 scale maps, high 

precisin GPS measurements especially on waste dumps perimeter (with 
Trimble GeoExplorer GPS), and satellite maps (Fig.3). 

• Overlay on digital terrain model different objects: waste dumps, hydrographic 
network, adits’ and shaft openings, gabion walls, culverts, etc.  

• Building the underground mining works network (drafts, shafts) by digitising 
the horizont maps and georeferenced into the 3D model (Fig. 4). 

• Constructing the ore pockets using the drilling data, mining works geological 
mapping, existing profiles from the realised exploitation. These data were 
analysed and used by special software for building the ore bodies (Fig.5). 

• Building the schematic geological structure (for the preliminary phase) that will 
include the main tectonic elements (Fig.6). 

 

 
Fig.3. The steps need for building the digital terrain map (DTM). 
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Fig.4. Underground mining works vectorization from ordinary maps. 

 
 

Fig.5. Building the mining works and ore pockets under the model surface. 
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Fig.6. Integration of succesive steps into the final model. 

Conclusion 

Having designed the integrated data model, unified data structures and introduced 
methods of construction, demonstrating the 3D spatial model’s applicability is the 
last objective. This will be achieved through various steps of spatial data 
processing, using both simulated and real data.  

The main objective of this 3D model is application for mitigation geohazard 
processes, but further on is a support for numerical modeling of various contami-
nant transports in groundwater and surface water systems, surface stability due to 
mining subsidence and numerical analysis of contaminated dumps slope stability 
and prognosis of erosion processes. 
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Abstract. Agricultural applications of chemical fertilizers are a world wide 

practice. The specific activity of uranium-238 and heavy metals (As, Cd, Cu, Pb 

and Se) in phosphate fertilizers depends on the phosphate ore from which the ferti-

lizer produced and on the chemical processing of the ore. Composite phosphate 

fertilizers samples where collected and the uranium-238 specific activity, in 

Bq/kg, and As, Cd, Cu, Pb and Se concentration in ppm were measured. The 

annual addition of these elements in soil due to soil fertilization were calculated 

and discussed. 

Introduction 

Since the 1950s, the application of plant nutrients, including phosphate fertilizers, 
has increased substantially. More than 30 million metric tons of phosphate fertiliz-
ers are annually consumed worldwide, which increase crop production and land 
reclamation (Lambert et al. 2007). The long-continued application of phosphate 
fertilizers can redistribute and elevate uranium and toxic heavy metals, such as As, 
Cd and Pb, in soil profiles and consequently their transfer to the food chain, main-
ly in acid soils. It can also raise these elements concentrations in irrigation ru-
noff/drainage waters (da Conceicao and Bonotto 2006). This work aims at estimat-
ing the concentration of uranium and heavy metals (As,Cd, Cu, Pb and Se) in 
phosphate fertilizers used in Saudi Arabia and to investigate the possible environ-
mental hazards. 
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Material and methods 

Sampling and sample preparation 

Thirteen phosphate fertilizer samples of ten different brands were collected from 
the local market of Riyadh City. Five of those brands were of granular form, while 
the other five were leafy (water soluble) phosphate fertilizers. Samples were pul-
verized and homogenized. 

Analytical Techniques 

Gamma spectrometric analysis; the dried samples were transferred to polyethy-
lene containers of 100 cm3 capacity Uranium-238 specific activity was measured 
using well calibrated gamma spectrometry based on  hyper-pure germanium 
(HpGe) detectors. The HpGe detector had a relative efficiency of 40% and full 
width at half maximum (FWHM) of 1.95 keV for 60Co gamma energy line at 1332 
keV. The gamma line transition 1001 keV was used for 238U specific activity cal-
culation and the spectrometer was calibrated using reference uranium ore sample 
(IAEA-RG-U).  

Inductively Coupled Plasma- Mass Spectrometer (ICP-MS); the concentration 
of As, Cd, Cu, Pb and Se were measured using ICP-MS after chemical dissolution 
and dilution. Standard solutions were used for calibration and quality control 
measures. 

Results and discussion  

Specific activity of 238U in Bq/kg and concentration of As, Cd, Cu, Pb and Se in 
ppm in phosphate fertilizers in Saudi Arabia and their statistical summary are giv-
en in table 1 and 2 respectively. The granule fertilizers are applied directly to the 
soil and dissolved slowly in the irrigation water. The leafy fertilizers (powder 
form) are dissolved in water that is spraying onto plants’ leaves. The average ac-
tivities (range) of 238U was 1017 (173.8-2234) Bq/kg and <20 Bq/kg in granule 
and leafy phosphate fertilizers, respectively. In the locally produced fertilizer 
samples, the 238U, average (range) 1791 (1273 – 2234) Bq/kg, are much higher 
than that in imported fertilizer samples, 242 (174 – 368) Bq/kg, and vice versa for 
226Ra, 3.7 (2.7 – 4.9) and 145 (35.0 – 283) Bq/kg, respectively. Moreover, the spe-
cific activities of 238U and 226Ra in imported granule fertilizers are comparable 
with 226Ra/238U activity ratios in the range of 0.2-0.8 and in the range 0.6-0.8 after 
excluding one imported phosphate sample (PH8). Also, their activities are strongly 
correlated with correlation coefficient (R2) value of 0.95 (Khater et al. 2008). 
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Generally, the specific activities of natural 238U series radionuclides in phos-
phate fertilizers depend on their levels in the used raw phosphate ore material. Ra-
dioactivity levels in phosphate ores are varied according to their geological origin 
(sedimentary, volcanic or biological origin) where 238U and its decay products 
tend to be elevated in phosphate deposits of sedimentary origin due to the accumu-
lation of dissolved uranium, in the form of uranyl complex, in the sea water during 
geological formation of the phosphate rocks. A typical concentration of 238U in se-
dimentary phosphate deposit is 1500 Bq/kg (UNCEAR 1993; Khalifa and El-
Arabi 2005). During phosphate fertilizers manufacture the phosphate ore is firstly 
attacked by sulfuric acid to produce the phosphoric acid (green acid) where ura-
nium will be mainly concentrated in the phosphoric acid while radium, polonium, 
thorium and other insoluble radionuclides will be precipitated as sulfate salts and 
concentrated in the phosphogypsum by product. That could explain the high con-
centration of 238U in locally produced phosphate fertilizers. Mazzilli et al. ,2000, 
found that 90% of 226Ra and 80 % of 232Th fractionate into phosphogypsum, while 
238U is being predominantly incorporated in phosphoric acid. The 238U in phos-
phoric acid occurs as [(UO2)SO4] and [U(SO4)2] that as water soluble (Rothbaum 
et al., 1979). 226Ra is more enriched in phosphogypsum and has a chemical beha-
vior similar to calcium and may occur substituted in CaSO4.nH2O or (Ba, Sr) SO4 
(radiobarite). 226Ra/238U activity ratios in phosphate fertilizers, table 1, indicate the 
occurrence of chemical fractionation and their concentrations are deviated from 
the secular equilibrium conditions. The variations of these ratios depend on the 
origin of the phosphate ore and/or on the chemical processing of the ore during 
fertilizers manufacture. The relatively low 238U concentration in imported granule 

Table 1. Specific activity of 238U in Bq/kg and concentration of As, Cd, Cu, Pb and Se in 
ppm in phosphate fertilizers in Saudi Arabia 

TypeSampleU-238 ± E& As Cd Cu Pb Se P2O5 %
Ra-226#/
 U-238

G
ra

nu
le

 fe
rti

liz
er

s 

PH 1* 1774 ± 3 7.6 7.6 20 <DL29.15 46 0.002 

PH 2* 2234 ± 5 - - - - - 46 0.002 

PH 3* 1884 ± 2 7.5 7.51 22 <DL28.04 46 0.003 

PH 4* 1273 ± 1 - - - - - 23 0.002 

PH 5+ 193 ± 0.340.490.50 17 0.67 -0.82 17 0.66 

PH 6+ 233 ± 0.320.510.50 14 0.66  17 0.59 

PH 7+ 368 ± 0.42 1.0 1.0 11 1.6 23.92 18 0.77 

PH 8+ 174 ± 0.23 4 4.1 111 0.63 0.79 17 0.20 

Le
af

y 
Fe

rti
liz

er
s PH 9 < 20 0.010.10 63 0.09 2.21 20 - 

PH 10 < 20 0.210.21 9.2 0.11 1.71 44 - 
PH 11 < 20 0.26  29 0.06 3.60 30 - 
PH 12 < 20  0.02 26 <DL 0.14 20 - 
PH 13 < 20 0.040.04<DL<DL 3.61 52 - 

& Error  * locally produced   + imported  # Khater et al., 2008 
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fertilizers could be explained due to the low content in the phosphate ore that used 
as row material. For the leafy fertilizer samples, the specific activity of U-238 was 
less than the lower limit of detection, 20 Bq/kg. 

By comparing uranium concentration intervals in phosphate fertilizers from dif-
ferent countries, the highest uranium concentration were found, in ascending or-
der, in phosphate fertilizers from USA (221 ppm), Germany (186 ppm), and Saudi 
Arabia (180 ppm) but the ranges of uranium concentration in these fertilizers are 
wide, 8.9-221 ppm (116-2470 Bq/kg 238U), 3.2-186 ppm (45-2300 Bq/kg 238U) and 
14-180 ppm (174-2234 Bq/kg 238U), respectively (Hamamo et al. 1995; Pfister et 
al. 1976; Al-Shawi and Dahl 1995; Lal et al. 1985; Barisic et al. 1992; Vucic and 
Ilic 1989; Yamazaki and Geraldo 2003). Uranium concentration is correlated with 
the phosphorus percentage (P2O5%) in phosphate rock and fertilizers. Since the 
natural uranium can substitute calcium in the phosphate rock structure due to the 
similarity in ionic size between U4+ and Ca2+ the correlation between 238U and 
phosphorus percentages (P2O5%) in granule phosphate fertilizers is very strong 
with correlation coefficients (R2) of 0.9 (Guzman 1992 from da Conceicao,  Bo-
notto, 2006). 

Most fertilizers contain trace amounts of trace elements. Several studies have 
shown that heavy metals in phosphoric fertilizers can accumulate in soil and be-
come readily available to plants. In term of fertilizer use, As, Cd, Cr, F, Sr, Th, U 
and Zn are the elements that have a potential risk of accumulation in soil (Sauer-
beck 1992 from Modaihsh et al. 2004) McLaughlin et a. (1996) assessed the po-
tential for contamination by phosphate fertilizers and concluded that Cd and F 

Table 2. Statistical summary of 238U specific activity in Bq/kg and As, Cd, Cu, Pb and Se 
concentrations in phosphate fertilizers used in Saudi Arabia. 

  

Granule   

Leafy  All  Local Import All 

U-238 1791 ± 199, 397* 242 ± 44, 88 1017 ± 308, 870 < 20 1017 ± 308, 870 

 (1273-2234), 4 (174-368),4 (174-2234), 8  (174-2234), 8 

As 7.6 ± 0.03,0.05 1.5 ± 0.86, 1.71 3.5 ± 1.4, 3.4 0.11 ± 0.05, 0.12 2 ± 0.9, 3 

 (7.5-7.6), 2 (0.49-4.1), 4 (0.49-7.6),6 (< dl-0.26), 5 (< dl-7.6), 11 

Cd 7.5 ± 0.03,0.04 1.5 ± 0.85, 1.7 3.5  ± 1.4, 3.4 0.09 ± 0.04, 0.08 2.2 ± 0.97, 3.1 

 (7.5-7.6), 2 (0.5-4.1), 4 (0.5-7.6), 6 (0.02-0.21), 4 (0.02-7.6), 10 

Cu 20.8± 0.88,1.25 38 ± 24, 49 32  ± 16, 39 32 ± 11, 23 32 ± 10, 32 
 (22-42), 2 (11-111), 4 (10.5-111),6 (9-63), 4 (9.2-111), 10 

Pb < DL 0.89 ± 0.23, 0.460.71  ± 0.25, 0.570.07 ± 0.02, 0.050.42 ± 0.17, 0.52
  (0.63-1.58),4 (< dl-1.58), 5 (< dl - 0.11), 4 (< dl - 1.6), 9 

Se 28.6 ± 0.56, 0.79 12.4 ± 11.6, 16.4 21 ± 6.7, 13 2.3 ± 0.65, 2.2 10.3 ± 4.2, 13 
 (28-29),2 (0.79-24), 2 (0.79-29), 4 (0.14-3.6), 5 (0.14-29), 9 

P2O5 % 40 (23 - 46) 17 (17-18) 29 (17 - 46) 33 (20 - 52) 30 (17 - 52) 
* Mean± Standard error, standard deviation (range), number of samples 
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would accumulate at faster rates than As,Pb or Hg (Modaihsh et al. 2004). Table 2 
shows the average concentrations, it is clear that there are variations in heavy met-
als concentrations in local produced and imported, and generally in granule and 
leafy fertilizers. For U, As, Cd and Se, their concentrations in local fertilizer are 
relatively higher than that in imported and Except for Cu, concentrations of U, As, 
Cd, Pb and Se in granule fertilizer are relatively much higher than that in leafy fer-
tilizers.  

The calculated annual addition of 238U, As, Cd, Cu, Pb and Se due to the phos-
phate fertilizers application are given in table 3. Generally, if we consider the UK 
annual allowable limit for Cd and Pb, 0.166 and 33 Kg/ha, and assuming the com-
plete accumulation of both element in soil tope surface, it will need at least 35 up 
to thousands of year to reach these limits (da Conceicao and Bonotto, 2006). 

Conclusions  

This study represents preliminary results of 238U, As, Cd, Cu, Pb and Se concen-
trations in phosphate fertilizers in Saudi Arabia. Uranium concentration is fall in 
the lower range of uranium concentrations in phosphate fertilizers from different 
countries. The annual addition of 238U, As, Cd, Cu, Pb and Se and their accumula-
tion in top soil were calculated. To reach the annual allowable limit (for As, Cd, 
Cu, Pb and Se) it will take tens or thousands of years. These calculations are theo-
retically correct but practically the situation is different, if we consider the excess 

Table 3. The annual addition# of 238U, As, Cd, Cu, Pb and Se due to the phosphate 
fertilizers application. 

Type Sample 
U-238 As Cd Cu Pb Se 

Bq/m2 Bq/kg g/ha 

G
ra

nu
le

 fe
rti

liz
er

s 

PH 1 106 1419 4.6 4.5 12 - 18 
PH 2 134 1787 - - - - -
PH 3 113 1507 4.5 4.5 13 - 17 
PH 4 76 1018 - - - - - 
PH 5 12 154 0.29 0.30 10 0.40 - 
PH 6 14 186 0.31 0.30 9 0.40 - 
PH 7 22 294 0.60 0.62 6 0.95 14 
PH 8 10 139 2.4 2.4 66 0.38 0.47

Le
af

y 
Fe

rti
liz

er
s PH 9 -  -  0.01 0.06 38 0.05 1.3

PH 10  -  - 0.12 0.12 6 0.07 1.0
PH 11 -   - 0.16 - 18 0.04 2.2
PH 12 -   - - 0.01 15 - 0.08
PH 13 -   - 0.03 0.02 - - 2.2

# Annual application rate is 600 kg/hectare (10000 m2)  
* locally produced   + imported
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application of fertilizers and the other environmental pathways of these elements 
such as water and food-chain. 
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Uranium accumulation in sandy soil in an arid 
region due to agricultural activities 
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Abstract. This work aims at studying the accumulation of uranium in sandy soil 

in an arid region due to the agricultural activities i.e. long time phosphate fertilizer 

application. Twenty eight soil samples and 14 well water samples were collected 

from 14 locations. Two soil samples were collected from each location; one from, 

20 years ago, cultivated soil and the other from uncultivated soil. Leachable and 

total uranium concentrations in soil and uranium concentration in water were de-

termined by ICP-MS. Physical (caly, silt and sand percentages) and chemical 

properties (pH, EC, major actions and major anions) of soil samples, and chemical 

properties of water samples were estimated. The mean (range) acid leachable and 

total uranium-238 specific activities in soil samples were 11.1 (7.9-19.7) and 23.9 

(21.1-27.3) Bq/kg dry weight respectively. The mean (range) of uranium concen-

tration in water samples were 24.8 (2.9-87.2) Bq/l. The effect of agricultural activ-

ities, i.e. long-time phosphate fertilization and changes of soil physical and chemi-

cal properties, on uranium concentrations in soil and underground well water were 

discussed. 
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 Wolfgang Czegka1, Frank W Junge1, Jörg Hausmann2 and Rainer Wennrich3  

1Sächsische Akademie der Wissenschaften zu Leipzig, Dept Pollutants Dynamics, 
Karl-Tauchnitz-Straße 1, 04107 Leipzig 
2Geotechnisches Sachverständigenbüro Dr.-Ing. habil. Bernd Müller, Wiesenring 
2, 04159 Leipzig  3UFZ - Helmholtz Zentrum für Umweltforschung, Department 
Analytik, Permoserstraße 15, 04303 Leipzig 

Abstract. In Central Germany the largest anthropogenic-technogenic lake land-

scape of Europe will be formed up to year 2050 by flushing of the widely ex-

tended former open-cast lignite mines. This new Central German Lake district 

(Neuseenland) consists of many small and big lakes, which corresponding to its 

typology should be serve in future for various utilizations (landscape lake, 

recreation lake, water supply service lake (see Czegka et al. 2008)). Hydrogeology 

and geochemistry of the drainage basin were characterized by collecting numerous 

data. This study is focussed on the geochemistry of uranium. The investigated lake 

waters have low to intermediate Uranium concentrations (from ≤ 2 to 12 µg/L, 

mean 3.68µg/L). Like in Lower Lusatia there is no definite correlation between 

pH and U concentration (Bozau & Stärk 2005). The study also contains data from 

Lake Zwenkau in a early stage of flooding – here the uranium content varies from 

30 –87 µg/L. A comparison with local background data  (Müller et al. 2002; 

Czegka et al. 2005) is given. 

Intro 

Central Germany, the region around Leipzig – Halle is divided on three states 
(Saxony, Saxony-Anhalt and Thuringia). This region was in the pre-mining struc-
tural state characterized on the one hand by medium-sized and small rivers in dis-
tinctive, partly wooded meadow landscapes, and on other hand by a relative lack 
of standing water bodies. Starting at about 1900 (more intensively since 1930) a 
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large-area lignite open-cast mining altered the landscape and water regime more 
intensively. With the loss of importance of the brown coal industry in the 1990ies 
the general framework changed basically. 

With regard of the shut down of the open-cast mining in the early nineties of 
the last century the remaining open-pits holes are streamed within a clear manage-
able time period. The economic reorientation of the region is aimed among others 
at the development of tourism and leisure and recreation economics in the harmo-
ny with the arising lake landscape. In order to merchandize the upcoming lake 
landscape over the state frontiers the upcoming lake landscape was named Neu-
seenland or Mitteldeutsches Seenland (english “New Central German lake Dis-
trict” NCGLD). This artificial and commercial name was accepted and established 
in the geographical thesaurus and in daily use (newspapers, ads etc.). 

Our area of interest (AOI), the New Central German Lake District covers the 
Central German lignite area in sensu strictu also all the mining area west of the 
Elbe river situated in Saxony, Saxony-Anhalt and Thuringia. In the north the line 
Osternienburg -- Dessau Gräfenhainichen - (Elblineament) forms the upper limit, 
in the south the Central German uplands between Zeitz and Altenburg. The inves-
tigation area (AOI) is limited in the west by the Mansfeld country and in the east 
by the push moraine of the Dahlen-Düben heath.  

The main subdivision of the AOI is: 
• the Weißelsterbecken ( so called Südraum Leipzig) --  
• so called Nordraum (mainly the Region Delitzsch – Bitterfeld - Gräfenhaini-

chen  
• and the Halle - Merseburger area.   

The lake landscape was divided in different subregions. For details see Czegka 
et al. (2008). As there pointed out inside the lake landscape more than 595 larger 
lakes are stand waters of various genesis exists at the moment (2008). The maxi-
mum area of a lake is 21 km², only four seas expanse more than 10 km² , the me-
dium lake size lies at 0.47 km² (47 hectares). 

Regional geogenic Uranium background 

The NCGLD is incorporated inside the catchment areas of the middle and lower 
Weisse Elster (mean anual waterflow 25 m3/s)  and the lower Saale  (mean annual 
waterflow  m3/s).  

Both Weisse Ester and Saale river are draining the saxo-thuringian industrial 
region was one of the most badly polluted tributaries in the Elbe river system (Fig. 
1). In terms of its uranium content the focus has to be turned to  the catchment 
area of the Weisse Elster, which can be divided into three sections: the mainly 
geogenic upper course; the upper middle course dominated by the aureole of gra-
nite in the western Erzgebirge and the anthropogenically contaminated tributaries 
coming from the east; and the lower middle course together with the lower course 
influenced by uranium mining in Ronneburg. The input of uranium in the lower 
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Saale is mainly from her contributaries Weisse Elster, Bode and Wipper (Hercy-
nian plutobic complexes).  

According to Müller et al. (2003), the catchment area of the Weisse Elster and 
the Pleisse can be divided in terms of geogenic background values into eight sub-
regional areas (Table 1). The background values listed in Figure 1 or Table 1 are 
means calculated from 12–20 samples containing background levels. Uranium’s 
mean geogenic background in the Weisse Elster catchment is 3.3 mg/kg. This is 
below the generally accepted argillaceous rock standard according to Turekian & 
Wedepohl (1961) of 3.7 mg/kg, but which is based on the total extract. The back-
ground value for uranium in the upper course is far lower at just 2.0 mg/kg. How-
ever, it rises to 4.2 mg/kg in the area of Berga downstream of the inflow of tributa-
ries (especially Göltzsch and Trieb) whose courses touch the west Erzgebirge 
granite complexes (Bergen and Kirchberg granites). In the Gera region the mean 
background value drops back to 3.6 mg/kg. All other sub-regions – with the ex-
ception of the Leipzig district – have values which are around or below the argil-
laceous rock standard. 

The lower Saale region (lower Saale and Wipper-Bode) is affected on a appar-
ent lower level (1.9 – 2.7 mg/kg U ). 

 
Fig.1. Lokal Uranium background (from Müller et al 2003). 
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Table 1. The local geogenic background values of uranium (in mg/kg) in fine-grained river 
sediment of the Weisse Elster and lower Saale catchment area (after Müller et al. 2003). 

River Sampling area Geogenic 
background 
for uranium 

No. of 
samples 

Landscape 

Weisse Elster 

Pirk-Geilsdorf  2 20 U-Mining 
Eula upstream of Berga 4.2 12 U-Mining 
Ahlendorf between Gera and Zeitz 3.6 16 NCGLD 
Großstorkwitz (near Pegau) 2.9 17 NCGLD 
Cospuden and Leipzig-Süd 4.6 18 NCGLD 
Rassnitz and Zöschen, SE of Halle 3.9 15 NCGLD 

Pleisse 
Münsa and Kraschwitz  2.5 12 

NCGLD 

Markkleeberg-Ost 3.1 14 NCGLD 
Mean for the area of the Weisse Elster 3.3 124   
      
lower Saale Calbe-Bernburg 2.75 3 NCGLD 
Wipper-Bode Güsten-Stassfurt 1.84- 2.6 3 NCGLD 

Materials and methods 

The data collection according the  hydrochemistry of the anthropogenic formed 
lakes in the investigation area was made by sampling campaigns which were car-
ried out in the six-month-rhythm (summer, winter) since 2004. From the about 
600 waterbodies 160 genotypic lakes came into the choice. The watersampling 
was carried out  in accordance with Selent et al. (1998). The recording of the pa-
rameters temperature, conductivity and pH was carried out with mobile instru-
ments (WTW PH 90/96, LF96) in situ. 

At selected singulary lakes data like the oxygen saturation with WTW Oxi 96 
furthermore as well as chlorophyll a with a BackScat I-Fluorometer Black-Scat 
1101.6 LP/eexCHIa/2R / Fa. Haardt Optik/ Microelectronik were sampled.. 
Opacity was measured both with the Secci disk and with the opacity probe HT 
(Fa. Lange & Co). The token water samples at were tread in a cascading micro fil-
tration (Whatman GF/C 47 mm / Satorius CA < 45 µm, 10 cm).  

Lakes 

From the more than 600 lakes of the NCGLD Description lake 14 were sampled 
for Uranium. Additional three special cases –a long-time observation on lake 
Kulkwitz, lake Zwenkau which is a lake in statu nascedni and the lake Muldens-
tausee which is circulated by a major river is given. In contradiction to the Lusa-
tian lakes described in Bozau & Stärk (2005) these lakes are with different pH 
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value, different main element chemism and in a different stage of lake genesis and 
ripening. Uranium values are listed in table 2. 

The average uranium content is 3.68 µg/L the median value 2.25 µg/L. The 
minimum is at  0.41µg/L the maximum value at 12.00 µg/L. The World Health 
Organisation (WHO) recommendations for drinking water give a provisional limit 
of 2.0 µg/L Uranium (Bozau & Stärk 2005).  

Lowest Uranium values are found in lake Goitsche and Merseburg West. Both 
are flooded with river water. Lake Merseburg West are feed by river Saale a non 
uranium contamined river. Lake Goitsche were flooded during a single flood event 
from river Mulde on august 2002 within hours. Lake Cospuden was flooded be-
tween 1992 and 2000 in major with draining water from active mines- only in mi-
nor by groundwater.  

On the other hand the maximum value (12µg/L) can be found in the lakes Sal-
ziger See and Süsser See, both subrosion lakes affected by the flushing of surface 
waters from agricultural used areas. Lakes mainly feeded by groundwater shows 
us values from 1.1 – 3.8 µg/L. 

Lake Kulkwitz  

Lake Kulkwitz is situated at the western outskirts of the city Leipzig and serves 
there as a recreation region (public beach). It derived from the two open pit Kulk-
witz North and south (closed in 1963). From 1963 till 1983 the pits were filled 
slowly with ground and precipitation water and formed today lake Kulkwitz. To-
day lake Kulkwitz is in major feed by groundwater. Lake Kulkwitz is one of the a 

Table 2. Uranium content of selected lake waters in NCGLD. 

Lake Major Elements Cond. pH SAK Th U 

    [µS/cm]   [1/m] [µg/L] [µg/L] 

Kahnsdorfer See Ca-SO4 2640 3 84 2.3 3.6 

Stausee Rötha  Ca-Mg-SO4-HCO3 904 7.7    4.8 

Markkleeberger See Ca-SO4-HCO3 1839 8 5.6   1.1 

Störmthaler See Ca-SO4 1928 3.4 22.58 0.87 2.9 

Cospudener See Ca-Mg-SO4 1908 7.4 24.2   0.82 

Restl 397 Theisen Ca-Mg-Na-SO4 1875 7.8 15.74   1.5 

Geiseltalsee  Ca-Na-Mg-SO4-Cl 1588 8 10.18   1.7 

Süßer See Ca-Mg-Na-SO4-Cl 1594 8.4 10.7   12 

Salziger See Ca-Mg-Na-SO4-Cl 11120 7.7 26.8   12 

Goitsche Ca-SO4-HCO3 737 7.5 8.32 0.017 0.57 

Merseburg-West Na-Ca-Cl-SO4 6570 6.7 7.8   0.41 

Kulkwitzer See Ca-SO4 2050 7.6 1.7   2.8 
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long term observation objects of the SAW working group (see e.g. Hausmann 
2006). The surface area is about 150 ha the maximal deep at 30m (mean deep 
17m) his volume about 27 million m3. It is a water from the Ca-SO4 type  

In the context of the long term observation from 1997 till 2004 analyses of ura-
nium are available. In figure 2 you can see the  development of the U content at 
the surface at Kulkwitz North from1997 to 2004. It changes from 2.2. to 3.3 µg/L. 
The mean and median value is 2.8.  

Figure 3 shows us a typical deep section at Kulkwitz North . It is accurate to 
see that the surface is light enriched and from –1 m till the stratum at 27 m  the 
uranium content doesn’t change.  
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Fig. 2. Time series (1997-2004) of Uranium on surface water lake Kulkwitz North. 
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Fig 3. Uranium depth profile on lake Kulkwitz North. 

Lake Muldestausee 

Lake Muldestausee derived from the former lignite open pit “Tagebau Muldens-
tein “(1955 - 1975). In 1975 the redirected river Mulde flooded the former open 
pit which was closed at his lower side with a dam. This redirection allowed the 
rise of the Goitsche open pit which was before 1975 covered partly by the riverbed 
of the Mulde (for details see Zerling et al. 1999). 

Since 1975 the river flows through  lake Muldestausee and makes this lake 
unique in the NCGLD. The flow is a discrete path inside the lake water body. The 
surface of lake Muldestausee is 6.05 km2 and the max deep of 30 m and the vo-
lume is about 18 Mio m3. 

Samples were taken on three locations at the incoming river and left and right 
the main stream in the lake water body (fig. 4) . Also here the uranium content on 
surface of the water body is lightly enriched. According investigations in Junge & 
Jendryschik 2003 the enrichment factor is 1.12 in epilimnion (data basis time se-
ries Sept 1992 based on 60 samples from epilimnion and 33 from hypolimnion).  
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Fig.4. Sample points and depth profile on lake Muldestausee. 

Flooding of Lake Zwenkau 

The new “Lake Zwenkau” in the southern outskirts of the city of Leipzig 
(“Südraum Leipzig”), arises in the hollow form of the former opencast lignite 
mine Zwenkau (till 1969 named opencast mine [Tagebau] Böhlen I+II) which was 
started in 1921 and shut down officially on 30-09-1999.  

The initial flooding of the future lake started in autumn 2006 with mine drain-
ing water from active open cast mines and shall end in 2013 (supporting water will 
supplied till 2018). With about of 10 km2 surface the “Lake Zwenkau” will form 
the largest standing waters of the new Leipzig Neuseenland (New Leipzig Lake 
District) and will count under the 50 largest lakes in Germany (Regionalforum 
Mitteldeutschland 2007, Czegka et al. 2006). The water body of lake Zwenkau has 
an high potential of acidification caused by parts of the lignite tailings. On reason 
of the planned integration in the future regional drainage network, the hydrochem-
ical development of Lake Zwenkau is in the special interest. 

Geological Background 

From regional geological view the open-cast mine Zwenkau lies in the “Weißels-
terbecken” more exactly at the Knautnaundorf-plateau only the east end  merely 
extends  up to the Weisse Elster flood plain . Here the brown coal leading layers 
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(Borna layers) are large-arealy extensive bearings of coal leading seams, arose at 
the southern margin of the Weisselster-Basin. The Borna layers  were build at the  
litoral during the Lower Oligocene (after older nomenclature Middle Oligocene) 
and topped by sediment overlays (Böhlen layers). Later in the Pleistocene pre- and 
early glacial river terraces (Eissmann 1994 ) were accumulated. The last were 
overlayed by and intercalated with glacial sediments (varved clays, till, glaciof-
luvial sands) from Elsterian and Saalian times. Weichselian sediments (loess, 
fluvial gravels) and Holocene river sediments (gravels, alluvial clay) complete the 
sequence. 

During the Holocene the coverage of the recent floodplains started. During the 
lignite mining the excavated material of the overlying Böhlen and quaternary lay-
ers were mixed tilted. The tailings inside the Zwenkau open cast mine consist 
mainly of an mixture of marine fine grained sands (Grauer Sand and Muschel-
sand), coarse clay (Brauner Schluff, Bänderschluff, Glaukonitschluff and Mu-
schelschluff), quaternary gravels, sands and silts. The marine sediments are bur-
den with pyrite. Several areas with know strongly differentiated geochemical 
content on reason of mining methods can be defined (Wiegand 2002). 

Hydrogeological and hydrological Situation 

The essential ground water aquifers are in the Tertiary and Quaternary. Only 4 of 
the 5 general ground water aquifers in the southern Leipzig area were exposed in 
the open-cast mine Zwenkau. The general ground water flow direction went of the 
southeast to the northwest (Glässer 1995). 

For the digging of the lignite in situ, it was necessary to lower the aquifer inten-
sive in a larger area. Because of the result of the dehydration the ground water-
level was lowered with irreversible results for the area water balance far beyond 
the limits of the real mining area, what led to a collapse of the hydrochemical and 
hydrodynamic balance. Currently the hydrochemical and hydrodynamic system is 
still in change.  

Water  

Since the end of 2004 from the laugh at the bottom water drainage station the 
Lake Zwenkau is developing continual. This growing Lake Zwenkau is fed by 
four potential water sources: 
• Ground water 
• Precipitation water 
• Feeder water from the mining area 
• Tailings residual water 

As a fifth source – charging water from River Weisse Elster- is in discussion. 
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Ground water 

The pH value of the groundwater are despite of the high chemical charge in the 
pH range of 5.8 to 6.5 (we can call it low to weak acid). The conductivity  range is 
from 1700 to 2000 µS/cm (Wiegand 2002) . An overview about the chemical con-
tent is given in figure 5. We can it classify as a Ca-Mg-SO4 defined – water. 

Precipitation water 

The Südraum Leipzig is distinguished by his low precipitation. The mean precipi-
tation is 577 mm/a during the period 1996-2006. Specially in the time during 
march till September the evaporation is higher than the precipitation, in general 
we can denote the region as a region of water deficiency. The pH of the rain it self 
is between 5.6 and 6.8; conductivity lies between 130- 140 µS/cm (Wiegand 
2002). As main cation elements Ca and NH4 are dominant in the precipitation wa-
ter. As mayor anions sulphate and hydrogen carbonate can be named. In general 
the rain water can be described as sulphatic hydrogencarbonatic earthalkaline 
water.  

Tailings residual water 

We can differentiate the tailings area high and low kaolinite content nevertheless 
pyrite is ubiquitous. In the kaolinite rich regions inside the „V” shaped tailings 
rain water is collected and caught. Since dewatering stopped groundwater enforces 
this process. In rainy month these laughs in the “V” shaped tailings never fell dry. 
The caught water leaches the sediment and became a high salinary leachate which 
flows slow but continuous in small streams towards the Lake Zwenkau. Figure. 5 
shows the development of conductivity in the tailing lake in “W5” (waterbody 5 
[W5]) (Czegka et al. 2007). Conductivity varies between 5800 –4900 µS/cm. The 
pH is almost stable at 2.5 - 2.8. We can classify this water as an Mg-Ca Fe-SO4 
defined water. Here the uranium content lies from 59 – 37 µg/L and from 2006 till 
2007 a discrease can be seen.  
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Fig.5. Uranium content in Waterbody 5 (W5) of lake Zwenkau 2006-2007. 

Infiltration water 

Since end of 2006 about 15–17 qm3 water from the working lignite mine Profen 
discharged to lake Zwenkau. These water consists from a mixture of different 
groundwater. Mean pH is about 7, conductivity ~ 1000µS/cm. Chemistry is domi-
nated by the Ca-Na -SO4-HCO3 water type. 

Development of the waterbody Lake Zwenkau  

Since middle of 2004 from the draining water laugh around the drainage station on 
the deepest point of the lignite mining area Zwenkau the development of Lake 
Zwenkau started. In October 2006 the discharge of infiltration water from the ac-
tive open pit Profen commenced. Since this time the sea level rises about 1,5 cm a 
day.. During this 2006- 2008 the conductivity decreased from 9600µS/cm to 
~2800 µS/cm. The solved evaporation residue reduced from 4900mg/L to 3500 
mg/L . The pH of the salinity water varies between 2.4 and 3.0 – but no general 
tendency can be seen. It lies with in the Iron buffer system and is driven by the Fe 
content of the tailings. The chemistry of the lake water is a hard Ca –Mg-SO4 de-
fined water. As shown in figure 6 the uranium decreased simultanly from 90 µg/l 
to 30 µg/L. Uranium is highly coupled with the Fe content (regress coefficient  
0.994). Other sources of U in the former lignite open pit is lignite which has  ura-
nium concentrations from 3-6 mg/kg (Bozau & Stärk 2005) with is slightly higher 
than the U contents of the upper crust (0.91 mg/kg), the arguillious standard (3.61 
mg/kg) or the local regional background (2.69-3.10 mg/kg). 
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Fig.6. The development of the uranium (in µg/L) and iron (in mg/L) content in lake 
Zwenkau waterbody from 2004 to 2007. 

Conclusions 

In Central Germany the largest anthropogenic-technogenic lake landscape of Eu-
rope will be formed up to year 2050 by flushing of the widely extended former 
open-cast lignite mines. 

The investigated lake waters have low to intermediate Uranium concentrations 
(from ≤ 2 to 12 µg/L, mean 3.68µg/L which is above the WHO recommendations 
for drinkwater). The Uranium content depends from main water supply. Like in 
Lower Lusatia there is no definite correlation between pH and U concentration 
(Bozau & Stärk 2005).  

The example of the flooding of lake Zwenkau shows that in initially states of 
flooding  the oxidation product of weathering - mainly the sulphate, the still avail-
able acid and the high iron concentrations are mobilizing Uranium. 
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Abstract. Linchang Uranium Mine is a small mine/mill complex and left 17 adits 

inclined shaft (V 1850) and 4 open raises after closure. Among them, 5 adits and 

the inclined shaft overflowed water, containing radioactive and non-radioactive 

constituents, such as, U, 226Ra, Cd, Cr6+, As, Pb, Cu, Mn, SO42- and F-.  

All adits and inclined shaft released radon with concentrations of 0.126—

14.9Bq/L at the exits.  

The adits and inclined shaft with overflowing were flooded by combination of wa-

ter-proof dam and curtain grouting, and the other adits were sealed by placing rock 

walls and open raises without overflowing were closed by backfilling.  

All adits, inclined shaft and open raises were permanently closed down after back-

filled with clay soil or mixed soil outside the water-proof dams and rock walls.  

All adits, open raises and the inclined shaft do not release radon and waste water 

after closing down. 

Introduction 

Lincang uranium mine is a small mine/mill complex. It began production in 1970 
and was closed in 1994. The uranium mine extracted ores of No.Ⅱ, Ⅲ, Ⅴ, Ⅵ, Ⅷ 
mining area containing pyrite. The mill process adopted filtration leaching of non-
crashed ore by H2SO4 and MnO2, and extraction of settled leachate by organic 
phase. The final product was (NH4)4UO2(CO3)3. 



216       Lechang Xu et al. 

Session III: Mine closure and remediation processes 

The uranium mine left 1 tailings pile, 18 mining waste piles, 2 open pits, 39 
surface subsidence pits, 4 patios, 17 adits and 1 inclined shaft. The remediation 
began in 2001 and completed in the end of 2007. 

The adits and inclined shaft released radon and water containing radioactive 
and non-radioactive constituents, resulting in adverse environmental impact. 
Therefore, it is important to close the all the adits and shaft so as to stop to release 
radon and water from the adits and shaft. 

Study Area 

In this region, annual average temperature is 16.8 °C~17.7 °C; average precipita-
tion and evaporation is 1163.9 mm and 1580.9 mm, respectively.  

The orebody is hosted by the lower formation containing coal of Neogene se-
diments of intermont nonmarine Mengtuo Fault Basin NE-SW orientated as base 
of Lincang granite. The strata are quaternary (Q) and clasolite bed containing coal 
(N2), sandstone- conglomerate bed (N1-(2+3)) and granite clasolite bed (N1-1) of 
Neogene sediments from upper to lower. 

The hydrogeological type of the mine is medium. Conglomerate containing 
uranium ores is the main aquifer. There is not any complete aquitard. under and 
above ore bed. Groundwaters are mainly porous phreatic water and interstrated 
unconfined water. There is local interstrated confined water and fissure confined 
water. There is hydraulic relation between surface water and groundwater. Hy-
draulic connection also exits between different aquifer. Groundwater type is fistly 
SO4

2-.HCO3
--(K++Na+), HCO3

-.SO4
2- -(K++Na+), secondly, HCO3

-.SO4
2--

(K++Na+).Ca2+.Mg2+. 
The uranium ores were mined by conventional open pit and underground me-

thods by combination of adit and inclined shaft development (Fig.1). 

 
Fig.1. Development of �, � mining area. 
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Environmental Issues of the Adits and Inclined Shaft  

Linchang mine left 17 adits and 1 inclined shaft (V 1850) after closure. Among 
them, 5 adits and the inclined shaft overflowed water, containing radioactive and 
non-radioactive constituents, such as, Cd, Cr6+, As, Pb, Cu, Mn and SO42-, ex-
ceeding relevant regulatory limits (Table 1). Additionally, the adits and the in-
clined shaft were releasing radon. Radon concentrations at the exits were 
0.126~14.9Bq/L (Table 2). 

Closure technologies of adits and inclined shaft 

Flooding is the most environmentally friendly, technically safest option to limit 
contaminated water from the underground mine to overflow. VI 1880, V 1880, V 
1990, III 1925, III 1942, II 1925 adits and inclined shaft with overflowing and po-
tential overflowing were flooded by combination of water-proof dam and curtain 
grouting, and the other adits were sealed by placing rock walls and open raises 
without overflowing were closed by backfilling (Fig.2 ~Fig.7). 

All adits, inclined shaft and open raises were permanently closed down after 
backfilled with clay soil and mixed soil respectively, outside the water-proof dams 
and rock walls. Effective radium of grout spreading is 0.4m. Grouting fluid ingre-
dient is water: cement 1:1, accelerator of 0.5% sodium chloride and 0.05% Trie-
thanol Amine and suspension agent of 7% kaoline and 10% PCC (a water-tight 

Table 1. Overflowing water chemistry, mg/L (except flow m3/d, 226Ra Bq/l, and pH)a 

Location flow U 226Ra Cd Cr+6 As Pb Mn SO4
-2 F- pH 

II 1925 15.1 31.8 0.782 1.00 5.700 8.478 3.125 2.67 2455 2.90 2.47 

V 1850 105 0.39 6.16 0.015 1.667 0.095 0.277 2.76 1381 2.02 4.95 

III 1925 52.0 0.01 1.40 0.001 0.733 0.015 0.025 1.11 104 0.57 6.10 

III 1942 9.68 0.005 0.035 0.016 0.333 0.094 0.025 0.42 20.2 0.24 5.95 

limit  0.05  0.005 0.05 0.05 0.05 0.1 250 1.0 6.5-8.5 
a U and 226Ra: annual mean; non-radioactive constituents: single monitoring in dry season. 

Table 2. 222Rn concentrations of air at the exits of the adits and inclined shaft (Bq/L)  

location �1972 �1950 �1948 �1948 �1925 �1964 �1942 �1934 �1925 
222Rn 14.9 1.04 0.126 0.412 3.29 0.212 0.306 1.55 10.7 

     
location �1925-1 �1925-2 �1947 �1934 �1942 �1900 �1800 �1850 �1880 

222Rn 4.77 1.34 2.90 0.325 3.24 0.825 1.68 0.150. — 
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patent material). The 0.2m gap between the two water-proof dams constructed in a 
flooding adit and some curtain grouting boreholes around the adits wall between 
the two water-proof dams are used to grout. 

 
Fig.2. Cross-section of sealing adits and inclined shaft with drainage. 

Fig.3. Sealing cross-section of adits and inclined shaft without drainage. 

Fig.4. Diagrammatic cross-section of grouting holes for water blocking of inclined shaft. 
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Fig.5. Grouting holes display of 1st and 3rd row for water blocking of inclined shaft. 
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Fig.6. Grouting holes display of 2nd row for water blocking of inclined shaft. 

           
Fig.7. The inclined shaft before and during closure 
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Conclusions 

Linchang Uranium Mine is a small mine/mill complex and left 17 adits�1 in-
clined shaft (V 1850) and 4 open raises after closure. Among them, 5 adits and the 
inclined shaft overflowed water, containing radioactive and non-radioactive con-
stituents, such as, U, 226Ra, Cd, Cr6+, As, Pb, Cu, Mn�SO4

2- and F-. All adits and 
inclined shaft released radon with concentrations of 0.126—14.9Bq/L at the exits. 

The mine developed shallowly and has mainly porous phreatic water and inter-
strated unconfined water with less water yield. Therefore, it is the most effective 
remediation method to plug and seal the underground mine by curtain grouting 
and /or backfilling. All adits, open raises and the inclined shaft do not release ra-
don and waste water after remediation.  
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Abstract. During the 1950s and 60s uranium was mined at 13 locations in the 

South Alligator Valley of Australia’s Northern Territory. At the completion of 

mining sites were simply abandoned and there was no remediation as this was not 

then a legal requirement.  

The paper describes the planning and consultation stages, experiences involving 

the cleaning up of remnant uranium mill tailings and the successful implementa-

tion of the initial remediation works at a number of sites. In conclusion, the paper 

describes the on-going planning and design processes for the final remediation 

works, which are due to be completed in 2009. 

Introduction 

Uranium mining has been more or less continuous in northern Australia’s Pine 
Creek geosyncline since 1949. The location of the area is shown in Figure 1. The 
first mine was at Rum Jungle, shortly followed by the discovery and exploitation 
of the South Alligator Valley (SAV) uranium field (Annabel, 1977). An associated 
mine was at Sleisbeck, about 40km to the southeast of Guratba (Coronation Hill) 
in the headwaters of the Katherine River. More than 50 radiological anomalies 
were found in the SAV and between 1955 and 1964, 13 of these were mined for 
uranium. The mines were all relatively small and infrastructure that developed in 
parallel with the mines included roads, two major settlements, several smaller 
camps, a battery and an ore treatment site, and a small mill using solvent extrac-
tion technology. The total production from these mines was about 875t U3O8. At 
the end of mining the sites were all simply abandoned, there being no legal re-
quirements for remediation (Waggitt, 2004).  
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Fig.1. Location map 
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Stages 1 & 2 of the Kakadu National Park were created in areas to the north of 
the SAV in 1979. At the same time there was an expressed intention to include the 
SAV in a later extension as Stage 3 of the Park. Throughout the development of 
pastoral and mining activity there had been no effective consultation with the  Ab-
original Traditional Owners of the land (TO’s). 

Planning the modern remediation  

In the early 1990s a program to reduce radiological and physical hazards was im-
plemented at the 13 mine sites. This involved the sealing of adits and shafts, the 
dismantling of the mill, cleaning of radioactive ore and tailings residues and burial 
of all of this material at a number of locations in the valley (Waggitt, 1998). It was 
planned to be a hazard reduction program and was not intended to be a full remed-
iation program and no plans for full remediation of the sites were made at that 
time. 

In 1996 the Gunlom Land Trust (GLT) was successful in its land claim over the 
former Gimbat pastoral lease. The GLT is the sub-group of the Aborginal Jawoyn 
Nation that represents the TO’s who are the specific custodians for the lands with-
in which the project is located. This group numbers less than 70 persons. Once the 
land claim was granted it was agreed that the GLT would lease the area back to 
Parks Australia for continuing use as part of Kakadu National Park. However, a 
clause in the lease required that the authorities “develop and implement a plan of 
rehabilitation to limit and, where possible, reverse the impact on the environment 
of all former mining activities” by the end of 2015. 

Throughout the mining period there had been little or no consultation between 
those exploiting the area and the TOs. Early in this modern planning process con-
sultation began with the establishment of a Consultative Committee. This commit-
tee was set up with a majority of TOs and the remainder being representatives of 
the various State and Federal Government Departments and other authorities in-
volved in the remediation programme.  

During the remediation project the members of this consultative committee de-
veloped a great deal of mutual trust and respect, with all parties contributing to a 
process that is transparent and relevant to everyone involved. The TOs consider 
they are responsible for the management and well being of the land and those 
people using it, with the association going back over 40,000 years (Press & Law-
rence, 1995). Also the TOs have a system of community decision making that is 
built around consensus rather than the western notion of “democratic majority 
rule”. Thus the time scale for decision making by TOs seems a lot longer than 
“westerners” might be accustomed to; hence patience and understanding are es-
sential elements in such cross-cultural situations. 

In 1997, during the early stages of the planning process it was made clear by 
the TO’s that a number of cultural issues would have to be borne in mind when 
drawing up the rehabilitation plan. They emphasized that the special cultural signi-
ficance of the whole area had to be acknowledged when decisions were being 
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made on how work was to proceed. In particular this meant limiting the use of ex-
plosives and heavy machinery to avoid excessive noise that might disturb malevo-
lent spirits located in the area. 

After an appraisal process was completed all the sites were divided into two 
groups: those sites with radiological issues and those without. This enabled the 
initial remediation planning to go ahead whist radiological standards for site 
clean-up were developed and negotiated with the relevant authorities. Also it was 
decided that the site at Sleisbeck would be amongst the earliest to be remediated. 
As the furthest location it offered the greatest logistical challenge and could also 
be used as a test and development site for methods of road construction and filling 
operations to be used elsewhere. 

The remediation works 

The planning process took several years to complete as each stage had to be ap-
proved by all the stakeholders before moving on. Also funding could not be 
sought until the plan was complete. The planning was held up by the need to un-
dertake additional studies. These included looking at groundwater conditions to 
determine levels and the extent of hydrocarbon pollution around a former fuel sto-
rage area; in addition there were some new radiation surveys (Tims et.al, 2000). 
Also the discovery of asbestos in many of the buildings and around former camp 
sites required special studies and the engagement of specialist clearing contractors. 
Finally in 2005 the Commonwealth Government created a budget for the remedia-
tion works and the planning stage was completed. Following a conventional ten-
dering process the first remediation field work began in the dry season of 2007. 
The sites included in the first season’s earthworks plan were Guratba (Coronation 
Hill) and Sleisbeck. 

Sleisbeck  

Sleisbeck site is located approximately forty two kilometres east of Guratba (Co-
ronation Hill). The site access road was an un-maintained 4WD track in generally 
poor condition. There is one crossing of the South Alligator River required be-
tween Guratba and Sleisbeck. 

The main works undertaken at this site were in three phases: 
• Upgrading of the access track between Guratba and Sleisbeck. 
• Sleisbeck Pit - backfilling of pit with material from adjacent truck dumps fol-

lowed by placement of a cover layer of material sourced from nearby costean 
spoil piles and disused formed roadways. 

• Sleisbeck Pit area - backfilling of selected costeans that presented a potential 
safety hazard to humans and/or fauna. 
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Sleisbeck access track  

Along the track the upgrading works were restricted to grading of the track surface 
where required, some minor realignments, decreasing approach and departure an-
gles through drainage courses and construction of a new crossing point at a loca-
tion on the South Alligator River. For cultural reasons track upgrading works were 
limited to the minimum amount required to achieve safe and efficient access. 

Preparation of the access rack for mobilization of the contractor’s camp and 
equipment was a straightforward operation.  The minor upgrading of the track re-
duced the travel time between Guratba and Sleisbeck in a four wheel drive vehicle 
from approximately two hours to just under one hour.  

Sleisbeck pit and surrounding area 

The first task to be undertaken was to pump out the pit in preparation for backfil-
ling. The water was no more than 5 metres deep at the deepest point. Previous 
analysis had shown the water to be non-hazardous and so it was simply pumped to 
a nearby seasonal swampy area. After pumping there was a layer of sediment/mud 
across the floor of the pit approximately one metre thick which was left in-situ.  

The earthworks contract called for the reclaiming of five areas of waste rock 
(truck heaps), and the placement of that material in the open pit. Prior to com-
mencing reclaiming the truck heaps it was necessary to clear the majority of the 
vegetation covering them. The rationale for removing the vegetation was mainly 
to minimise the amount of organic material likely to be incorporated in the re-
claimed truck dump material and placed in the pit backfill; also it was decided to 
preserve the trees for spreading back over the stripped areas at the end of the job 
to provide fauna habitats and to assist in the establishment of new vegetation.  

Reclaiming of the waste rock from the five truck dumps was completed over a 
period of approximately seven days, using all-terrain dump trucks (ADT). A Ca-
terpillar D400 Water Truck operated dust suppression throughout the period when 
the ADT’s were hauling. Water for dust suppression was sourced from the Kathe-
rine River, approximately three kilometres east of the pit. 

Waste rock was placed in the pit in nominal one metre thick layers and was wa-
tered and track-rolled before the next layer was placed. Additionally the trucks’ 
routes were varied through the pit to further assist compaction of these layers. No 
specific compaction specification was required, as the purpose of compaction was  
simply to maximise storage capacity in the pit. 

After taking gamma readings across truck heap #3 the decision was made to 
leave one section of it undisturbed. This decision was based on the fact that all 
gamma readings across that area were at background level and additionally the 
area had a significant cover of mature vegetation.  As well as the background 
gamma readings, this area could be visually distinguished by the colour of the 
waste material.  The colouring of this material was consistent with the near surface 
clayey-gravels exposed in the pit wall and in surrounding costeans and had proba-
bly been mined as un-mineralized overburden.  
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A radiological hot spot had been identified on the northern wall of the pit dur-
ing earlier field investigation programmes. The contract specified that “Depending 
on the final fill level of the pit, it may be necessary to place additional quarry ma-
terial against the pit high wall in order to cover a section of elevated radiological 
activity.  The section of elevated radiological activity in the pit highwall is to have 
a cover of a minimum thickness of 1.0 metre vertically and horizontally.” It was 
not necessary to place additional fill to cover this section, as backfilling the pit 
raised the surface level of the fill to approximately the topography that would have 
been present prior to mining.  

Previous studies and field undertaken by the Environmental Research Institute 
of the Supervising Scientist (eriss) had defined three areas of increased radiologi-
cal activity within the waste rock of the truck dumps. Prior to reclaiming the waste 
rock, these three sites were located and gamma readings taken with a hand held 
instrument; additionally their co-ordinates were recorded by GPS to facilitate their 
location after the waste rock had been reclaimed. Once work was completed the 
sites were re-visited and the second gamma survey showed that the clearing opera-
tion had been successful. The survey results are in Table 1 above. 

The inert cover material for placement over the truck heap material was 
sourced from two locations. The first was spoil piles remaining from when 
costeans were excavated on the flood plains immediately to the east of Sleisbeck 
pit. This material was ideal to provide the majority of the cover layer and was 
spread across the backfilled pit surface in a single layer to a nominal depth of 700 
mm, without compaction. The second source was a disused track to the north-east 
of the pit which provided material for the upper 300 mm layer. The track was built 
across the floodplain in the 1960s and had been constructed from fill to provide an 
elevated pavement. This fill had been sourced from a quarry in the next hill east of 
Sleisbeck pit. This material was selected for use as a rock armouring layer over 
the pit due to its higher content of more competent erosion-resistant material.  

Once all the waste rock had been recovered from the truck heaps the footprint 
of each area was ripped to a depth of approximately 300 mm in order to break up 
compaction and provide a moisture retaining seedbed for subsequent revegetation. 
Once the shallow ripping had been completed, the stockpiled cleared vegetation 
was spread back across the ripped areas. Revegetation of the site was undertaken 
in December 2007 using local provenance seed to the greatest extent possible. An 
inspection undertaken early in 2008 has confirmed that the works have come 
through the first wet season successfully. 

Table 1. Radiological outcomes at the Sleisbeck site. 

Site Coordinates* -  Zone 53L γ  before 
μSv/hr 

γ  after 
μSv/hr Easting Northing 

Site 1 0264959 8475606 10.0 0.10 
Site 2 0265092 8475584 14.0 0.60 
Site 3 0264994 8475688 7.0 0.25 

* WGS 84 datum 
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Guratba (Coronation Hill) 

Guratba site (formerly known as Coronation Hill) is located approximately 16.5 
kilometres east of the Gunlom Road “T” intersection and access to the site is a 
maintained (narrow) public road requiring one crossing of the South Alligator 
River between the “T” intersection and Guratba.  

Guratba is of great significance to the Gunlom Land Trust traditional owners 
and as with Sleisbeck there are significant cultural restrictions that had to be taken 
into account and complied with when planning and undertaking these works.. 

Guratba site had been left in poor condition as a result of mining and explora-
tion activities that have occurred at the site over the past 50 years, most recently in 
the late 1980s. These activities were, for the most part, abandoned with minimal or 
no attempt at rehabilitation. The exploration benches for drill rig access on the 
eastern side of the hill were visible from a great distance both from the ground and 
the air. Ongoing (active) erosion had been observed on the hillside due to water 
collection and concentration on the benches, and there were numerous open (un-
capped) exploration drill-holes across the site. No significant radiological or geo-
chemical issues had been identified at this site during the preliminary assessment 
works. In the early stages of planning for this work a number of possible working 
methods were explained to the TOs for their consideration and approval. 

The overall objective of works at Guratba was to remove the visual impacts of 
all previous mining and exploration activities. The basic rehabilitation concept 
was for the site to be “landscaped” with minimal ground disturbance using the 
smallest sized equipment practicable. This was achieved by returning the material 
that had been cut to form the benches back to the approximate positions it been 
excavated from to “smooth” the hillside. In addition all the open drill holes were 
to be plugged. 

As well as the “landscaping”, senior TOs had requested that a small stockpile 
(~200 m3) of black rock, located near the lower adit at the toe of the hill, be re-
turned to the open cut. This carbonaceous rock (black rock) had been mined from 
underground workings in the hill and the TOs identified this material as “the es-
sence of Bula” (a malevolent spirit being) and that it must returned to the hill for 
safety. 

Once the work using the selected earth moving option was completed the whole 
site was re-vegetated to establish a tree and grass cover that would eventually 
blend in with the surrounding countryside. An inspection undertaken in 2008 at 
the end of the wet season showed that the earthworks had stood up well with very 
few erosion concerns and very little maintenance would be required in the dry sea-
son. 

Future plans 

In the dry season of 2008 work will be undertaken on the remaining sites, includ-
ing the removal of asbestos from some camp site locations. It is hoped that by the 
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end of 2008 all the remaining sites will be ready for final remediation and the de-
sign for containment of radioactive wastes will be approved by the regulatory au-
thorities so that project, including the building of the containment can be com-
pleted by the end of 2009. This containment will be used for the disposal of the 
radioactive materials arising from the hazard reduction programme. The various 
smaller repositories in the SAV will be excavated and their contents relocated to 
the new final containment structure. The final steps in the project will be the de-
velopment and implementation of an agreed stewardship programme, including 
monitoring and surveillance activities. 

Conclusions 

The result that is being achieved at both Sleisbeck and Guratba is a combination of 
science, technology, social awareness and pragmatism. The chosen set of options 
provide a trade–off between radiological dose, risk, legal compliance and the long 
term stability of containments on the one hand; and respect for traditional beliefs 
and values, such as minimizing disturbance to country, protection of sacred sites 
and ceremonial places, meeting social concerns and observation of tradition on the 
other. The process by which these outcomes are being achieved has been devel-
oped over time and may be unique. However the process, although having many 
site specific features, does stand as an example of cross-cultural co-operation of 
which all parties can be justifiably proud. 
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Abstract. Uranium mining in Slovenia was conducted by the state owned compa-

ny RŽV started relatively late compared to other East European countries. During 

the short time of the production activities in the Žirovski Vrh Mountains from 

1982 to 1990 in total 452 t of U3O8 have been produced. Besides an underground 

mine the company has run a milling and processing plant which produced the yel-

low cake. Mining and milling resulted in various waste rock and tailings piles si-

tuated close to the mine site. After 1990 an extensive remediation program started 

in spite of the fact that the company had paid considerable attention to protect the 

environment during the production phase. The total remediation costs are esti-

mated at about 86.3 Mio € with about one third to be spent between 2006 and 

2010. The main remediation effort is connected with the closure of the under-

ground mine workings and the stabilisation and covering of the mill tailings pile. 

The paper outlines the general remediation strategy which is followed for the clo-

sure of the mine as well as the stabilization the waste rock and mill tailings piles. 

Several site specific problems which occurred during remediation and specific re-

medial solutions implemented are discussed. To show general trends followed in 

the remediation of uranium mining legacies this still ongoing project is compared 

to closure projects conducted in other countries. 

Introduction 

The only uranium mine in former Yugoslavia was located at the Žirovski Vrh 
Uranium Mine (RUŽV) which is today on the territory of the Republic of Slovenia. 
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Uranium mining and milling was conducted in close distance to the town of Skof-
ja Loka about 45 km west from Ljubljana. Uranium mineralization in the ore bear-
ing sandstone formations was discovered in 1960, while exploitation of the deposit 
started in 1982. A milling and processing facility was constructed in the vicinity of 
the mine where the production of yellow cake began in 1984. As in other Eastern 
European countries uranium production ceased without any preparation in 1990. 
At the Žirovski Vrh uranium mine this was right at the end of the ramp-up phase 
when the planned production capacity had been reached. As a result the mined 
uranium ore was just a small part of the prospected reserves of 16,000 t U3O8 of 
the deposit. 

In total only 610,000 tons of sandstone ore with an average uranium content of 
0.7 kg U/t were processed. About 452 t of yellow cake were produced. During the 
operation 3.307 Mio t of rock material was excavated: This included 630,000 t of 
high grade ore, 206,000 t of low grade ore and 2.468 Mio t of mine rock waste. 

As at other uranium mining operations in the Eastern European countries no 
remediation strategy existed with the necessary funds allocated when production 
was stopped. The former mining company started to prepare remediation plans, 
technical documentation as well as budget plans for a controlled end of mining ac-
tivities including the reduction of the environmental impacts in the short and long 
term. Insufficient funding resulted in a significant delay of the start of physical 
remediation works as late as 2001. Based on planning documents a governmental 
decree was stipulated in 2001 fixing the extent of the remediation works and set-
ting a time and budget schedule. The remediation works were scheduled for the 
years 2001-2005. The total project costs for the remediation within this pro-
gramme were estimated at about 36 Mio €. 

During the time period between 1990 until the start of the works in 2002 the 
company had been assuring the safety of the mining and milling objects. Within 
this time (1991-2000) the dismantling of the milling and processing facilities was 
conducted including the safe removal of the process chemicals on the base of the 
operating license. In 1994 a landslide occurred at the mill tailings site Boršt. A pa-
leoslide below the base of the pile had been activated resulting in an continuous 
displacement of up to 1.5 m within a 4 year period. The sliding occurred under the 
western part of the tailings pile with clearly visible movements on the top of the 
pile. To stabilise the landslide by reducing the water inflow from the hinterland a 
dewatering tunnel with drainage wells was constructed in the bedrock below the 
tailings impoundment between 1994-1996.  

General Remediation Strategy 

Closure of the underground mine 

The underground mine extends 2,000 m in NW-SE and 150 m in NE-SW direction 
with a depth of up to 180 m. About 60 km of underground mine workings were 
built mostly with a profile to allow trackless mechanization for production and 
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transport. The uranium ore was mined by room-and-pillar work from 14 blocks 
with 200 m width on 4 horizons. 

Backfilling of all mine openings was considered not feasible. Therefore mainly 
partial stabilisation and dewatering measures were conducted. The closure of the 
underground mine workings was finished in 2006. The closure plans considered  
• Removal of contaminated materials from the mine as well as the dismantling of 

the technological equipment, 
• Backfilling of mine workings connected to the soil surface,  
• Backfilling of geotechnical unstable parts of the mine, 
• Implementation of a mine dewatering system, 
• Measures for reduction of long-term contaminant release and 
• Demolition of surface mining objects. 

The backfilling of open shafts and adits was conducted for geotechnical stabili-
sation and to avoid unauthorized access to the underground mine workings. In ad-
dition geotechnical instable blocks situated close to the soil surface were back-
filled with concrete. This was supposed to avoid cracking of the roof leading to 
ground settlements which would have also influenced groundwater inflow into the 
mine openings from an upper aquifer.   

The deepest mine access was by the adit P-10 at the bottom of the Brebovčica 
valley. Only a small volume of open mine workings were below this valley level. 
It was therefore possible to discharge all infiltrating mine waters using this adit. 
The remediation concept assumes that a flooding of mine workings will not occur. 
Therefore special attention was focussed on ensuring a long-term stable dewater-
ing regime. Dewatering channels and drainage pipes were constructed to collect 
and discharge the mine waters to the central mine water outflow via the former 
adit P-10. The discharge system was constructed with redundant elements at cen-
tral parts such as the mine water discharge through pipes in the backfilled adit P-
10. Collection of sediments by dams are to ensure the long-term function of the 
system.  

The volume of discharged mine water is in the range of 60-100 m3/h and not 
expected to rise in the long-term. Uranium concentrations are less than 0.3 mg 
U3O8/L and, as other constituents, well below emission limits. An increase of the 
concentrations is not expected in the long-term since preferential flow paths were 
implemented in the mine workings and water flow was diverted from ore contain-
ing parts of the mine. Mine workings with higher ore concentrations were back-
filled. Additional drainage boreholes were drilled from the mine workings to col-
lect groundwater and thereby to avoid direct contact of the water with the ore 
body. Closure of mine workings furthermore led to a reduction of air ventilation 
limiting oxidation processes which might have resulted in an increased mobilisa-
tion of contaminants. The discharged mine water is continuously monitored but 
treatment is not necessary. 
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Relocation of mine waste rock to a central pile 

Close to shafts and adits numerous, mainly temporary mine waste rock piles with 
small volumes were deposited during active mining. They resulted from the geo-
logical exploration, the mine construction and the ore exploitation periods. This 
mine waste rock with in total 470,000 tons of material was relocated to the central 
mine waste rock pile Jazbec. The footprint of the mine waste rock piles and the 
auxiliary mine structures at the surface were remediated and revegetated. 

Remediation of the mine waste rock pile Jazbec 

Between 1983 and 2003 about 1.716 Mio. t of mine waste rock was deposited at 
the central pile Jazbec which was built in a narrow valley. In addition about 
0.197 Mio t of low grade ore and 48,000 t of red mud from water treatment were 
dumped on this pile. After remediation of local piles waste rock material was relo-
cated onto the waste rock pile Jazbec. The total area of the waste pile is 6.7 ha.  

Parts of the valley bottom the pile was built on are marshy. Therefore at the 
bottom of the pile a drainage system was constructed which was made up of drai-
nage pipes connected to a culvert in the centre line of the former valley. Later sur-
face water discharges from the hinterland were also diverted into the culvert which 
is now situated below the pile. The average annual water discharge from the cul-
vert is about 30 m3/h (see Figs. 1 and 2). 

The results of environmental monitoring show that the original drainage system 
has deteriorated. As a result seepage water from the pile is flowing into the under-
lying carstic bedrock. The objectives of the remediation consist in a reasonable re-
duction of the inflow of precipitation water into the pile and a reduction of surface 
water directed into the culvert at the bottom of the pile.  

Remediation of the mine waste rock pile consists of 
• Contouring of the mine waste rock pile to a general slope of 1:2,75 (20°)  with 

3 m wide berms placed in a vertical distance of 12 m, 
• Construction of a cover with a total thickness of 1.95 m using autochthonous 

material from a borrow pit in the vicinity of the pile owned by the mining com-
pany RUŽV in combination with provisions for a safe surface water discharge, 

• Improvement of the drainage culvert by excluding surface water inflow and 
long-term stabilisation by backfilling with drainage material. 
Construction works at Jazbec started in 2006 and will be finished by the end of 

2008. 
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Fig.1. Mine waste rock pile Jazbec before remediation (October 2005 ). 

 
Fig.2. Jazbec pile after contouring and cover construction of the eastern 
slope (2007), at the bottom the outlet of the culvert draining to the 
Brebovčica creek. 
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Remediation of the mill tailings pile Borst 

During uranium processing 0.61 Mio t of mill tailings were generated and depo-
sited at the tailings pile Boršt. The tailings were trucked to the pile site about 2 km 
from the mill and dumped on a hillside. The pile area was covered by a sealing 
layer of clayey material including a drainage system. Two springs at the site were 
collected and the water was discharge through a pipe at the bottom of the pile.  

The tailings pile has an area of 4.2 ha. The tailings were partly dumped on a pa-
leoslide which was activated during the beginning of the 1990ies. About 3/5 of the 
tailings body is dumped on instable ground. The landslide was stabilised by con-
structing a drainage tunnel between 1994 and 1996. An interim cover made of ma-
terial from the tunnel construction was placed  on the tailings pile to reduce radon 
emissions. 

The original design of remediation measures for the mill tailings site prepared 
in 2000 had to be considerably changed in 2005 when it became clear that the tail-
ings pile was geotechnical instable due to the infiltration of precipitation and see-
page waters into the tailings body.  

Therefore as a precondition for cover construction stabilization measures be-
came necessary including the construction of  
• a rock dam toe, 
• a pore water drainage curtain executed by drilled piles backfilled with drainage 

material, and 
• a drainage trench to capture hinterland water inflow. 

A high quality cover should guarantee a significant reduction of infiltrating 
precipitation. The cover will contain a sealing layer made of clay material and a 
storage layer from autochthonous material. 

Construction works started in 2007 and will be finished by 2009. 

Comparison with other uranium mining remediation 
projects 

Scope of work 

Abrupt closure of uranium mining and milling activities occurred in most Eastern 
European countries. As in Eastern Germany, Slovenian and Bulgarian production 
immediately stopped when the political changes took place at the beginning of the 
1990ies while countries such as the Czech Republic and Romania have been con-
tinuing active uranium mining and milling even though with reduced capacity. In 
the Czech Republic the operations at Europe’s last underground uranium mine in 
Rožná were indefinitely extended in May 2007 with reserves expected to allow 
mining till 2012. In Hungary uranium mining stopped in 1997 after the govern-
ment made the decision for mine closure already in 1994 ensuring a transition 
time from production to remediation.  
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As in other countries in Slovenia no preconditions for a controlled transition 
from the production to the closure phase were existent when mining stopped. Re-
mediation had to start from one day to another. The duration of the transitional pe-
riod depended on various aspects. The problem of provision of a sufficient fund-
ing was of major importance as well as the planning and permitting procedures. 
While remediation of the uranium liabilities in Eastern Germany was financially 
founded basically on the WISMUT-Act in 1991 ensuring a total budget of 
6.2 billion. € for the remediation, this process lasted in Slovenia till 2001 when the 
“Novelty I of the programme of closeout of uranium ore exploitation in RUŽV” 
passed the parliamentary process.  

Considering the uranium produced the mining an milling operation in Slovenia 
was rather small compared to the other East European Countries since the mining 
activities were just at the beginning of the exploitation of the uranium deposit 
when mining ceased (Table 1).  

Remediation activities include the closure of the underground mines and open 
pits, stabilisation and covering of mine waste rock and tailings piles and removal 
and cleaning of milling and processing sites. Depending on the extent of mining 
operations the size of the objects to be remediated differs. As already described 
the remediation project in Slovenia is very special due to the small amount of ura-
nium produced while facilities were designed for a greater production volume.  

Organisational Structure 

Most remediation operations in the Eastern European Countries have in common 
that the former mining company is also in charge for the remediation of the min-
ing and milling sites. However, the workforce was drastically reduced in all cases. 
The organisational structure of the remediation activities differs significantly in 
the various countries influencing the share of planning and construction works 
provided by own personnel.  

In case of the remediation in Slovenia RUŽV mainly manages the project in-
cluding maintenance and monitoring activities, while design, construction and su-
pervision is contracted. This is comparable to the situation in Estonia where the 

Table 1. Uranium produced in Eastern European Countries till 2004 by mining and milling 
[OECD 2005] 

Country Total Uranium Production  
[t U] 

GDR 219,316 
Czech Republic 109,061 
Bulgaria 16,735 
Hungary 21,084 
Romania1 18,079 
Yugoslavia1 382 
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company Ökosil Ltd. acts as project co-ordinator and implementation manager for 
the remediation of a former tailings pond at Sillamäe.  

In other countries the successor of the mining company not only manages the 
operation but also realises considerable quantities of design and physical work. In 
these cases the companies were also reorganised that either the company or it’s 
spin offs take over responsibilities of other remediation projects. In Hungary the 
company Mecsek-Öko is not only responsible for the remediation of the mining 
and milling liabilities but also manages the remediation of a former copper mine 
in the northern part of the country. The same appears for the Czech company 
DIAMO which apart from continuation of uranium and base metal mining became 
responsible for the remediation of decommissioned coal mines and waste oil la-
goons of the Ostrava region. This assures that the wide experience gained during 
mining and remediation activities is transferred and effectively applied.  

Financing 

The extent and intensity of remediation projects is influenced by the available 
funds. All uranium mining operations in Eastern Europe have in common that no 
provisions were made for the remediation of the mining and milling liabilities. 
Therefore remediation had to be financed in mainly from the state budget, which 
was in most cases the reason for insufficient or unsteady funding. The develop-
ment of remediation strategies e.g. for tailings piles was supported by various pilot 
projects on systematic remediation planning and on the transfer and training of 
western technical tools in the frame of an EU Phare Multi-Country program for 
Environment. This program, implemented from 1996 until 2000 in nine eastern 
European countries, has been integrated well by the beneficiaries in their own 
conceptual and detailed remediation planning (Hähne et al. 2007). Some of the 
remediation projects received additional support from extensive EU programmes 
(as e.g. Bulgaria) or from other multi-country programmes (Estonia). Neverthe-
less, for most of the countries the main funding had to be secured from the state 
budget.  

Remediation of the mining and milling legacies in Slovenia was mainly boosted 
by a loan agreement between the Republic of Slovenia and the European Invest-
ment Bank (EIB). This loan of 20 Mio. € contributed a significant share of the 
originally estimated remediation costs of 36 Mio. € for the 5 year term between 
2001 and 2005. It was furthermore important for the commitment of the govern-
ment to a successful realisation of the remediation when it appeared that the costs 
will significantly increase due to site specific conditions which were not fully con-
sidered in the original designs. The RUŽV remediation case also shows that a sig-
nificant share of costs is attributed to delays of remediation work in the 1990ies 
due to missing funding. During that time the existing conditions had to be main-
tained without substantial progress in the remediation.  
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Table 2. Total expected remediation costs at RUŽV 

Period Funds (Million EUR) 
2006 - 2010 28,6 
1990 - 2005 57,7 
1990 – 2010 Total 86,3 

Long-term activities 

The Slovenian Radioactive Waste Agency (ARAO) will be responsible for the 
long-term stewardship after a 5 year transition period beginning at the end of the 
remediation work. The remediated mining objects will remain without economic 
use. All other land owned by the mining company will be transferred to public 
ownership or returned to the former owner. At the former mill site an industrial 
zone has been successfully introduced by different small entrepreneurs. Similar 
concepts for revitalisation of the mine sites also exist in other countries. 

Unlike other projects long-term water treatment which may require significant 
funds is not necessary at Žirovski Vrh due to the fact that the concentrations in the 
mine and seepage waters are within the authorized limits. In addition there are no 
groundwater contaminations existent or expected in the future. At other remedia-
tion sites water treatment activities will be necessary over years to decades to 
avoid e.g. adverse impacts on drinking water resources such as in Hungary, or to 
surface and groundwaters as in East Germany (Paul et al., 2008).  

Outlook and Conclusions 

Remediation at Žirovski Vrh will continue until 2010 followed by a 5 year transi-
tion period where the stable conditions of environmental impacts will be achieved 
and a final declaration of the effectiveness of remedial measures can be issued. As 
for other remediated uranium mining and milling projects long-term monitoring, 
maintenance and care will be required to ensure the function of the constructed 
elements.  

Compared to other remediation projects the specific costs for remediation, re-
lated to the amount of uranium produced, are considerably higher. The main rea-
sons are to be attributed to (1) the early termination of the production, (2) a signif-
icant delay of the start of physical work due to insufficient funding and (3) to site 
specific conditions requiring special effort for e.g. additional geotechnical stabili-
sation measures. The organisational structure of RUŽV is oriented to manage the 
remediation and to ensure appropriate environmental and operational monitoring. 
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Abstract. As a part of the project “Crust formation as CO2 sink” (supported by the 

Saxon State Agency of Environment and Geology) the feasibility of catalysed 

crust formation in mining residues was investigated by means of lab and field ex-

periments. The sites for field studies included a former lignite mining site as well 

as a dump and tailings from former uranium mining. Project purpose was to in-

vestigate the occurrence of metal binding crust formations induced by CO2 infil-

tration, but also to investigate the possibility to use post-mining sites for CO2 

sequestration. 

Introduction 

The capture and storage of CO2 (CO2 sequestration) is increasingly an option as 
strategy in the context of a climate protection (Duckat et al., 2004). For the storage 
of CO2 two options were currently discussed: storage in the ocean or in geological 
reservoirs. The geological storage is seen as a promising possibility of CO2 sto-
rage in near future. The discussion on the oceanic CO2 storage is dominated by 
considerable uncertainties in the scientific findings and the unclear legal frame-
work (Duckat et al., 2004).  

The scope of the project was the investigation of strategies for CO2 sequestra-
tion by crust formation in former mining sites. Crust formation (formation of sec-
ondary minerals, hard pans and gels) is one of the recent subjects under investiga-
tion (Hurst, 2005; Graupner et al. 2007; Rammlmair, 1997; Rammlmair & Meyer, 
2000; Rammlmair & Grissemann, 2000). The formation of crusts and hard pans 
has been observed in mining dumps, located in Central Europe. Generally, hard 
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pans are formed by precipitation of colloids, circulating in soil pore water. They 
eventually agglutinate the soil particles to crusts marked by reduced pore volume 
(Rammlmair & Grissemann, 2000). In former investigations was found that hard 
pan formation can cause metal binding by sorption in mine dump sites. The inves-
tigation of CO2 sequestration strategies like calcination became a highly advanced 
scientific topic in the recent years. In connection with crust formation another 
form of CO2 sequestration as calcination has not been documented in the literature 
yet. 

Lab and Field Investigations 

Scope of work 

The project was divided into two stages. In a first stage - lab scale - column tests 
were performed considering representative profiles from dump and tailings ma-
terial and using CO2 as gas input. In an accompanying investigation stage a similar 
experimental arrangement was realised on field scale. Following types of mining 
waste were considered: lignite overburden site Nochten (Lusatia), uranium tailings 
pond Lengenfeld (Vogtland) and uranium waste rock dump Schneeberg (Ore 
Mountains), see figure 1 for location.  

 
Fig.1. Location of the field testing sites in the Free State Saxony, Germany. 
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Lab and field studies included gas and water analysis, soil investigations, iso-
topic studies, and mineralogical analysis. The supporting investigation methodol-
ogy included: 
• hydrochemical characterisation of the processes studied, using lab analyses, but 

also geochemical models, 
• water balance calculations and geohydraulic characterisation of the test fields 

using models for the gas and water phase, 
• mineralogical characterisation of the supposed crust formation using minera-

logical analyses and geochemical modelling, 
• characterisation of CO2 flow and transformation processes using isotope data 

and process analysis. 
Within the frame of the research project the central question was not only if a 

crust formation with the help of CO2 can be induced, but also the process mechan-
ism of a potential CO2 sequestration. Previous studies have shown crust formation 
as effective way to reduce or eliminate heavy metal and radionuclide output  from 
mining dump sites and tailings and consequently a improvement of the quality of 
leachate. A lasting crust formation can also be used for geotechnical stabilisation 
of mining dumps and tailings. 

Conception of Lab and Field Tests 

The first step was the investigation on laboratory scale with the help of column 
experiments using representative profiles from the lignite overburden site sites, as 
well as waste rock dump sites and tailings of former uranium mining sites. Ac-
companying investigations were implemented in the field scale. The columns had 
a total height of 130 cm and a diameter of 30 cm (see Figure 2). To measure the 
carbon dioxide concentration at the column head, a drainage layer was installed. 
There was further realised a discontinuous irrigation with distilled water and a 
continuous fumigation using technical CO2.  

Following types of columns were operated accompanying each field test site: 
• one column containing waste rock dump material without fumigation as refer-

ence column, 
• two columns containing waste rock dump material with CO2 fumigation, 
• one column containing waste rock dump material fumigated with CO2 and a 

cover of fly ash and soil mixture. Purpose of the fly ash was to stabilise the pH 
for catalysis of the crust formation. 
Water supply of the columns was realised by a sprinkling system. The required 

quantity was 125 ml of water per column. Column and field test site leachate were 
analysed for pH, electrical conductivity, selected heavy metals including uranium, 
cations, anions, CO2, O2, and grain size distribution. 
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Figure 3 shows the setting of the field sites. The need for field tests resulted 
from the scale problem to reproduce the natural situation. It was not expected to 
reach comparable stable conditions during the period of operation of the columns. 
The technical implementation included the installation of drainage pipes for water 
extraction and gas input. Gas input was controlled by a gas dosage system. The in-
stallation of a barrier for leachate collection was necessary in Nochten and 
Schneeberg due to the high permeability of the dump material. The dump material 
should remain more or less undisturbed, so that changes in boundary conditions 
(density, stratification, particle size distribution, permeability) should be reduced. 
The duration of the operation of the test fields was at least one year using . The 
test sites were exposed to natural precipitation. 

The analysis of the solid waste rock dump material showed suitable conditions 
for the discharge of carbon due to their physics and geochemistry for the field sites 
in Lengenfeld and Schneeberg. The leachate of both sites had a higher pH value 
(Schneeberg 9.4, Lengenfeld 8.7), avoiding a situation of acidification. In Lengen-
feld was found an increased barium level (170 mg/kg), in Schneeberg increased 
arsenic (680 mg/kg), barium (1700 mg/kg) and manganese levels (1900 mg/kg). 
These elevated concentrations were not found in the leachate. The waste rock ma-
terial of Nochten had a very low pH, caused by acid mine drainage. This situation 
led to acidification and mobilisation of heavy metals.  
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Fig.2. Setting of the lab columns. 
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Geochemical Investigations, Isotope and Mineralogical Analysis 

Following types of modelling workings were performed:  
• Water balance using CoupModel and flow modelling using Hydrus-2D on the 

test fields,  
• Geochemical modelling of the columns using PHREEQC, 
• Gas balance modelling. 

12/13C-Isotope measurements were performed to ensure the origin of carbon and 
investigate changings in the carbon distribution of solids, leachate and gas. Fol-
lowing types of mineralogical analysis were carried out:  
• Microscopic analysis of solid samples, 
• Scanning electron microscopy (SEM), 
• Element analysis using Energy X-ray micro-analysis (EDX). 

Results 

Lab and Field Tests: Concentrations of Metals 

The results of the metals content of Lengenfeld site showed a decreasing content 
for As, Zn and Pb in the lab tests with CO2. In the field tests with CO2 was found a 
decreasing content for U and Ni, see table 1. This situation indicates that these 
metals were bound to the matrix during the tests. 
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Fig.3. Setting of the field sites. 
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Table 1. Behaviour of metals during the lab and field tests of Lengenfeld site.  

Type of test Content de-
creasing 

Content after 
peak decreasing 

Content in-
creasing 

Stable content 
stable 

Lab tests with CO2 As, Zn Pb Ni, Cu U 
Field tests with CO2 Pb Ni As, Zn Cu, U 

 
The results of the metal contents of Schneeberg site showed a decreasing con-

tent for Pb, Zn and U in the lab tests with CO2. In the field tests with CO2 was 
found a decreasing content for U, Zn and As, see table 2.  

Table 2. Behaviour of metals during the lab and field tests of Schneeberg site.  

Type of test Content de-
creasing 

Content after 
peak decreasing 

Content in-
creasing 

Stable content 

Lab tests with CO2 Pb Zn, U As, Ni, Cu  
Field tests with CO2 U Zn, As  Pb, Cu; Ni 

 
The results of Nochten site showed a decreasing content for Ni and Zn in the 

lab tests with CO2. In the field tests it was not possible to get enough leachate to 
establish time series of parameters, see table 3.  

Table 3. Behaviour of metals during the lab and field tests of Nochten site.  

Type of test Content de-
creasing 

Content after 
peak decreasing 

Content in-
creasing 

Stable content 

Lab tests with CO2 Ni Zn As, U Cu, Pb 
 

In the tests was indicated a clearly positive influence of the fly ash identifiable 
by increased pH (Nochten) or stabilised pH (Lengenfeld and Schneeberg), so con-
ditions for stabilisation of the test geochemistry could be provided. 

Geochemical Investigations and Modeling  

The leachate analysis served the characterisation of water components. It was 
found a changing in the geochemical system from a Ca-SO4 water to a Ca-SO4-
HCO3 water in Nochten and Schneeberg, so significant amounts of CO2 were 
bound in the system. In Lengenfeld the same water type Ca-SO4 was found all 
time, therefore may be concluded that the geochemical system Lengenfeld has the 
highest storage capacity for CO2. With regard to the capacity of CO2 storage in the 
geochemical system the study sites can be characterised as follows: Lengenfeld > 
Schneeeberg > Nochten. The geochemical modelling with PHREEQC resulted in 
mineral species dominated by oxides, hydroxides and silicates after fumiga-
tion.The highest absolute binding of CO2 was observed in Schneeberg columns. 
There was observed a significant pH stabilising effect caused by the fly ash cover 
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in the Nochten (pH 4) and Lengenfeld (pH 8.7) columns. The mechanism of CO2-
binding can be described as fixing in the pores of the rock material, so mineral 
formation can occur in case of over-saturation of the pore water. But, generally 
has to be stated that the investigation period was to short to measure a formation 
of secondary minerals. 

Isotope and Mineralogical Investigations 

All measured values of exhausted gas were around -23 ‰ and thus in the field of 
δ13-C reference values for C3-plants. Since the gas from the bottom of the column 
has been abandoned, the CO2 of the exhaust has to be produced by the column ve-
getation. The δ13-C values of the leachate samples ranged from -20 to -29 ‰ and 
therefore differ significantly from the δ13-C value of the irrigation water with 17 
‰. This is an indication for geochemical changes. The δ13-C values of the refer-
ence columns were around -9 to -11 ‰. The δ13-C values of the columns contain-
ing ash without fumigation were around -8 to -11 ‰. The measured δ13-C values 
of the columns with fumigation with ash were between -8 and -12 ‰. With help of 
the carbon balance and the δ13-C-isotope studies for all columns was found that 
the CO2-amounts do not cause a carbonate precipitation yet, but an increasing 
concentration of HCO3 in the pore water. The modelled increase of the saturation 
indices of the columns reflected also this situation, so CO2 sequestration potential 
has to be evaluated taking into account the kinetics to form a new mineral. The re-
sults of the mineralogical investigations confirmed the PHREEQC modelling and 
showed mainly Fe/Mn-hydroxides as surface cover in the samples. A relevant cal-
cium enrichment as note for a possible crust formation was found in the samples 
of Schneeberg and Lengenfeld enabled by the neutral pH.  

Conclusion and Outlook 

The results of the investigations have shown that a binding of CO2 in post mining 
sites is feasible. The effectiveness of CO2 sequestration depends on the composi-
tion of the mineral matrix and the pH of the soil system. 

During the CO2 input in columns and test fields, the saturation index for vari-
ous minerals increased significantly. As the investigation results show, the binding 
of CO2 happened in the pores of the soil matrix. There is a significant CO2 binding 
potential in the waste rock dumps and tailings of former uranium mining sites. 
Due to the climatic situation (low temperature, high rainfall), the kinetics of the 
reactions, however, in comparison to crust formation processes in arid landscapes 
is much slower. No CO2 binding was observed in the test materials of the lignite 
overburden site Nochten due to the very low pH in the mining waste. A positive 
influence of fly ash as soil cover was observed, especially in test columns with 
originally acidic to slightly alkaline pH range. Lab experiments and modelling 
have shown a binding of CO2 in the system. These results were confirmed by the 
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field tests. Although the formation of crusts as secondary minerals and/or hard pan 
formation was not measured due to the short investigation period, the models 
showed that at a longer time scale this must be the binding mechanism.  

A verification of these binding mechanisms during further investigations is 
necessary. Further tests should cover a longer period and the selection of the expe-
rimental conditions considering pH and composition of the mineral matrix of the 
soil to find optimum conditions for a sustainable crust formation. Additionaly to 
post-mining sites, areas containing clayey material with neutral soil pH should be 
included in the investigation programme. In case of testing agricultural land, the 
influence of the CO2-content on plant growth should be included in the investiga-
tion programme in order to use potential synergies due to plant ecology and the 
soil potential as CO2-sink. In this case potential soil salinisation has to be taken in-
to account. Additionaly, further topics should include the detailed investigation of 
mass balances and strategies for technical applications. A potential application 
field can be seen in the injection of CO2 during the process of precision farming. 
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Abstract. An overview of the essential features of groundwater transport of radio-

active contaminants in a saturated porous media is presented and used in an inte-

grated bi-dimensional phenomenological model of transport and fate. The concep-

tion and the assumptions implicit in the model are described. The output results 

are then compared with values estimated by different mathematical space interpo-

lation techniques applied to experimental sample measurements obtained in the 

surroundings of a contaminated site. These interpolation methods allowed evaluat-

ing the spatial variability of the contamination, defining the contour of the plume. 

These values are then compared to those produced by the transport and fate model. 

This methodology was applied to uranium and radium, due to their special envi-

ronmental concern. 

Introduction 

Groundwater is an important pathway for transport of radioactive contaminations 
in the subsoil. But this type of contamination is difficult to sample and monitor, 
requiring great dependence on models to predict the fate and transport as well as 
the variation of concentration along this pathway. 

The contaminated groundwater may be considered a potentially significant ex-
posure pathway if the radionuclide concentration in the groundwater exceeds the 
legal levels, or if the contamination at a particular site could eventually provoke 
the radionuclide concentrations in groundwater to exceed trigger values. If the 
concentrations of radionuclides in the groundwater downflow from the site, or in 
leachate at the site, exceed these values, and the groundwater in the vicinity of the 
site has the potential to be used as a source of drinking water, it is likely that 
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groundwater modelling will be useful, if not necessary; it is also an unavoidable 
support tool for the eventual decision of site remediation. 

An important step in groundwater modelling is identifying the type and ap-
proximate quantities of the radionuclides present. This will not only determine the 
potential offsite impact, but it will also help to identify the magnitude of the risks 
to potential exposed receptors, the radionuclides mobility and the time period over 
which the radionuclides may be hazardous. The types of radionuclides will also 
determine whether radioactive decay and the ingrowth of radioactive daughters are 
important parameters that will need to be modelled. On the other hand, the ability 
to reliably predict the rate and direction of the groundwater flow and contamina-
tion transport has a critical role in planning and implementing groundwater reme-
diation. This paper presents an overview of the essential components of ground-
water water flow and contaminant transport modelling in saturated porous media. 
It is described the methodology used in groundwater modelling flow, the results of 
different mathematical interpolation techniques and software tools used to evalu-
ate the spatial variability of radionuclides and define the underground contamina-
tion plume.  

A contaminated site from a former uranium mine was taken as a case study. To 
evaluate the level of contamination in the site and in its vicinity, the radionuclides 
of the U-chain, in particular for uranium and radium concentration, were moni-
tored in the groundwater of the site. Data from sampling points including holes 
and wells were used to assess the extension of radium and uranium contamination 
in groundwater. 

Methods and Results 

Radionuclides leach from the tailings, move downward through the unsaturated 
zone to the water table, and then migrate in the saturated ground water system. 
Usually, these calculations are broken down into three linked sub-pathways: (i) 
leaching of contaminants from the tailings, (ii) vertical movement of the dissolved 
contaminant downward to the water table through the unsaturated zone, and (iii) 
migration of the contaminant in saturated ground water to the receptor point. 

We developed a previous model for simulating the radionuclides release from a 
uranium tailings pile and its migration process through the soil to the groundwater 
that is already published (Dinis and Fiúza 2005). We will present here the meth-
odology developed to estimate the necessary parameters for modelling groundwa-
ter flow. 

The release concentration of a radionuclide depends upon characteristics of 
both the waste and the site. In particular, for solid-waste disposal sites, a very im-
portant feature in radionuclides transport is the distribution of the nuclides be-
tween the aqueous and the solid phase. The distribution is characterized by the Kd 
parameter, which expresses the fraction of an element in solid form relatively to 
the fraction in soluble form. The following equation estimates the leachate con-
centration under equilibrium partitioning conditions (Dinis and Fiúza 2005). 
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( )dL KρDθA/MC ⋅+⋅⋅=  (1) 

In the above equation, CL (Bq/m3) is the leachate concentration; M (Bq) is the 
amount of radionuclide in the source (Bq); A is the area of the source (m2); θ (di-
mensionless) is the volumetric water content, which depends on saturation ratio 
(Rsat); ρ (g/cm3) is the bulk density and Kd (cm3/g) is the distribution coefficient.  

Under saturation conditions the saturation ratio is equal to unity (Rsat = 1) and 
for unsaturated conditions it is a function of the infiltration rate I (m/yr), the satu-
rated hydraulic conductivity, Ksat (m/yr), and also of the texture of the soil given 
by a soil-specific exponential parameter b (dimensionless). The saturation ratio 
can be estimated using the following equation (EPA 1996): 

( ) ⎟
⎠
⎞

⎜
⎝
⎛

+⋅= 1b2
1

satsat K/IR  (2) 

The Radionuclides Transport  

Radionuclides may be transported through the unsaturated zone before reaching 
the saturated zone. Nevertheless, the contamination may also enter directly into 
the saturated zone. 

In the unsaturated zone, the flux moves predominantly downward until it 
reaches the water table. A simple approach is used to estimate the flux transport 
time through the unsaturated zone. The water velocity for transport through the 
unsaturated zone, Vv (m/yr), may be estimated by the average infiltration rate, I 
(m/yr): 

θ/IVv =  (3) 

This parameter, I (m/yr), is given mathematically by a water balance equation 
based on the mass conservation law and is estimated as a function of the precipita-
tion rate, Pr (m/yr), irrigation rate, Ir (m/yr), runoff (Cr) and evapotranspiration 
(Ce) coefficients: 

( ) ( )[ ]rrre IPC1C1I +⋅−⋅−=  (4) 

Under saturated conditions, Darcy’s law may be used to describe the volumet-
ric flow of water through a porous medium. Radionuclide velocity transport esti-
mative is based on water seepage velocity: for the contaminants that flow with wa-
ter, contaminant velocity is the same as water velocity (vertical and horizontal). 
Groundwater seepage velocity may be calculated by the Darcy’s velocity, V 
(m/yr), and by the soil effective porosity (εe): 

epw ε/VV =  (5) 

Dissolved radionuclides may be transported at velocities lower or equal than 
the flow velocity of the aquifer due to sorption process. The retardation factor, R 
(dimensionless), is used to estimate the time that it takes to transport the radionu-
clides to a defined distance and can be estimated by the expression: 
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( ) de Kε/ρ1R ⋅+=  (6) 

Transport and fate of radionuclides in groundwater follows the theoretical ap-
proach of the transport processes represented by the basic diffusion/dispersion-
advection equation. For the case of unidirectional saturated advective transport of 
a single dissolved substance with three-dimensional dispersion in an isotropic ho-
mogeneous aquifer, the differential equation for solute transport can be approxi-
mated as follows (EPA 1996): 
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In this equation C (Bq/m3) is the concentration in the liquid phase; Dx, Dy, Dz 
(m2/yr) are the dispersivities in the x, y, z directions, respectively; λ (yr-1) is the 
radioactive decay constant and Vpx (m/yr) is the x component groundwater pore 
velocity. This expression may be solved by Green’s functions to estimate the con-
centration in the aquifer at some point downgradient of the release where is lo-
cated the exposition point or the water supply well (EPA 1996).  

For a horizontal source of length L and width W centred at (0,0,0) in an aquifer 
of constant depth b, as shown in figure 1, the solution for the generic equation be-
comes (EPA 1996): 

( ) ( ) [ ])t,x(Z)t,x(Y)t,x(XRε/MC e0 ⋅⋅⋅⋅=  (8) 

The release to the aquifer is given by M0 (Bq) and X, Y, Z are the Green’s 
functions in the x, y, z coordinate directions, respectively. The Green’s functions 
for the boundary conditions defined may be expressed by the following equations 
(EPA 1996): 
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Fig.1. Groundwater dispersion model (EPA 1996). 
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b
1Z =  (11) 

The elapsed time is represented by t (yr) and “erf” is the error function. 

Case Study 

A contaminated site from a former uranium mine was taken as a case study; the 
Urgeiriça site located in the central Portugal, near Nelas (Viseu). The mine is sur-
rounded by small farms and country houses, with most of the local population liv-
ing in the village Canas de Senhorim within about 2-km of the mine. 

The mine’s exploitation began in 1913 for radium extraction. The activity of 
the Urgeiriça mine was maintained until 1945, then exclusively dedicated to the 
production of radium. In 1951, a chemical treatment unit for the production of 
low-grade U3O8 concentrates was built and in 1967 it was transformed into a mod-
ern unit with the capacity to treat about 150 ton of ore per day (Bettencourt et al. 
1990). Later, it was enlarged to a capacity of 300 ton/day and after to 600 t/day. In 
1991 classical mining explorations ended, but the facilities were still used until 
2000 for the treatment of liquors produced by heap leaching of marginal ores from 
small mines in the surroundings as well as groundwater from the Urgeiriça Mine, 
previously exploited by in-situ leaching. During almost a century, the total ura-
nium concentrate (U3O8) production reached about 4730 ton, in addition to the ra-
dium salts, produced until 1945. 

The extensive treatment of uranium ores at the Urgeiriça processing plant has 
led to the production of large amounts of solid wastes (tailings) which were depos-
ited into dams in open-air areas. A prominent tailing pile is located near the mine 
(Fig. 2) occupying an area of 13,3 ha with an estimated volume of 1 390 000 ± 40 
000 m3 (Pereira et al. 2004). 

The tailings are composed mainly of sand and silt particles that were trans-
ported as a pulp to the site from the solid-liquid separation by CCD1, after being 
submitted to grinding and acid leaching. This waste material includes most of the 
radioisotopes of the uranium decay chains as well as other hazardous chemical 
elements resulting from the treatment process.  

Rain water may infiltrate through the surface of the tailings, interacting with 
sludge materials and acid producing minerals, becoming strongly acid; eventually 
these acidic solutions may dissolve and transport radionuclides leading to the 
groundwater contamination. 

                                                           
1 CCD – Counter Current Decantation 
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Fig.2. Aerial photo of Urgeiriça site. The village of Canas de Senhorim is located at the up-
per left corner of the tailings pile identified as BV – Barragem Velha (Old Dam) (Google 
Earth). 

Using this model, a simulation was done for a release rate of radionuclides (M0 
in Bq) to an aquifer with a constant thickness of 3 m, originated by an horizontal 
contaminated source of length 425 m and width 625 m, centred at a point source 
with coordinates (212.5, 312.5, 0). 

The necessary parameters were adopted from different sources: some resulted 
from data collected in the Urgeiriça tailings piles (Exmin 2003), others from data 
given previously by the National Uranium Company (ENU) and also from pub-
lished data (Bettencourt et al. 1990; Pereira et al. 2004). The unknown parameters 
were estimated from available data. 

Data concerning meteorological parameters, namely precipitation and evapora-
tion were used for estimating the infiltrating water rate into the contaminated 
zone. The precipitation and evaporation data refers to the Caldas da Felgueira me-
teorological station (located at about 3 km to SE of the tailings pile).  

A total area of approximately 133 000 m2 was considered for the contaminated 
site. The radionuclide concentration was considered homogenous and equal in all 
the contaminated area: an average value for each radionuclide concentration was 
used. Specific hydrogeologic parameters were considered for each zone where the 
radionuclides transport occurs, namely for the contaminated tailings, for the un-
saturated zone and for the saturated groundwater zone; this means that we used 
different densities, porosities, hydraulic conductivities, distribution coefficients 
and thicknesses. An hypothetical well water supply is considered to be located at 
the downgradient edge of the contaminated zone.  

Sampled measurements on uranium and radium activity in groundwater from 
the Urgeiriça site were used for comparison with the model results.  
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The analytical values show somehow similar values with those produced by the 
model. The average value for total uranium in the water at the location of the hy-
pothetical well was about 1,6 Bq/L and for radium was about 0,4 Bq/L. According 
to the output of the simulation these values are achieved within the first 30 years 
after the aquifer became contaminated. These results correspond to an effective 
dose of 0,053 mSv/yr for 238U and of 0,082 mSv/yr for 226Ra, considering an an-
nual ingestion rate of 730 L and an effective dose coefficient of 4,5 x 10-5 mSv/Bq 
and 2,8 x 10-4 mSv/Bq for 238U and for 226Ra, respectively.  

Two sampling campaigns were done at this site by Exmin (2003). The main 
goal was to evaluate potential seasonal variations in the chemical composition of 
the groundwater from the contaminated site and surroundings. 

The water samples were collected in wells (66) and holes (26) in two different 
periods, June and November of 2001 (Exmin 2003). Only some of these sampling 
points were considered for this study, according to their higher probability of be-
ing contaminated. One of the criteria for the selection of the samples was the rela-
tion between its location and the source; samples collected upstream and to higher 
distances from the contaminated source have a lower probability of being con-
taminated by the past mine activities (Pereira et al. 2004b).  

 
Fig.3. Location of the water samples collected at Urgeiriça uranium mining site. 
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In figure 3 are represented the sample points location for wells (P17, P18, P19, 
P20, P21, P31, P32 and P35), holes (F3, F4, F5, F6, F7, F8 and F9) and piezometers (S1, 
S2, S3, S4, S5, S6, S7, S8, S9 and S10). Data from 26 different points were analyzed 
for chemical and radiological parameters, namely for uranium and radium.  

Table 1 shows a summary for the basic statistic parameters of uranium and ra-
dium concentration in groundwater for all the sampled points. 

A simple observation of this table shows that the uranium concentration is sig-
nificantly high, presenting as maximum 28,73 (Bq/L) and although the average 
value for radium is not severe (0,284 Bq/L), the maximum value is significantly 
high (1,47 Bq/L). However, and in particular for uranium, the analytical values 
showed a high variability for concentration (20 to 30 %) depending on the season 
in which the water samples were collected. 

With the purpose to analyze the preferential direction of the contaminated sam-
ples, which have the presence of mining activities, a geostatistic study was per-
formed for radium and uranium content in the selected water samples. 

Different software were used: GMS (Groundwater Modelling System) and 
Surfer. Also different interpolation techniques were used in GMS software, in-
cluding directional variogram analysis. This software has a powerful suite of in-
terpolation tools in a two-dimensional geostatistic.  

The following interpolation techniques were used from GMS software: linear 
interpolation (simple linear interpolation based on a triangulation of the scatter 
points); inverse distance weighted interpolation (includes constant, gradient, plane 
and quadratic nodal functions); clough-tocher interpolation (piece-wise cubic 
patch approach adapted from finite element method); natural neighbour interpola-
tion (technique based on natural neighbours computed from Thiessen polygons) 
and kriging (ordinary and universal kriging routines with graphical variogram ed-
iting).  

For the kriging interpolation technique the Surfer software was used as it has a 
better adjust and realist representation. A variogram analysis was also performed.  

The following figures represent the results of these different interpolation 
methods. Only the most representative are presented here.  

Table 1. Summary statistic data analysis (wells, holes and piezometers water samples). 

Parameters U (Bq/L) Ra (Bq/L) 
N - number of water samples 26 26 
μ - average 2,835 0,284 
Median 0,204 0,137 
Variance 36,310 0,120 
σ/μ 2,126 1,238 
Minimum 0 0 
Maximum 28,73 1,47 
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Fig.4. Clough-tocher interpolation (cubic triangular), Ra (Bq/L). 

 
Fig.5. Inverse distance weighted interpolation (constant function), Ra (Bq/L). 
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Fig.6. Clough-tocher interpolation (cubic triangular), U (Bq/L). 

 
Fig.7. “Natural neighbor” interpolation (quadratic function), U (Bq/L). 
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Fig.8. Dispersion of Ra contamination in groundwater (Bq/L) represented by kriging. 

 
Fig.9. Dispersion of U contamination in groundwater (Bq/L) represented by kriging. 

Conclusions 

A previous model for radionuclides transport and fate in groundwater, based on a 
one-dimensional analytical solution, has been developed and already published 
(Dinis and Fiúza 2005). The results obtained in this study by applying Green’s 
functions are in good accordance with those obtained with the previous model: the 
medium value for total uranium in the well water was about 1,6 Bq/L and for ra-
dium about 0,4 Bq/L. These values are achieved in the previous model within the 
first 30 years after the aquifer contamination and with the Green’s functions 
method these values were also achieved within the same period of time. 

Also it should be noted that the maximum values for both nuclides are higher 
than the standard values acceptable for radionuclides in groundwater at inactive 
uranium mill tailings site; the USEPA has established the Maximum Contaminant 
Level (MCL) for combined 226Ra and 228Ra of 0,185 Bq/L. The European Union 

20200 20300 20400 20500 20600 20700 20800 20900 21000 21100 21200
W - E

92900

93000

93100

93200

93300

93400

93500

93600
S

 - 
N

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

20200 20300 20400 20500 20600 20700 20800 20900 21000 21100 21200
W - E

92900

93000

93100

93200

93300

93400

93500

93600

S 
- N

0

2

4

6

8

10

12

14

16

18

20

22

24

26

28



258      Maria de Lurdes Dinis and António Fiúza  

Session III: Mine closure and remediation processes 

has also issued a Directive on the quality of drinking water, including regulations 
for radioactive substances. The EU Directive allows a Maximum Permissible 
Level (MPL) for 226Ra of 0,122 Bq/L. This MPL was exceeded in 56% of the water 
samples analysed.  

The estimative dose resulting from the two radionuclides considered was 0,135 
mSv/yr. The recommended reference level of committed effective dose is 0,1 mSv 
from 1 year’s consumption of drinking water. 

The high radionuclides content registered for underground waters indicates that 
the site has been contaminated by the former mine works. Considering radionu-
clides dispersion through groundwater system, it was observed that there are two 
preferential plume contamination directions, whether uranium or radium is con-
sidered. These two directions suggest that SW-NE direction is preferential to ra-
dium dispersion and that NW-SE direction is preferential to uranium dispersion. 
This allowed us to identify two preferential contamination targets: at south for ra-
dium and at north for uranium. 

The results obtained both by the groundwater pathway model and by the dis-
persion techniques assessment led to the forecast of unacceptable concentrations; 
this results should be taken into account in the management guidelines included in 
the design of the remediation process. These management guidelines should be 
based on factors such as efficiency of contamination reduction, legal requirements 
and physical constraints that are stressed in this study. 
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Abstract. Contaminant fate and transport modeling of uranium was performed for 

a uranium milling and tailings-disposal facility.  Prior to final closure and site rec-

lamation, and in support of the site’s groundwater-discharge permit, the operator 

is required to prepare an infiltration and contaminant-transport model in order to 

demonstrate the long-term ability of the tailings-cover system to adequately con-

tain and control tailings contaminants and protect nearby groundwater quality of 

the uppermost aquifer. 

Infiltration through the tailings-cover system was predicted with the variably-

saturated flow-and-transport code HYDRUS-1D. Predictive modeling was used to 

evaluate different reclamation scenarios, and the cover design was optimized to 

minimize infiltration rates through the cover and reduce construction costs. The 

infiltration model demonstrated that a vegetated, evapotranspiration (ET) cover 

would significantly reduce infiltration relative to that of a conventional cover. Av-

erage model-predicted long-term infiltration rates were reduced from approx-

imately 1.0 x 10-2 cm/day for the original cover design to 1.0 x 10-4 cm/day for the 

ET cover design.   

Modeling of potential uranium transport from the tailings through the tailings-cell 

liner and into the vadose zone was performed with HYDRUS-1D. Retardation 

rates for uranium (VI) were calculated based on equilibrium soil-water partition 

coefficients (Kd) using the mass of hydrous-ferric oxide (HFO) present in the be-

drock and the equilibrated solution compositions predicted with the geochemical 

code PHREEQC. Surface-complexation coefficients for uranyl and uranyl-carbonate 
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were optimized to correlate with published sorption experiments. Neutralization of 

the infiltrating tailings-pore waters and sorption of solutes was determined with 

PHREEQC.  The masses of HFO and calcite were determined for samples col-

lected from the vadose zone.  Through this method, a sorption value for the be-

drock immediately beneath the tailings cells was estimated to be 8.47 kg/L. As-

suming a volumetric moisture content of 7%, a retardation factor of 250 was 

calculated. Uranium, as a result of the solute’s strong capacitance for sorption and 

resultant high-retardation coefficients, is predicted to migrate a limited distance 

(less than 1 m) below the liner system in 200 years; and is not predicted to be a 

threat to groundwater in the underlying perched aquifer. 
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Abstract. Ferrate (VI) is a powerful oxidizing agent in aqueous media. Despite 

numerous beneficial properties in environmental applications, ferrate (VI) has re-

mained commercially unavailable.  Producing the dry, stabilized ferrate (VI) 

product required numerous process steps which led to excessive synthesis costs 

(over $20/lb) thereby preventing bulk industrial use.  Recently a novel synthesis 

method for the production of a liquid ferrate (VI) based on hypochlorite oxidation 

of ferric ion in strongly alkaline solutions has been discovered (USPTO 

6,790,428; September 14, 2004).  This breakthrough means that for the first time 

ferrate (VI) can be an economical alternative to treating acid mining drainage ge-

nerating materials. The objective of the present study was to investigate a metho-

dology of preventing the generation of acid drainage by applying ferrate (VI) to 

acid generating materials prior to the disposal in impoundments or piles. Oxidiz-

ing the pyritic material in mining waste could diminish the potential for acid gen-

eration and its related environmental risks and long-term costs at disposal sites. 

Preliminary results presented in this paper show that the oxidation of pyrite by fer-

rate has half-life of about six hours. The stability of Fe(VI) in water solutions will 

not influence the reaction rate in a significant manner. New low-cost production 

methods for making liquid ferrate on-site makes this technology a very attractive 

option to mitigate one of the most pressing environmental problems in the mining 

industry.  
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Introduction 

The operation of uranium mining and milling plants may give rise to huge 
amounts of wastes from both mining and milling operations. Terrestrial deposition 
is the predominant method of disposal for waste-rock and tailings. When pyrite is 
present in these materials, the generation of acid drainage may take place and re-
sult in the contamination of underground and superficial waters through the leach-
ing of heavy metals and radionuclides (Fernandes et al., 1996).  The acid genera-
tion process may continue long after the cessation of mining operations. Clean up 
costs can run into the millions of dollars per site. 

Fernandes et al (1996) proposed that the mechanisms summarized in figure 1 
may take place in the tailings pond environment: 1) wastes are introduced in the 
tailings dam along with an alkaline solution (pH ~ 10); 2) the solution moves 
downward to the base of the dam; 3) oxygen diffuses trough the tailings being the 
residual pyrite oxidized in this region. Pyrite oxidation generates acid solutions 
that will remove metals and radionuclides from the solid phase; 4) when the acid 
solution reaches the zone of the tailings in which the waters are alkaline (inter-
face) the precipitation of the transported soluble species will take place. This re-
gion may be considered the neutralising zone.  

Elberling et al (1994) reported that high oxidation rates are observed in the ini-
tial time after tailings deposition. During this initial period of high rates, an appar-
ent shift occurs from kinetic to diffusional control over a period of time that de-
pends on the composition and properties of the tailings. Based on simulation 
results the authors suggest that the overall rate of oxidation after a few years will 
be controlled dominantly by the diffusion of oxygen rather than by biological or 
non-biological kinetics in the tailings. 

The thickness of the oxidation layer can be estimated by means of mathemati-
cal calculations if the Intrinsic Oxidation Rate (IOR) (Ritchie, 1995) is known. A 
net acid production in sulfidc tailings of 6.8 mol H+.m-3 has been reported 
(Snodgrass et al. 1982). This rate can be converted to IOR if pyrite oxidation reac-
tion is taken into account as reported in equation 1. 
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Fig.1. Basic geochemical processes occurring in the tailings environment 

FeS2 + 3.5 H2O + 3.25 O2   Fe(OH)3(am) + 4 H+ + 2SO4
2- (1) 

A value equal to 1.20 x 10-8 kg(O2).m-3.s-1 would  be achieved. Elberling et al. 
(1994) reported a oxygen diffusion coefficient equal to 1 x 10-7 m2.s-1 for well 
drained tailings. Under these assumptions, the thickness of the oxidising layer can 
be calculated by means of equation 2 as proposed by Ritchie (1995): 

 
Where, D = diffusion coefficient (m2.s-1); C0 = air oxygen concentration 

(mg.m-3); IOR = Intrinsic Oxidation Rate (kg(O2).m-3.s-1) 
A value of 2.0 m would be achieved for X. This value is very close to the oxi-

dising layer thickness suggested by Fernandes et al (1996) for the tailings of the 
Poços de Caldas mining site This layer represents the acid generating portion of 
the tailings. The time T for all the pyrite present in the tailings be consumed would 
be achieved by means of equation 3 (Ritchie 1994): 

T = Nερrs/IOR ( 3) 
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Where, N = number of oxidizing layers; ε = mass of oxygen consumed per unit of 
sulphur oxidized mass; ρrs = sulfur density in the form of pyrite (kg.m-3). 

As in the case of the Poços de Caldas, N would be equal to 10 (10 layers of 2.0 m), 
and it would take about 200 years for all the pyrite present in the tailings be 
consumed if oxygen could diffuse throughout the tailings accumulated in the tailing 
pond. 

Remedial Actions 

So far, most of the strategies dealing with acid generation from mine wastes have 
focused on the inhibition of the catalytic oxidation of Fe2+ since, in the absence of 
such catalysis, the oxygenation rate of Fe2+ is too low to be of any consequence in 
the formation of acidity. Another possibility frequently considered is the exclusion 
of oxygen through sealing of the system, which is economically infeasible in most 
cases. A further method proposed by Belzile et al. (1997) is the use of passivating 
agents in order to create reversible interactions protecting and altering the surface 
of pyritic solids. They claim that the use of passivation (especially with pre-
oxidation) proved to be effective. 

The remediation scheme, considered to be able to reduce the acid drainage gen-
eration of the Poços de Caldas tailings dam to marginal environmental levels, was 
discussed by Leoni et al (2004). The application of a dry cover was selected as an 
operationally feasible strategy.. The total area to be covered would be 1.86 x 105 
m2 and accordingly to MEND (1995) costs associated with the selected remedia-
tion strategy would vary in the range of US$ 5 - 10 million 

Use of Ferrate (VI) as an Oxidant 

Ferrate(VI) is a powerful oxidizing agent in aqueous media. Under acidic condi-
tions, the redox potential of Ferrate(VI) ion is the highest of any other oxidant 
used in wastewater treatment processes (Sharma, 2002) The standard half-cell re-
duction potential of ferrate(VI) has been determined as +2.20 V to + 0.72 V in 
acidic and basic solution, respectively. Ferrate (VI) exhibits a multitude of advan-
tageous properties;  as a disinfectant, flocculant, and coagulant based on its higher 
reactivity and selectivity than traditional oxidant alternatives (Sharma, 2002).  

Murshed et al. (2003) used solid potassium ferrate (VI) to oxidize sulfide mine 
tailings but highlighted the necessity for ferrate manufacture to become economi-
cally feasible. In fact, although different methods for the production of ferrate (VI) 
have been developed in the past decades, generating products of high purity, the 
powdered product is extremely expensive.  Manufacturing a stabilized ferrate (VI) 
product requires numerous process steps and leads to excessive synthesis costs 
that are too expensive for bulk industrial use.  However, a novel synthesis method 
for the production of liquid ferrate (VI) based on hypochlorite oxidation of ferric 
ion in strongly alkaline solutions has been discovered recently (USPTO 6,790,428; 
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September 14, 2004).  This process dramatically reduces the manufacturing cost 
of ferrate (VI). The patented ferrate (VI) synthesis processes use inexpensive 
chemicals to produce a ferrate (VI) product, thus providing an economical alterna-
tive approach to treating pyritic tailings. 

The advantage of this approach, i.e., oxidation of the sulfid-rich tailings by fer-
rate(VI)) in comparison with other remediation schemes is that it can be seen as a 
permanent solution, i.e., when the pyrite material is oxidized to appropriate levels, 
no long-term acid generation and leaching of metals from these materials will take 
place. This approach offers great advantages in relation to other treatment tech-
niques that involve long-term maintenance because they do not serve as a defini-
tive solution.  

The objective of the present project is to investigate the potential of a metho-
dology to prevent the generation of acid drainage by applying ferrate (VI) to acid 
generating tailings prior to their disposal in impoundments or piles. Oxidizing the 
pyritic tailings and diminishing the potential for acid generation will reduce the 
long-term issues related to the disposal of this material and will reduce environ-
mental risks at the disposal sites. The application of ferrate would take place in a 
slurry pipeline during the post-treatment of tailings prior their disposal into heaps 
or dams. 

Methodology 

Acid-generating mining spoils (like tailings and waste-rock residues) are rather a 
complex mixture of rock-occurring minerals and different chemicals that are add-
ed to the milling process. In addition to this, in tailings samples, ferrate may be re-
duced in oxidation reactions irrelevant to the oxidation of FeS2. As a result, the 
mechanism of pure pyrite oxidation by Fe6+ is important to be evaluated in a first 
step. In a second step, a detailed understanding of the Fe (VI) reaction with tail-
ings will be achieved. Therefore, the goal of this research was to delineate the ki-
netic oxidation of pyrite by Fe (VI). The following reaction protocol was used. 

Na-Ferrate solution was prepared by the mixing of NaOH, Ca(OCl)2 and FeCl3. 
Twenty milliliters of de-ionized water were added to a beaker followed by 1.0g of 
pure pyrite to create slurry. The diameter of pyrite grains was 50 mesh. Conse-
quently, the specific surface area of these grains were too low to be determined re-
liably by BET surface area analysis (Jerz and Rimstidt, 2004).  

Run solutions were prepared by combining the appropriate volume of the fer-
rate solution with 20 mL of distilled water. The 1 gram of charge material (pyrite) 
was added to each of the run solutions. The solution pH was checked before and 
after each run by using a Metrohm Ion Analysis pH meter Model 719 S Titrino. 
The slurry was continuously stirred by a Teflon-coated magnetic bar in such away 
to create a vortex. Standard run length was about 30 minutes. Solutions were as-
sayed at 5 minutes intervals during a run by extracting 0.1 mg aliquots. Prior to 
the Fe(VI) absorbance readings in a Ocean Optics ISS-UV-VIS spectrophotometer 
coupled with a OOICHEM Version 1.02.00 software the samples were filtered 
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through a 0.45 μm Fisherbrand nylon filter to remove suspended solids wit the aid 
of 13 mm Syringes (one syringe and one filter used for each analysis). The reduc-
tion of Fe (VI) was monitored by means of successive measures of its  absorbance 
at 510 nm wavelength at different time intervals The Fe (VI) concentrations were 
determined by using a molar coefficient of 1150 M-1 cm-1.  

Sulfate determinations were made in one of the four experiments using an 
adaptation of the HACH Method 8051 in which a SulfaVer® powder pillow salt 
containing BaCl2 was added to the samples prior to the absorbance readings in the 
spectral band of 450 nm. A calibration curve was constructed prior to the determi-
nation of sulfate concentration in the test solution. A regression coefficient, r2 = 
0.9889 was obtained for the sulfate calibration curve. 

Finally, it must be remembered that Fe (VI) is not stable. For example, 
Na2FeO4 in 50% NaOH decomposes quite slowly at room temperature and may be 
kept with little decomposition for a month at 0oC (Murmann and Robinson 1974). 
If no oxidizable substances are present in the solution, the FeO4

2- reacts with water 
over a period of an hour or less depending on the temperature and pH, and libe-
rates molecular oxygen. 

In order to examine the stability of the ferrate solution, a same amount of fer-
rate solution was added to a beaker containing only distilled water and the absor-
bance of Fe (VI) was monitored over time 

Results and Discussion 

Ferrate Stability 

Fig. 2 shows the variation of Fe (VI) relative absorbance with time in the refer-
ence solution (distilled water + ferrate). The observed points in the graphic fit the 
linear equation y = -0.2813 x + 36.90 where y and x are the relative absorbance 
and time, respectively. The value of r2 for this curve is 0.9684.  The intercept 
represents the relative absorbance value at t = 0, i.e., 100%. After one hour, 50% 
of the initial content of Fe(VI) in solution was converted to Fe (III).  

Fig. 3 shows the plots of ln [Fe6+] versus time for each of the runs. After 30 
minutes the absorbance of Fe6+ could no be measured 
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Fig.2. Variation of Fe (VI) absorbance with time.  

The slopes of the of ln[Fe6+] versus time plot for the three experiments were 
virtually the same and give a k’ value of 1.0. This value for instance is practically 
five orders of magnitude higher than those reported for the oxidation of pyrite by 
Fe3+ ( pH 2 and mFe3+ = 10-3) (Wiersma. and Rimstidt1984) showing that the Fe6+ 
reduction of pyrite is far more efficient in the conditions of this work in compari-
son to the prevailing ones in their investigation (pH 13 and mFe6+ = 10-2) 

Amount of `Pyrite Consumed in the Reaction 

The oxidation of pyrite can be evaluated by the production of sulfate. Sulfate con-
centration was measured in the test solution in one of the experiments. Care was 
taken to account for the initial sulfate concentration of the solution when pyrite 
was added to water. It was found that 72.81 mg (7.6 x 10-4 moles) of SO4 were 
produced during the experiment. It corresponds to 0.024 g of sulfur. If it is taken 
into account that in this particular experiment the original concentration of sulfur 
was 0.67 g (present in pyrite) it can be inferred that 3.6% of pyrite was destroyed 
in about 30 minutes.  On the other hand 1.0 x 10-3 moles of Fe6+ were consumed in 
the process of pyrite oxidation.  It can be roughly estimated that 0.027 moles of 
Fe6+ would be necessary to destroy 100% of the pyrite in the system (0.0105 
moles of FeS2). This gives us a relation of 3 moles of Fe6+ for approximately 1 
mol of pyrite.  A relation of 1:5 has been previously proposed (Murshed, et 
al.2003). Just for comparison, the ratio of Fe3+ to FeS2 is 14 to 1 in the oxidation 
reaction of pyrite by Fe3+ (Wiersma. and Rimstidt, 1984). 
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Fig.3. Plot of ln [Fe6+] versus time (in seconds) for the three runs (25oC, pH 13.0). The first 
data point corresponds to concentration of the solution before the addition of pyrite at time 
= 0). 

Application to the Pocos de Caldas Mining Site 

Fernandes et al (1996) reported that the amount of tailings deposited in the tailings 
dam of the Poços de Caldas uranium mining site during 15 years of operation was 
about 1.89 x 106 tons of tailings. These authors also report that the average con-
centration of pyrite in these tailings is about 0.2%. As a result of the geochemical 
processes pictured in figure 1, the concentrations of radionuclides and heavy met-
als in seepage waters made it necessary the treatment of the liquid effluents leav-
ing the tailings dam.  

According to the preliminary results reported in this work, it can be estimated 
that about 4,840 metric tons of Fe(VI) (1.61 x 105 m3 of ferrate solution) would 
have been necessary to oxidize the total amount of pyrite contained in the Poços 
de Caldas tailings prior to their deposition in the tailings dam, i.e.,  if the whole 
amount of tailings were to be treated. 

However, it was demonstrated above that it would not have been necessary to 
treat the total  amount of the deposited tailings. Only the  layer with a thickness of 
1 to 2 m does contribute to the acid generation.  

Taking this picture into account as well as the costs associated with the applica-
tion of other remediation strategies the oxidation of pyritic tailings with Fe(VI) 
shows a great potential to be used in the abatement of acid generation in sulfide 
rich tailings especially if well planned remediation schemes are put in place.  
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Conclusions 

The preliminary results presented in this paper represent the first step in the de-
scription of the mechanism and rate law equation of the oxidation of pyrite by Fe 
(VI), which is a very important issue in the planning of sulfide rich tailings treat-
ment.  It could be demonstrated that the half-life of the reaction of pyrite oxidation 
by Fe(VI) is about 6 minutes, which is significantly less than the time needed to 
reduce 50% of the Fe (VI) by water. This issue is very important because it allows 
for different adjustments in the ratio of solid to liquid phases in the treatment slur-
ry. 

Future steps of this research involve the determination of the real reaction rate 
and examine the dependency of the reaction rate with pH and temperature. After 
the understanding of the overall mechanism of FeS2 oxidation by Fe (VI) tailings 
samples will be assayed and the economic feasibility of the oxidation of pyritic 
tailings by ferrate will be assessed. 

The stoichiometry of the oxidation reaction seems to be 1 mol of FeS2 to 3 
moles of Fe(VI). The production of ferrate by the technology used in this work 
represents an enormous contribution to this objective. 
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Abstract. Any assessment of contaminant risks from waste material requires an 

understanding of ways of binding or of the specific chemical forms of trace metals 

in the material of study and consequently their mobility and participation in the 

water cycle. For that purpose, hydrochemical investigation was carried out. The 

distribution of uranium species and saturation indices were calculated by means of 

the hydrochemical model PHREEQC. Whereas, a seven steps sequential chemical 

extraction was the tool to define its different compound forms in the processed 

sediments. The data analysis shows the high uranium contents in most analysed 

water samples. Moreover, the mentioned above model indicates the change of the 

tailing sediments with depth from aerobic to post aerobic or anaerobic conditions. 

Also, it illustrates the presence of uranium mostly (90%) in its high soluble form 

UO2(CO3)3
4-. This is in agreement with the results of the selective extraction pro-

cedure which proves the association of important amounts of its contents with the 

carbonate phase (until 24%). Moreover, as between 30 and 80 % of the non resid-

ual uranium is in association with the nodular hydrogenous fraction, the decrease 

of the Eh values in the study areas enhance its solubility. 

Introduction 

Uranium mill tailings are a high volume, low specific activity radioactive waste 
typically disposed in surface impoundments. Indeed, they are the crushed ore resi-
dues from the uranium extraction. Except where ores have high carbonate content, 
the commercial extraction of U from ores generally involves leaching with 
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sulphuric acid (H2SO4). The effluent (termed ‘‘raffinate’’ or ‘‘barren solution’’) 
and tailings from the mill are discharged as a slurry to a waste-retention pond or to 
mined-out underground workings for disposal. As the ores typically are low grade, 
essentially all of the tonnage of ore processed at the mill is disposed of as tailings. 
Because solubilization of the uranium daughter nuclide 226Ra from ore minerals in 
both sulphuric acid and sodium carbonate is low, the tailings remain a radiological 
hazard. Safe management of tailings has been the focus of regulatory and envi-
ronmental research attention since the1950s (Landa, E. R., 2004). After the unifi-
cation of East and West Germany in 1990, the federal government allocated ap-
proximately 13 milliards marks for the remediation and rehabilitation of former 
uranium mining and milling sites (Hurst and Glaser, 1998). The evaluation tailing 
area at the Schneckenstein site was carried out within the frame of a technical co-
operation between the chair of hydrogeology of the TU Bergakademie Freiberg 
and the department of ecology and environmental protection of the TU Dresden 
(Germany). 

In the present work, we focused our study on the distribution of uranium spe-
cies in pore waters of the processed material by means of the hydrochemical 
model PhreeqC. Also, on the basis of the sequential extraction data we intend to 
describe the behaviour of uranium in the investigated tailings.  
 

 

 

 

 

 

 

 

 

Fig.1. The area of investigation- Uranium tailings Schneckenstein 
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A short Description of the Site 

The Schneckenstein site is located in the southwest of Saxony, in the Boda valley 
approximately 3 km from the village of Tannenbergsthal/county of Vogtland 
(Fig.1). The current surface of the site is situated at an altitude of 740 to 815 m 
above sea level. 

 

Fig.2. Location of the boreholes in the tailings sites IAA I & IAA II. 
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On the other hand, the uranium tailings Scheckenstein lie in the area of the wa-
tershed between the Zwickauer basin and the Eger. It belongs to the precipitation-
richest of the entire Erzgebirge.  

Depending on the altitude, 960 to 1160 mm precipitation fall annually (I.W. 
1958) and the study area receives an average annual precipitation of 1053 mm. 
The mean annual temperature is 5.5 °C. The calculated evaporation is of 413 mm.  

From the geological point of view, the area of investigation is located on the 
Southwest border of the Eibenstock granite. The Eibenstock granite could be con-
sidered a biotite-syenogranite and belongs to the group of the younger granites 
(JG1). It is medium to coarse-grained, serialporphyric and tourmaline bearing. Its 
intrusion is related to the upper Carboniferous series. The Eibenstock granite is 
covered with a weathered surface layer. Southwest of the investigation area fol-
lows the contact zone with quartz-schist. 

Experimental Details 

The investigations consist of two aspects, the field work and laboratory analyses.  

Field activity and sampling 

Four sediment cores were taken at the tailings sites by drilling four bore holes at 
different depths; two bore holes in each tailing respectively (Fig.2).  

The first and the second bore hole (GWM 1/ 96; GWM 2 / 96) were drilled 
down to the granite foundation in Tailing 2 (IAA I). The third bore hole (RKS 1/ 
96, Tailing 1(IAA II) was sunk to a depth of about eight meters, whereby the gran-
ite foundation was not reached due to technical problems. The fourth bore hole 
(RKS 2/ 98, Tailing1) is 12 m deep. The cores (diameter 50 mm) were cut into 
slices of 1 m length and transported in argon filled plastic cylinders to avoid con-
tact with air. In the table 1, information about field activities are summarised. 

Table 1. The location of boreholes in the tailings site 

Location Tailing I Tailing I Tailing II Tailing II 

Co-ordinate 45 3256 

55 8723 

45 3258 

558727 

45 3265 

558703 

 

Depth under the 
deposit (m) 

9.5 20.2 8 12 

Filter-tube 1.00 m HDPE 1.00 m HDPE 1.00 m HDPE 1.00 m HDPE 

Full-tube 9.00 m PVC 19.00 m PVC 8.00 m PVC 12.00 m PVC 
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Works in the laboratories  

Pore water analysis 

Two different procedures were used for the chemical water analysis. 
Pore water extraction was conducted by mean of a high pressure device.  
Due to the low permeability of the material on the one hand and the limited wa-

ter content on the other, this procedure was not effective and only three samples 
were analysed. Directly after the extraction process the electric conductivity, the 
redox potential and the pH values were measured. For the trace elements determi-
nation including uranium, the water samples were filtered with 0, 2µm membrane 
filter then stabilised with diluted nitric acid (1ml acid/100 ml water) until a pH ~2 
and finally filled in polyethylene bottles then stored in a refrigerator. For the 
measurement process, the ICP-MS equipment was used. The detection limit of 
uranium is 1µg/l.  

Mixed pore water extraction  

The procedure is similar to the first step of the Salomon and Forstner extraction 
procedure described in Salomon and Forstner, (1984) with the difference that in 
this time the analysed material was not crashed. The uranium concentration was 
determined using ICP AES equipment. Its detection limit is 81µg/l.  

Sequential extraction procedure 

Sediment samples characterised with their difference in mineral contents and 
metal concentrations were collected from the second borehole at different intervals 
(0,5-1,5m; 3,5-4,5m; 5,5-6,5m; 6,5-7,5m; 8,5-9,5m; 11,5-12,5m; 14,5-15,5m; 
17,5-18,5m; 19,5-20,2). In order to avoid contamination, the soil sample was 
taken with a polyethylene spoon from the middle of each sample container. The 
samples were freeze-dried. They were subseque ntly ground in agate mortar until a 
grain-size≤63µm, homogenised and stored until needed. 

The leaching procedure and reagents are shown schematically above in Fig.3. 
After the same DIN (DIN 38414/7) as in the last fraction presented in the diagram 
sited above, an aqua-regia unlocks for the entire samples from each depth interval 
was accomplished. Due to inaccurate uranium determination with X-ray fluores-
cence analysis, a fluoric acid unlock was accomplished for the entire samples. The 
procedure is as the following: 

Into a well cleaned beaker, from each freeze dried sample, between 0.1 and 
0.2g of well pulverised soil material was filled. 2.5 ml of HNO3 with 5 ml HF 
were added to it. Without exhausting, the sample was two times heated for one 
hour at temperature of 50°C, then for half an hour at 100°C. Thereafter, it was 
evaporated to the dry with exhausting. After the cooling of the sample, the same 
volume of both acids was added to it and the same cited procedure was repeated. 
Then the sample was lifted by adding 2 ml of concentrated HNO3 and shortly 
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heated. Finally, by adding an amount of approximately 10 ml of deionised water 
and heating, the concentrated precipitation was diluted. The resulting solution was 
filled in special bulb afterwards conserved.  

To minimise losses of solid material, the selective extraction was conducted in 
centrifuge tubes polypropylene. Between each successive extraction, separation 
was effected by centrifuging at 4000 rpm. The supernatant was removed with a 
pipette and filled in polyethylene-bottles then analysed for trace metals, whereas 
the residue was washed with ~10 ml of deionised water. After centrifugation for 
45 min, this second supernatant was discarded. The volume of rinse water used 
was kept to a minimum to avoid excessive solubilization of solid material, particu-
larly organic matter. All reagents used in this work were of analytical grade. All 
glassware used for the analysis was previously soaked in weak nitric acid and 
rinsed with deionised water.  

The uranium concentrations in the aqua-regia extracts were measured by means 
of ICP-AES, whereas ICP-MS was used for other fractions.  

                
 
                             1.  + 100ml H 2 O deionised; shake 24h then centrifuge 
                                                        
                                                                                                                                                                                                                                  
 
 
                             2. +100ml 1M NH 4 ac / pH=7; shake 2h then centrifuge 
                                     
                                                  
        
 
                                  
                             3. +100ml 1M Naacetate-Puffer / pH=5; shake 5h then centrifuge 
                                                         
 
 
 
                             4. + 500ml 0.1M NHOH*HCl + 0.01M HNO / pH=2; shake 12h then centrifuge 
                                    
                                     
 
                               
                                                       5. + 500ml 0.2M NH 4 ox + 0.2M oxal acid / pH=3; shake 24h then centrifuge   
                                    
                                    
                                             
 
                             6. +15ml 0.02M HNO 3  + 25ml 35% H 2 O 2 +2h at 80°C 

                                 + 25ml 35% H 2 O 2 +3h at 80°C 

                                 + 500ml 6% HNO 3 + 1M NH 4 ac; shake 24 h then centrifuge   
                                    
                                    
                                    
                              Dried at 105°C 
                                                         
 
 
                             7.  aqua regia (unlock) after DIN 38414 / 7 
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Residue 
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organics/sulfides 

silicates
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water-soluble share 

Residue 
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Fig.3. Sequential extraction –Scheme. 
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Results and discussion 

Hydrochemical analysis and hydrochemical model 

Chemistry of the porewater  

Although the near neutral pH (pH~7), the uranium content is very high in all ana-
lysed samples. It increases with depth. It varies between 55 and 949 µg/l. The 
mean value is 423µg/l. The standard deviation is 467µg/l. Moreover, the measured 
Eh values are close to 400 mV. Thus, it can be concluded that for the first five me-
ters of depth, the analysed water is in contact with well aerated untreated heap ma-
terial.  

Chemistry of the extracted porewater  

In the first two cores, the extracted uranium content varies from 40 to 390µg/l and 
from 20 to 1650 µg/l with mean values of 190 and 1030 µg/l and standard deviations 
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Fig.4. The change with depth of the pH value. 
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of 150 and 520µg/l respectively. In the third and fourth ones, it differs from 340 to 
1610 µg/l and from 0.5 to 4805 µg/l with mean values of 900 and 1208 µg/l re-
spectively. The standard deviations are 600 and 1380 µg/l respectively. 

The extracted uranium content is tremendously high in almost all analysed 
samples. This is due to the presence of uranium in its oxidised state, on one hand, 
and to the alkalinity of the prospected medium, on the other hand. As far as most 
of pH values exceed pH 8 in most tailing parts (Fig. 4), thus according to Lang-
muir, (1978) and Tripathi, (1979), the dissolved uranium is mostly in its mobile 
UO2(CO3)3

4- ionic form. In addition, with regard to the fact that most of the ura-
nium amount is disposed to mobilisation by means of the leaching process, ura-
nium is considered as most potential pollutant for the prospected areas.  

Hydrogeochemical Model 

In order to calculate the equilibrium speciation and saturation indices as well as to 
estimate the Eh of the chemical medium, the computer program PhreeqC (Park-
hurst, 1995) windows version is used. The software is capable of simulating a 
wide range of geochemical reactions including mixing of water, dissolving and 
precipitating phases to achieve equilibrium with the aqueous phase and effects of 
changing temperature. It is also used to indicate mineral species and to provide es-
timates of element concentrations that had not been determined analytically as 
well as of molalities and activities of aqueous species, pH, pe, and saturation in-
dices.  
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Fig.5. The change with depth of Eh; calculated and measured values. 
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As illustrated in the Fig. 5, for the three extracted pore water samples, the cal-
culated Eh values are considerably lower than the measured ones. In addition, the 
tailings environment becomes under post aerobic or reducing conditions with 
depth mainly at the interval of depth that coincide with the beginning of the 
processed material. This is due probably to the presence of an appreciable amount 
of humic substances in the processed material as already mentioned above on one 
hand, and to the absence of any supplying of oxygen on the other. The considera-
ble difference between the recorded and the calculated values is probably due 
mainly to the influence of the climatic factors onto such measurements. 

Comparing the recorded values for the extracted pure and mixed pore water 
samples of the mentioned three sediments as demonstrated in the Fig. 6, the calcu-
lated Eh values by means of the arsenic species are considerably lower. This is due 
to the influence of the change of the used species for modelling on the one hand 
and of the added de-ionised water that affect the chemistry of the analysed sedi-
ments on the other hand. In addition, for all extracted mixed pore water samples, 
the recorded values illustrate the change of the chemical conditions between the 
heap materials and the tailing sediments characterised by the considerable de-
crease of the mentioned factor with depth that indicates the change of the medium 
to post aerobic or anaerobic conditions. Since large amounts of trace metals are 
bound to nodules, the anoxic conditions of the treated material favour the dissocia-
tion of such compounds i.e. the supplying of the pore water by such contaminants. 
The recorded results demonstrate the usefulness of the used procedure and the 
PHREEQC model for qualitative resolving geochemical problems.  

In spite of the extreme high uranium contents in almost all analysed samples, 
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non of the mineral phase is oversaturated. In addition, all the tailing extracts show 
the soluble uranium only in aqueous mobile species. This is in agreement with the 
findings of Langmuir, (1978) and Tripathi, (1979). The UO2(CO3)3

4- specie is the 
dominant one, exceeding 90 % of the total aqueous uranium amount. About 10 % 
of the soluble uranium is shared between the UO2(OH)3

- and UO2(CO3)2
2- species. 

According to Merkel and Sperling, (1998), organic substances highly absorb ura-
nium. Therefore, although the recorded low DOC content in most samples, the 
mentioned substances certainly limit the mobility of uranium. In addition, the ura-
nium carbonates are frequently negatively loaded. Consequently, the presence of 
clays such as chlorite and kaolinite in the tailings material causes the immobilisa-
tion of uranium through cation exchange.   
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Fig.7. The distribution of uranium in different fractions. 
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Sequential Extraction Procedure 

The whole uranium content ranges from 11.8 to 225.6 ppm. Since U tends to re-
place Y due to some energetic similarities (ionic size, charge, electronegativities, 
etc.); association with some minerals such as feldspars chlorite, hornblende and 
biotite, by different mechanisms (isomorphous substitution in the lattice or the 
concentration in lattice defects; adsorption along crystal imperfections and grain 
borders). This is partly responsible for the association with lithogenous fraction in 
range 24-57 % (Fig. 7). In addition, the most of the U amount was dissolved by 
the aqua regia dissolution. Therefore, U is not largely attached to clays but primar-
ily bound to resistate minerals and the greater ease of its mobilisation than that of 
Th. These findings are supported by the work of Pliler and Adams, (1962).  

Besides, a significant amount of uranium from the non residual fraction is in 
association with the sulphide-organic phase. It varies between ~ 5 to 42 %. This is 
due to the intensive absorption of uranium from water essentially in reducing envi-
ronments by humic substances (Szalay, 1958; Armands and Landergren, 1960; 
Boyle, 1982) and to the uranium precipitation by reduction from its hexavalent 
state in sulfide-rich sediment as well (Van Wambeke, 1971).  

Further, because an appreciable amount of U is often in association with biotite 
(Boyle, 1982); the frequent association of uranium with hematite in reducing envi-
ronments (Van Wambeke, 1971) and its tendency to be adsorbed and coprecipitate 
by hydrous ferric oxide and manganese dioxide fractions (Boyle, 1982), results in 
a considerable mass from the non residual uranium with the nodular hydrogenous 
fraction mostly in a moderately reducible phase ranging between 30 and 80 %. 
This is may be due to the widely spread iron oxides and hydroxides resulting from 
the abrasion and dissolution of iron minerals such as biotite and hematite during 
the mineral processing in the area of study.  

Furthermore, since uranium forms very stable complexes with carbonate ion in 
forms of UO2(CO3)3

4- and UO2(CO3)2
2- complexes at pHs equal or above 8; then 

the degassing of CO2 tends to coprecipitate UO2CO3
0 with other minerals (Gas-

coyne, M., 1992). Based on the alkalinity of the environment a considerable 
amount of its non residual fraction ranging from ~ 6 to 24 % is associated with the 
carbonate phase. 

In addition, an important amount of the non residual U varying from ~ 5 to 14 
% is associated with the exchangeable. This is attributed to the presence of most 
of the soluble uranium in its UO2(CO3)3

4-, UO2(OH)3
- and UO2(CO3)2

2- ionic forms 
(Langmuir, 1978 and Tripathi, 1979) which increases the exchangeability of ura-
nium with clays such as chlorite and kaolinite, and the ability of U to substitute for 
calcium in some minerals.  

The non residual uranium associated with the pore water phase ranges from ~ 
0.5 to 29 %. Besides, the presence of chemical components such as: sulphate, 
chloride, nitrate, carbonate, phosphate, or humic matter in the interstitial waters 
together with the pH value of the medium control the uranium species in the water 
phase. Thus due to the low content of most of the mentioned components in the 
tailings material except carbonates and the alkalinity of the study environment, 
most of uranium associated with the pore water phase is expected to be in carbonate 
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ionic forms and mainly in the form of UO2(CO3)3
4 ion (Langmuir, 1978 and Tripa-

thi, 1979). In addition, the amount of the soluble uranium associated with the 
phase is found very low in the first two samples (heap material). This is attributed 
mostly to the near neutral pH values in the first interval. 

Conclusion 

The hydro geochemical model PhreeqC together with the sequential extraction 
provided valuable information showing the dominant uranium species in the tail-
ing sediments as well as the chemical conditions affecting its behaviour. Of its 
share, the sequential extraction adds very significant information concerning the 
compound forms of uranium in the study area.  

The considerable decrease of Eh with depth indicates the change of the study 
environment to post aerobic or anaerobic. 90 % of the total aqueous uranium 
amount is in the form of UO2(CO3)3

4- specie. The other 10 % of the soluble ura-
nium is shared between the UO2(OH)3

- and UO2(CO3)2
2- species.  

High amount of the non residual uranium is in association with the soluble 
phases (carbonatic, exchangeable and pore water). The presence of carbonates in 
the tailings material together with the alkaline pHs, enhance the solubility of ura-
nium. Also, the decrease of the Eh values in the study areas increases the dissolu-
tion of nodules; hence the solubility of uranium associated to these compounds.  

Finally, the prediction of the chemical behaviour of uranium in the study envi-
ronment depends on many factors such as pH -Eh conditions and the presence of 
iron, sulphur, carbonates and organic matter. However a decrease of Eh decreases 
its solubility as well its mobility. 
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Abstract. After collapse of the USSR and curbing of uranium extraction numer-

ous pits, mines, waste dumps and tailings remained in the territory of Fergana val-

ley in Central Asia. These objects pose a serious threat to the environment and 

population of the region. This paper considers the most problematic areas (hots-

pots) where various components of the environment are systematically polluted 

with radionuclides and toxicants. 

Introduction 

Fergana valley is an extraordinary region of Central Asia from political, social, 
economic and environmental perspective. It is one of the most densely populated 
regions in this part of the world. Today over 10 mln. people live in the valley. The 
highest density of the population is up to 500 people per 1 km2 in specific areas. 
Mining and processing companies operating on the basis of mineral deposits such 
as uranium, mercury, antimony, gold, lead, zinc, coal, oil and etc. have been the 
leading industries in the valley for a long period of time (Fig. 1). 

The territory of Fergana valley has been one of the main mineral resources 
bases of natural uranium for former Tzar Russia and USSR (Torgoev et al. 2002). 
During 1942-1998 over dozens of uranium pits extracting and processing ores of 
so called Fergana type had been operating in border areas of Kyrgyzstan, Tajikis-
tan and Uzbekistan, within mountainous framing of the valley. These ores are 
formed through processes of hydrogenous epigenetic stratal oxidation of cavern-
ous permeable limestones of Paleogenet age. Huge volume of radioactive wastes 
stored in waste dumps and tailings have been inherited from operation of uranium 
pits for many years. Under conditions of arms race and due to momentary interests 
of military and industrial complex of the USSR these waste tailings were placed 
on the surface of collecting areas, often directly in river-beds and flood-lands 
flowing into densely populated areas of Fergana. Due to these reasons tailings 
represent long-term threat to welfare of people living not only within the tailings 
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location, but also at some significant distance, in places of dissipation and accu-
mulation of the river flow in densely populated flat areas of the valley (Torgoev 
and Aleshin. 2003). 

The main body of this paper contains evaluation of impact of uranium tailings 
on the environment of the region under consideration.  

Description of Natural Conditions of the Region 

Fergana valley is intermontane trough located on the western extremity of Tyan-
Shan mountain system.  Flat area of Fergana trough of 22 thous km2 is framed by 
mountainous ridges formed of secondary Neozoic and partially Paleozoic strata 
(limestones, shales). The valley is filled with heavy alluvial sediments from nu-
merous rivers of mudflow risk flowing into the valley. 

The major water-ways cutting the trough are rivers Syrdariya, Naryn and Kara-
darya related to closed basin of Aral sea. Resources of surface water of Fergana 
valley are formed of total influx of Naryn and Karadarya rivers and shallower 
right-bank and left-bank inflows. These resources on average amount to 25 km3 
per year; its larger part (21 km3) is spent for irrigation of agricultural lands 
through numerous channels. It should be noted that water resources of Fergana 
valley, specifically its dissemination in terms of area and time, act as a dominating 
factor of policy, economy and ecology of the region.  

The climate of the valley is moderately continental, typical for semi-arid zone 
with sharply hot summer and comparatively cold winter. Average temperature of 
July month is 25 – 280С; of January - from – 1 to – 30С. Precipitation in the flat 
area is from 100 to 400mm. per year. During the last 15-20 years substantial 

 
Fig. 1 Uranium and other mining processing location on the territory of  Fergana Valley 
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change of climate both in flat and mountainous area of the trough, accompanied 
by aggravation of dangerous natural processes and phenomena, has been observed.  

Geological, tectonic and climate features of the region pre-determine high risk 
of dangerous geological processes, especially in sub-montane and mountain areas 
of Fergana trough, where uranium pits are located. The most dangerous processes 
and phenomena include earthquakes, landslides and avalanches, mudflows and 
floods, glacial lake outburst floods. Due to specific mountainous framing (relief) 
of the valley destructive processes such as landslide or accident at tailings located 
in narrow valleys of mountainous rivers may lead to (Domino effect) ecological 
catastrophe of regional scale (Torgoev et al. 2005).   

History of Uranium Prospecting and Extraction in Fergana Valley 

The date of first findings of radioactive uranium minerals discovered in the moun-
tain framing of Fergana valley is close to the date of discovery of radium by the 
Curies in the end of XIX century (Torgoev and Aleshin 2003). A source of these 
findings was Tuya-Muyun mining pit (φ = 400 22` N, λ = 720 35` Е), where during 
1907-1913 over 820 thous. tons of ore, called “tuyamunit” had been extracted. 
The composition of this ore is expressed in the following formula: Ca(UO2)2(VO4) 
n H2O (n = 4 – 10).  

Geological exploration works in Fergana valley started in 1922. By 1940 Soviet 
geologists discovered four new uranium deposits in Taboshar (1925), Mailuu-Suu 
(1934), Uigursai (1938) and Adrasman (1940). In the beginning of 1940-ies of XX 
century due to increased military use of atomic energy a boom of uranium mining 
is observed in this region. At the same time large-scale uranium exploration works 
were carried out, which led to discovery of dozens uranium deposits, mainly con-
fined to outcrop of Paleogene limestones, framing northern and eastern side of 
Fergana valley (Adrasman, Kyzyljar, Charkesar, Shekaftar, and etc.).  

In November 1942 in the very beginning of works under Atomic Project, the 
Government of the USSR made a decision to expand extraction and processing of 
ores of Taboshar deposit that had been started in 1926. During 1944-1945 com-
mercial production of ores of Mailuu-Suu deposit was launched. In 1947 on the 
basis of Fergana deposits Leninabad Mining-Chemical Factory (LMCF) was built 
in Chkalovsk city in record-breaking time (Fig. 1). LMCF supplied the first Soviet 
uranium to the military industry of the country. Up to about mid-1950s enterprises 
of the LMCF, including hydrometallurgical factories (HMF) in Mailuu-Suu town, 
processed rich uranium ores and concentrates supplied from Eastern Germany, 
Chekoslovakia and Bulgaria.     

Uranium ores were extracted and processed at LMCF in Fergana valley up to 
1998. Collapse of the USSR and political, social and economic crises in newly in-
dependent states of the region resulted in chaotic dismantling of uranium extrac-
tion in the region and gave birth to a complex of serious environmental problems. 
The most serious of such problems was environment pollution in the areas of 
waste burial. This specifically related to the first post-war tailings that were ex-
ploited in Mailuu-Suu, Taboshar and Gafurov at the initial stage (1945-1955) of 
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atomic industry development. At this stage environmental danger caused by ra-
dioactivity of extracted and processed uranium raw and its wastes was seriously 
underestimated. Dozens of years later such myopia coupled with mistakes and er-
rors in selecting a place for wastes burial, exploitation, conservation and re-
cultivation of waste dumps and tailings resulted not only in worsening of envi-
ronmental situation in the areas of wastes burial, but also in threat of breaking-out 
of radionuclides along the furcated hydrographic network of rivers and channels 
of the region. Analysis of the major ecological problems related to environment 
pollution in the “hotspots” of Fergana valley is provided below.   

Hotspots of Fergana Valley 

As a result of multi-year operation of mining ores in various areas of Fergana val-
ley, 94 mln. tons of mine waste and low grade ores with up to 0.02% of uranium 
content have been accumulated in the dumps formed due to underground mining. 
Over 80 mln. tons of mine refuses piled in tailings were formed due to chemical 
processing of uranium ores at HMFs. There are 34 uranium tailings in the valley. 
These tailings are located in Mailuu-Suu, Adrasman, Gafurov, Taboshar and 
Chkalovsk (Degmai) towns and are the most problematic areas (hotspots) of Fer-
gana valley. Ecological problems, in particular, sources of environment pollution 
and potentially possible devastation of tailings in the area near Mailuu-Suu town 
have been detailed in a number of publications (Aleshin et al. 2002, Aleshin and 
Torgoev 2005, Torgoev et al. 2002). 

The most unfavorable ecological situation in the territory of Tajik part of Fer-
gana valley is observed around Taboshar village (φ = 400 34` N, λ = 690 38` E), 
where uranium ore was first extracted in 1926 and the first HMF in the region was 
launched in 1942. Uranium ore was extracted by mining method (underground and 
open), whereas after 1975 – by underground leaching (mines # 5 and 7). Upon 
closing down of the mining pit and HMF mines, pits and dumps of total volume of 
34 mln.m3 and of 610 thous. m3 area, as well as tailings of total volume of 7.7 
mln. m3. and of 576 thous. m2 area remained near Tabosahr village where over 11 
thous. people live. On top of all, due to accident at the tailing located in Sarysmah-
lysai tract radioactive wastes were re-laid on the area of about 100 thous. m2. Non-
recultivated dumps of Lean Ore Factory (LOF) of 2 mln. tons weight pose a se-
rious threat due to their erosion and leaching by rainwater. Table 1 contains results 
of gamma and alpha-spectrometric analysis of wastes samples in Taboshar per-
formed in June 2006 (Yunusov 2007). Table 1 demonstrates increased content of 
radionuclides comparing with established indicator of total alpha-activity for soil 
amounting to 600 Bq/kg is observed. 

Drainage waters from tailing, tapering out as springs pose a special problem in 
Taboshar. IAEA experts found springs with high content of sulphates (9,2 – 9,6 
g/l) hydrocarbonates (1,8 g/l), as well as dissolved uranium and other radionuc-
lides of uranium-thorium series at the foot of the tailings # 1 and 2. Total alpha-
activity of drainage waters is 1200 – 1500 Bq/l, whereas concentration of the sum 
of uranium nuclides U238 and U234 reach 1110 – 1450 Bq/l or 50 – 70 mg/l of 
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weight concentration which is close to concentration of industrial solutions of ura-
nium. Under conditions of arid climate drainage waters form sulphate complexes 
of concentrated uranium with its content up to 12-15 thous. Bq/kg along the banks 
of streams (Yunusov 2007). Drainage waters of the tailings leaking through dams 
and beds of facilities pollute the surrounding territories and nearby streams. The 
situation is exacerbated by the fact that local citizens due to lack of water in the 
region organized livestock watering in this area and its pasture on the areas adja-
cent to springs and streams. In the territory of the tailings coated in 1980 by a 
layer of neutral soil, citizens set up vegetable gardens; near this territory, within 
the boundaries of sanitary protective zone citizens started building houses using 
materials of the dumps. Finally degradation and devastation of protective drainage 
facilities of the tailings and dumps led to breaking-out of radionuclides into the 
environment of the area and their dissemination toward Syrdarya river through the 
surface waters. Table 2 contains data about levels of radiation pollution in the area 
of industrial objects and residential zone in Taboshar village (Yunusov 2007). 

As Table 2 demonstrates in general, large concentrations of radon in the air of 
industrial objects are not high, however exhalation of radon from the tailings’ sur-
face exceeds the established standard indicating to insufficiently reliable coating 
of this area with neutral soil (gas sealing). It is well known that the most danger-
ous radionuclide for the human health is gas exuded on all objects, i.e. radon (Ta-
ble 2). This is especially relevant to the tailings, as radon discharge from the tail-
ings exceeds 4-5 times the discharge of radon from underground workings of 
uranium mines due to high degree of tails decomposition. 

Table 1. Content of Natural Radionuclides (Bq·kg-1) in Samples Taken from Dumps and 
Tailings Located in Taboshar and Chkalovsk (Degmai) Towns 

Sample col-
lection area 

U238 Ra226 Th230 Pb210 Po210 

LOF dumps 
(sample 1) 

1405 ± 200 6570 ± 600 5600±1050 5885 ± 470 5350 ± 580 

LOF dumps 
(sample 3, 
washing-out 
from the 
dump) 

800 ± 70 1735 ± 130 1025 ± 300 1950 ± 145 1840 ± 190 

Tailing 1 – 2 
(sample of 
tails) 

585 ± 60 3010 ± 240 2900 ± 530 3895 ± 290 3250 ± 370 

Tailing 1 – 2 
(sample of 
uranite salt) 

12210±900 55,9 ± 27 Not found Not found Not found 

Degmai tail-
ing near 
Chkalovsk 
town 

980 ± 100 7620±580 15600±1700 14600±1070 13200±1320 
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Uranium tailings of Tajikistan located near Chkalovsk town (a capital of ura-
nium Fergana) pose a serious ecological threat. There are 9 tailings in this region 
accommodating 54.4mln. tons of wastes of uranium ore processing not only from 
Tajikistan, but also from other countries. The largest in Fergana valley Digmai 
tailing, which is referred to the currently operating tailings is located at Digmai 
hills, between Chkalosvk and Khodjent (Leninabad) cities. The tailing has been 
used since 1963: on the area of 692 thous. m2 about 6 mln.tons of wastes of vana-
dium processing and almost 30 mln.tons of uranium processing are laid.   

One of the major ecological problems within the area of this huge tailing is dis-
semination of radon and radioactive dust from its non-recultivated and dried sur-
face. As Table 1 shows tails of this tailing are characterized by higher concentra-
tion of natural radionuclides of uranium-thorium series comparing with other 
tailings in the region. Table 3 present results of identification of degree of activity 
of radionuclides in aerosols of Tajik objects under consideration (Yunusov 2007), 
particularly increased content of radionuclides in the air. On top of all the Table 
shows that radionuclide composition of aerosols within Digmai tailing area is sub-
stantially shifted toward long-term sub-products of uranium. 

Table 2. Characteristics of Radiation Pollution in Area of Dumps and Tailings of Taboshar 
Village 

Measurement 
Area 

Capacity of 
equivalent 
dosage of 

gamma rays 
μ.Sv h-1 

Volumetric 
activity of 

radon Bq m-3 

Radon 
EEVA Bq m-

3 

Radon flux 
density (av-

erage)       Bq 
m-2s-2 

Thoron EVA 
Bq m-3 

Tailings # 1 
and 2 on 

fault sections

0,4 – 0,5      
to 0,8 – 0,9 45 2,57 3,8 ± 1,2      

(9,9 ± 3,0)* 0,33 

Tailing # 3 
on fault sec-

tions 

0,3 – 0,4      
up to 0,6 35 8,78 - - 

Tailing # 4 0,3 – 0,5 25 3,0 4,8 ± 1,6 - 

LOF dumps 

0,76 – 2,8 
surface 

0,35 – 0,4 
slopes 

17 2,0 0,86 ± 0,25  
1,06 ± 0,28 0,17 

Pit 0,48 – 0,56 20 1,92 0,09 ± 0,03 0,23 
Mountainous 
area located 
at 4-km. dis-
tance from 
Taboshar 

town 

0,12 – 0,23 12 3,3 - 0,12 
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Input of uranium isotopes into total activity of aerosols does not exceed 2%; the 
remaining 86% fall to the basic elements of uranium series (Ra226, Pb210, Th228). 
Characteristic feature of dust formed in the area of the tailing is prevalence of ra-
dium in its content comparing with uranium, which is caused by analogous corre-
lation of these elements in the source of dust forming, i.e. the tails (Table 1).  

Content of radon (Rn222) in atmospheric air in windless weather reaches 1000 
Bq/m3, whereas exhalation of radon exceeds from 10 to 60 times the standard val-
ue (Yunusov 2007). According to the estimates annual flow of radon into surface 
layer of the atmosphere can reach up to 31 kKu per year. Such a strong flow of ra-

Table 3. Activity of Radionuclides in Aerosols of Tajik Uranium Pits  

Air sample 
collection 

place 

Volumetric activity of radionuclides in air, 10-5 Bq m-3 

U238 Ra226 Pb210 Th228 K40 

Taboshar 1,8 ±  1,8 1,9 ± 0,5 47,5 ± 3,4 0,5 ± 0,2 10,4 ± 0,9 
Digmai tail-

ing 3,4 ± 3,4 40,9 ± 1,7 125 ± 6,3 5,8 ± 2,3 20,2 ± 1,7 

HMF – 
Chkalovsk 

town 
15,6 ± 22 4,8 ± 0,6 12,9 ± 6,3 0,5 ± 0,2 12,7 ± 1,1 

 
Fig.2. Unreclamated surface of Uranium Digmai tailing (Tajikistan) 
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don into the air should form high concentrations of its decomposition products, 
Po210 and Pb210 within the composition of aerosols and atmospheric precipitations 
which precipitate on lands, including agricultural lands adjacent to the tailing. 
This was confirmed by measurement of specified decomposition products within a 
radius of 1 km. from the tailing. Results of measurements, notably 44 Bq/kg for 
Po210 and 26 Bq/kg – for Pb210 evidence intensive pollution of these lands with ra-
don decomposition products. 

During examination of dry condition of dust formation processes on surfaces of 
the tailings located in the territory of Central-Asian region, it was identified that a 
gust of strong wind can blow up to 1 thous. m3 of sand and dust from the surface 
of tailing of 100 thous. m2 area. If the winds in the region under consideration are 
often and strong (V > 2 m/s) the dust can be blown away for a long distance (ki-
lometers) from the tailing later forming a halo of pollution of soil and agricultural 
lands of the region populated by 100 thous. people. 

Wastes of uranium-bearing ores extraction and associated ecological problems 
are observed in the territory of Uzbek part of Fergana valley in Charkesar village 
(Fig. 1). Charkesar deposit (Charkesar-1 and Charkesar-2) was worked by under-
ground (mountain) method, then by underground leaching. Total volume of ra-
dioactive materials buried in Charkesar in 4 dumps amounts to 415 thous. m3, 
whereas area occupied by these dumps is 130 thous. m2.  During recultivation 
works in 1989 all dumps were coated with a layer of neutral soil, however at 
present coating and edges of the dumps are destroyed by rain and flood waters.  A 
village where over 1.5 thous. people live is located nearby the mines and dumps.  

Ecological problems within the area of the village are typical problems of hots-
pots of the region (Torgoev et al. 2005). Yet there are ecological problems affect-
ing health of the population, in particular, people living in stone-made houses, 
which were built of materials from the dumps and then plastered with sand 
brought from the area located nearby Uigursai uranium deposit. According to the 
survey one half of 250 houses and public buildings in Charkesar village contains 
high activity of gamma rays (0,6 – 1,2 μSv/h), whereas exhalation of radon reach-
es 3000 Bq/m3  (the standard value is 100 Bq/m3).  

Mine waters, streaming from mine workings pose a serious threat to citizens of 
Charkesar and adjacent areas. The most dangerous are waters from mine # 2 with 
an average water flow 3-5 l/s. Uranium was first extracted by excavation method, 
then by leaching, therefore micro-component composition of the water streaming 
to the surface is similar to technological solution injected into the mine. On the 
other hand the water is enriched with uranium and other mineralization. It has 
been identified that mine waters contain anomaly high concentration of beryllium 
(200 MAC), manganese (75 MAC), lead (53 MAC) and selenium (2 MAC). Con-
centration of radionuclides in this water amounts to 23,4 Bq/l of uranium (com-
pare with the standard of 9,6 Bq/l), 1433 Bq/l of radon (compare with the standard 
of 80 Bq/l), 15,9 Bq/l of radium (compare with the standard of 0,94 Bq/l). The 
same “Charkesar” set of toxicants has been found in bottom sediments of streams, 
whereas total alpha-activity of bottom sediments varies from 35 to 80 thous. 
Bq/kg. Similarly to other hotspots of Fergana local population uses stream water 
for watering their fruit and vegetable gardens and for watering livestock. 
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It is not an accident that according to physicians and a number of NGOs deal-
ing with environmental issues in the region a number of onco-diseases among 
people living in the areas located in the territory of uranium mines increases every 
year. Increased level of radioactive radiation of the population, penetration of ra-
dionuclides into the food chain of people coupled with impact of heavy metals and 
other toxicants cause diseases of blood-forming organs, premature deliveries and 
congenital malformation among infants. For instance, a number of people suffer-
ing from cancer in Mailuu-Suu town is four times higher than the average indica-
tor throughout the country, whereas average weight of congenital malformation 
within the structure of infant morbidity is 2.8 times higher the average indicator 
throughout Kyrgyzstan (Bykovchenko et al. 2005).   

Conclutions 

Evaluation and analysis of environmental situation in the areas of uranium extrac-
tion and processing in the territory of Fergana valley in Central Asia show that vir-
tually in all these areas, and especially in the areas of wastes dumps systematic 
pollution of various components of the environment with radionuclides and other 
toxic pollutants is observed. The most dangerous for the environment and the 
population is pollution of vitally important for the region surface waters (of rivers 
and streams) within the basins of which wastes are located. Pollution identified in 
the areas of uranium mines, pits and dumps of HMFs and tailings in Fergana val-
ley is caused by poor gas and hydraulic sealing and gradual degradation and de-
vastation of their protective facilities and drainage systems. Due to unauthorized 
access of the local population to such objects, searching for metals, construction 
materials and growing food products on such areas, organizing livestock watering, 
unsealing of old and emergence of new sources of radio active radiation and pollu-
tion is taking place. As a result negative effect of these radio-active and toxic pol-
lutants for health of the population is observed not only in the area of their loca-
tion but also at a sufficient distance from them.  

Given the above it is necessary to perform a set of engineering and technical 
projects aimed at organizing safe and long-term isolation of radioactive wastes, 
rehabilitation of polluted territories within the nearest future. Not less important is 
conduction of sanitary-hygienic, medical-biological measures and informational 
campaigns aimed at increase of awareness of the population about threats and 
risks associated with wastes’ radioactivity. 
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Abstract. The Rum Jungle uranium-copper project, located south of Darwin, Aus-

tralia, operated from 1954 to 1971. The poor solid and liquid waste management 

practices during the project led to long-lasting environmental impacts. A large re-

habilitation project was undertaken in the 1980’s followed by nearly 15 years of 

monitoring. This paper reviews the environmental performance of the project dur-

ing operation, its subsequent rehabilitation and the implications of ongoing prob-

lems at the site, especially acid mine drainage and impacts on water resources. 

Introduction 

In the Australian mining industry, the former Rum Jungle uranium-copper project 
holds a special place for many reasons. It was the first project to commercially 
mine and export uranium (for nuclear weapons) in the 1950’s, it was a major part 
of the post-war Northern Territory economy, it caused ongoing environmental pol-
lution which reached many kilometres downstream, it was among the first genera-
tion of polluting former mine sites to be rehabilitated in the 1980’s and this was 
followed by a decade-long post-rehabilitation monitoring program. It is therefore 
possible to assess the pollution loads leaving the site prior to and following reha-
bilitation, providing a unique and important case study for such mines, especially 
the long-term effectiveness of rehabilitating former uranium mines. Although 
there are numerous papers on Rum Jungle, this paper seeks to synthesize the key 
data and analyse it from an independent environmental perspective. The paper 
briefly reviews the Rum Jungle project, followed by a detailed compilation and 
critical evaluation of the available environmental monitoring data, giving a unique 
case study of the environmental performance of uranium mine site rehabilitation. 
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The Rum Jungle U-Cu Project – A Brief History 

The Rum Jungle uranium-copper project (U-Cu) has been an important mining 
project in Australia, for many reasons as noted previously. This section is a brief 
history to understand the project, rehabilitation and environmental monitoring. 

The mineral potential of the ‘Rum Jungle’ region, just south of Darwin, had 
been noted since the 1870’s, primarily for Cu and gold (but nothing of interest). 
The region is located in the tropical wet-dry climate of northern Australia; Fig. 1. 

Following the advent of the nuclear weapons race in 1945, the Australian gov-
ernment vigorously promoted uranium prospecting. In 1949, local pastoral owner 
and amateur prospector Jack White realised that his green minerals from the bed 
of the Finniss River were most likely U. The significance was realised, with the 
Australian government taking over in the ‘national interest’ (Lichaz and Myers 
1977). By late 1951 two modest U deposits were proven at White’s (U-Cu) and 
Dyson’s (U). During 1952 export agreements were finalised for nuclear weapons. 
The project was owned by the Australian government, operated under contract by 
Consolidated Zinc (CZ, later to become CRA Ltd, now Rio Tinto Ltd) and was fi-
nanced by the US-UK Combined Development Agency (CDA). 

First uranium oxide (U3O8) production was in 1954. White’s and Dyson’s were 
mined as open cuts and were completed by late 1958, with the mill processing 
stockpiled U and U-Cu ore as well as a small amount of purchased U ore. In 1959, 
exploration discovered the Rum Jungle Creek South (RJCS) U deposit, and proved 
larger than White’s and Dyson’s combined. The RJCS site was mined over 1961-
63, and allowed processing to continue at Rum Jungle until 1971. 

The Intermediate Cu deposit adjacent to White’s was mined by CZ over 1964-
65 separate to the CDA contract and toll processed through the mill, plus a Cu 
heap leach experiment. The Brown’s Pb-Cu-Ni-Co-Ag prospect was studied but 
abandoned as uneconomic due to low grades and difficult processing (Brown’s 
‘oxide’ mine was developed in 2008, a major sulphide project is expected soon). 

The project was operated on a ‘production’ basis – environmental impacts were 
clearly not considered important. During the early years of operation (1954-61), 
tailings were discharged to a flat low-lying area (later known as ‘Old Tailings 
Creek) adjacent to the mill, though the tailings proved highly eroded. 

About 1 ML/day of liquid effluent was discharged into the Finniss River, con-
taining acids (pH 1.5), metals and radionuclides. At times liquid wastes would 
disappear into holes which opened up at the Cu cementation launders for several 
weeks, until the area was covered and later abandoned (see Davy 1975). About 
640,000 t of tailings was also discharged and covered 35 ha, with some 10-25% of 
these tailings having been eroded by 1984. In 1961, tailings were directed to the 
former Dyson’s open cut, and then to White’s from 1965-71. 

The site was a major source of environmental pollution for the Finniss River – 
due to tailings and liquid waste discharges but also due to the acid mine drainage 
(AMD) derived from the tailings but especially waste rock dumps. The scale of 
the problem was identifed by the late 1950’s but was ignored due to the political 
nature and perceived importance of the Rum Jungle project. 
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Fig.1. Location and site map of the Rum Jungle U-Cu project, Northern Territory. 

After closure in 1971, no major works were undertaken to reduce pollution and 
by the mid-1970’s Rum Jungle project was infamous for its extreme pollution, 
such as the absence of all biota for 15 km down the Finniss River and contamina-
tion of ~100 km2 of  floodplains (Davy 1975). The environmental legacy of Rum 
Jungle was also a major issue during the Ranger Inquiry (Fox et al. 1977). 

The Australian government conducted major rehabilitation works over 1982-86 
costing some $18.6 million. The project was amongst one of the earliest in Aus-
tralia to remediate an AMD site, with the primary objectives being : (i) reduction 
in Finniss River pollution loads (70% each for Cu-Zn, 56% for Mn); (ii) reduction 
in public health hazards (including radiation); (iii) reduction in pollution loads in 
White’s and Intermediate open cuts; (iv) aesthetic improvements and revegetation. 

Although the RJCS site was ignored during the Rum Jungle program, as it was 
considered to have no major pollution problems, it was later found to present a 
public radiological exposure issue due to its popularity for recreational swimming. 
RJCS was then addressed with additional works in 1991 to cover the waste rock 
dump and achieve unrestricted public use of the site. 

Given the importance of Rum Jungle as a test case for AMD remediation in 
mining, a major environmental monitoring program was initiated from 1986, run-
ning until 1998. The data and associated analysis of results are contained in Allen 
and Verhoeven (1986), Kraatz and Applegate (1992), Kraatz (1998) and Pidsley 
(2002), with pre-rehabilitation environmental studies given by Davy (1975). 

Rum Jungle has been visited over 2004 to 2007, and still remains a major AMD 
pollution source to the Finniss River – despite the rehabilitation works. It is in this 
context that the available environmental monitoring is presented, analysed  and 
discussed. The site remains a critical case study, providing numerous insights into 
mine rehabilitation, and of particular relevance for uranium mining. 
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Geology and Hydrogeology of the Rum Jungle Region 

The geology and and hydrogeology of the Rum Jungle region is complex, with the 
most recent descriptions given by McKay and Miezitis (2001) and CR (2005). 

Rum Jungle is on the western part of the Pine Creek Geosyncline, with regional 
geology comprising Palaeoproterozoic metasediments (low-grade greenschist fa-
cies) unconformably over-lying Archaean granitic basement (the Rum Jungle 
Complex). Surficial rocks are often intensely weathered. The Giant’s Reef Fault 
has caused some 4-5km of displacement, leading to an embayment structure which 
is the location of most mineralised zones. Geologic cross-sections of White’s, Dy-
son’s, Intermediate and Rum Jungle Creek South are given by Fraser (1980). 

The hydrogeology is comprised primarily of surficial weathered aquifers and 
underlying fractured rock aquifers of varying significance. Groundwater is found 
between 2-12 m from the surface, and varies with the wet-dry monsoonal climate 
(see Fig. 2), suggesting active recharge into unconfined aquifers and dynamic dis-
charge processes such as transpiration or to surface water features (CR 2005). 
Karstic solution features in dolomite are often present. The extent of hydraulic 
connection between shallow and deep aquifers remains uninvestigated. 

Rum Jungle Rehabilitation Project 

Given the environmental significance of the ongoing pollution at Rum Jungle, the 
Australian government funded a major rehabilitation program from 1982 to 1986. 
As this was amongst the first generation of former mines with major acid mine 
drainage to be rehabilitated in Australia (as well as it being a former uranium 
mine), a decade-long environmental monitoring program was established. 

 
Fig.2. Hydrogeologic cross-section of Brown’s area, Rum Jungle (adapted from CR 
2005). 
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Rehabilitation Measures (1982-86) 

The Rum Jungle rehabilitation program was primarily aimed at reducing the metal 
loads reaching the Finniss River, as well as reducing public hazards. Specific 
components included : excavation of remnant tailings and the Cu heap leach pile 
for deposition into Dyson’s open cut, re-contouring of waste rock dumps and con-
struction of soil covers to limit infiltration and AMD generation, treatment of pol-
luted waters in White’s open cut, rehabilitation of the former mill and stockpile 
areas, and partial re-diversion of the East branch of the Finniss River and removal 
of the Acid and Sweetwater Dams. 

Environmental Monitoring (1986-1998) 

Environmental monitoring was undertaken during rehabilitation works and for 
some 12 years afterwards, including surface water hydrology and water quality, 
groundwater, biodiversity (eg. fish or macroinvertebrate surveys), waste rock 
dump hydrology, and sediment analyses. Sampling and analytical methodology 
are detailed in the four principal reports (see earlier). All results presented below 
are derived from these reports (unless otherwise noted). Some additional data has 
been included from research work (years 1998/99 to 2000/01). 

No pre- and post-rehabilitation radon or gamma surveys are available, despite 
recent recommendations of the need for such assessments (see Pidsley 2002). 

The primary point for determining the effectiveness of rehabilitation project in 
reducing metal loads in surface waters was set as GS8150097 (~5.6 km down-
stream, see Fig. 1). Monitoring has been reported as both concentration and load 
data, usually including metals, sulphate and pH. Analytical methods have evolved 
over time, such as early years being totals only, while latter years included total 
and dissolved metals. Despite U being a critical issue, it has commonly not been 
included in routine water quality analyses for all wet seasons. Similarly, radium 
(226Ra) was only monitored for the first two wet seasons after rehabilitation. 

Monitoring Results 

Open Cuts 

White’s open cut (OC) remains a major source of pollutants, with Intermediate 
OC minor only. A water quality profile of White’s OC is given in Table 1, and 
clearly shows the more polluted waters at depths below 30m. It is considered that 
White’s OC is still contributing some 2-3 t Cu per wet season at GS8150097. 
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Waste Rock Dumps 

The infiltration target for soil covers over WRD’s was set at 5% of incident rain-
fall (compared to ~50% previous). Although there have been technical issues with 
the lysimeters used to monitor infiltration, including failure of several lysimeters, 
the available monitoring data shows good performance initially (ie. <5%), fol-
lowed by a gradual decline or increase in estimated infiltration, shown in Fig. 3. 
 

Recent visits to the Rum Jungle site clearly show that significant infiltration 
rates must still be occurring, as seepage flows from White’s WRD can be seen 
through-out the dry season (photo included in Fig. 3). Although direct sampling 
and analysis of this water is not available, it is known to contain U from 1 to 8 
mg/L (pers. comm., Brown, 2002). It is abundantly clear that the WRD’s continue 
to act as major pollutant sources for the Finniss River. 

Table 1. Water quality profile of White’s open cut, April 1998. 

Depth pH DO E.C. Ca Mg SO4 Cu Mn Zn Ni Fe Al 
m - mg/L µS/cm all mg/L 
0 6.8 6.6 157 4 13 61 0.1 0.31 0.04 0.06 0.46 0.09 
5 6.5 5.9 172    0.1 0.34 0.05 0.06 0.44 0.13 
10 6.1 5.3 110 3 8 41 0.1 0.32 0.03 0.06 0.35 0.18 
15 5.7 5.2 115    0.1 0.46 0.04 0.06 0.19 0.13 
20 5.4 5.5 151 6 11 64 0.2 0.74 0.04 0.09 0.06 0.13 
25 5.4 5.4 171    0.2 0.78 0.05 0.08 0.07 0.14 
30 4.4 4.6 274 12 20 137 0.8 2.45 0.11 0.23 0.13 1.88 
31 4.1 3.6 458    1.3 4.42 0.18 0.37 0.21 5.2 
32 3.7 0.1 993    3.1 17.65 0.42 1.01 0.87 14.8 
33 3.8 0 7168    54 244 5.49 18.55 378 215 
34 3.8 0 7478    60 269 7.4 16.7 404 226 
35 3.8 0 7558 481 902 8270 62 254 7.75 19 420 236 
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Fig.3. Waste rock dump infiltration : monitored infiltration rate (left), White’s WRD in July 
2007 (right) – note the active seepage flow and characteristics (photo G M Mudd). 
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Surface Water 

Only a brief examination of hydrologic and surface water quality data is possible 
herein, and so only key data is presented. The results of a Finniss River water 
quality profile are shown in Fig. 4, with metal loads for Cu and Zn shown in Fig 5. 
A comparison of water quality at GS8150097 with guidelines is given in Table 2. 

There is clearly seasonal behaviour in metal concentrations and loads (Table 2). 
To further illustrate this, typical maximum concentrations in the first flush wa-

ters of the early wet season are compiled and shown in Fig. 6. Smaller wet season 
flows lead to higher concentrations, with a gradual decline over time. Additional 
photos of the former Sweetwater Dam are given in Fig. 7. 
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Fig.4. Profile of Finniss River water quality downstream from Rum Jungle (22 April 1994). 
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Fig.5. Cu-Zn loads in Finniss River at GS8150097 before, during and after rehabilitation. 

Table 2. Summary of GS8150097 water quality during the 1992/93 wet season, compared 
to current water quality guidelines (ANZECC and ARMCANZ 2000). 

 Al Ca Fe As Co Cr Cu Mn Ni Pb Th U Zn 
 ← all mg/L all µg/L → 
Average 3.6 9.9 1.7 4.1 176 5 485 860 169 76 3.3 33 209 
Minimum 0.21 4.2 0.096 0.6 53 0.7 180 430 53 2 0.02 6 49 
Maximum 9 29 14 41 480 33 1100 2000 430 880 26 63 670 
              

ANZECCa ND ND ND 14 ND 1b 1.4 1900 11 3.4 ND 6c 8 
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ND – not determined (no data). a Water quality values based on 95% species protection for 
fresh waters. b Value is for Cr6+ only. c Value is from the Ranger uranium project. 

Groundwater 

Groundwater remains the least monitored environmental component of the Rum 
Jungle site. Although some monitoring and assessment has been undertaken, the 
latter stages of the monitoring program did not include groundwater (see Pidsley 
2002). It is important to note that there was no remediation of contaminated 
groundwater during the rehabilitation project, despite it being identified as heavily 
polluted and an ongoing source of pollutants. 

The available groundwater monitoring data, shown in Fig. 8, suggests a linear 
relationship between pollutant concentrations and EC, with Cu and SO4 generally 
extremely high. Given the nature of AMD, this relationship can be expected. 
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Fig.6. First flush metal concentrations, early wet season, versus total wet season flows. 

 
Fig.7. Former Sweetwater Dam, July 2007; Note – the water and flow in the left photo is 
continuing seepage from White’s waste rock  dump (see Fig. 3) (photo’s G M Mudd). 
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Fig.8. SO4 (left) and Cu (right) concentrations versus electrical conductivity in 3 bores in 
the vicinity of White’s waste rock dump (dashed lines indicative only). 

Sediments 

Concentrations of metals in streambed sediments have been examined, though on-
ly at specific times for a Finniss River profile. Some data has been obtained for 
sediment quality, while other data was obtained during ecological studies. The se-
diment data, Table 3, clearly shows the essentially background concentrations up-
stream compared to elevated levels downstream. 

Biodiversity 

The biodiversity in the Finniss River has been studied in the 1970’s and again fol-
lowing rehabilitation works, mainly through fish diversity and abundance surveys 
and macroinvertebrate species and diversity studies (including benthic surveys and 
pollutant bioavailability and archival studies in mussels). 

The original 1970’s surveys established that the Finniss River immediately 
downstream of Rum Jungle was largely devoid of biota, with the first flush of wet 

Table 3. Sediment quality profile along the Finniss River (East Branch), compared to cur-
rent sediment quality guidelines (ANZECC and ARMCANZ 2000) (mg/kg dry weight). 

Distance From 
Rum Jungle (km) Ba Cd Co Cu Fe Mn Ni Pb U Zn 

U
p-

 
St

re
am

 -18 58 0.05 5 17 5454 101 5 16 4 <DL 
-0.2 65 0.04 11 30 9221 230 5 15 2 <DL 
-0.01a 77 0.3 7 33 4326 201 3 10 3 <DL 

            

D
ow

n-
 

St
re

am
 4 76 0.3 269 3643 12284 582 371 127 129 1896 

8 84 0.35 193 1061 8426 209 191 138 45 1748 
11 58 0.22 202 404 10510 551 98 37 17 112 

            

SQG lowb ND 1.5 ND 65 ND ND 21 50 ND 200 
SQG highb ND 10 ND 270 ND ND 52 220 ND 410 

<DL – less than detection limit. ND – not determined. a On upstream junction of East 
Branch with the Rum Jungle site. b For the sediment quality guidelines, ‘low / high’ means 
low / high probability of biological effects (that is, ‘high’ values would give rise to effects). 
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season rains being particularly problematic (Davy 1975). Following rehabilitation 
works, various biodiversity surveys have established a return of biota to the East 
Branch, with apparently lower overall bioavailable metal loads. In addition, recent 
research on Cu ecotoxicity to black-banded rainbow fish (Melanotaenia nigrans) 
from the Finniss River has suggested an evolving Cu tolerance to the mine lea-
chates still emanating from the site (Gale et al 2003). Thus, overall biodiversity 
surveys suggest some measure of success, though this has to be moderated with 
the significant physical and chemical evidence of ongoing pollutant generation 
and release (eg. Fig.’s 3 and 7). 

Discussion and Conclusion 

As noted previously, the Rum Jungle rehabilitation project has been a critical case 
study on AMD pollution and remediation, especially for U mining. There is a 
common belief that the legacy of the Rum Jungle project has been addressed and 
rehabilitated satisfactorily (perhaps people who have not visited the site in recent 
years). The above review of the rehabilitation project and associated monitoring 
data raises a significant number of issues. 

Despite the extent of reported monitoring and studies, critical gaps remain in 
facilitating a more hollistic and accurate picture of the ongoing pollution cycle at 
Rum Jungle. For example, samples upstream of the site are extremely rare, with 
the only known data being that obtained for biodiversity surveys – despite being a 
very common design in environmental monitoring and impact assessment studies. 
Sampling and monitoring is often insufficient in spatial / temporal scale to allow 
an accurate whole-of-site mass balance to be determined, meaning pollutant load 
accounting from primary source terms is difficult or impossible. In addition, there 
is possible groundwater discharge ~0.5-1 km downstream of GS8150200 (Fig. 4), 
potentially explaining spikes in SO4 and Cu. Groundwater remains heavily conta-
minated and is very likely to be contributing to major pollutant loads in surface 
waters along with loads derived from White’s open cut and all waste rock dumps. 

The radiological characterisation and assessment of the site remains poor, de-
spite clear evidence of extreme U concentrations in seepage from White’s WRD 
and accumulated U in Finniss River sediments (Table 3). 

The Rum Jungle remains a polluting site – as evidenced by the range of availa-
ble monitoring data and recent site inspections. Annual pollutant loads remain 4-
12 t Cu, 3-7 t Zn and 1,250-4,800 t SO4 – although they could be seen as meeting 
rehabilitation objectives, they are clearly ecologically significant metal loads. 
Given that groundwater remains contaminated and waste rock dump infiltration is 
increasing, pollutant loads into the Finniss River can be expected to intensify in 
the future. The Rum Jungle U-Cu site, despite significant effort, has not met the 
test of time and remains a recalcitrant and polluting mine. 
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Abstract. To investigate the efficiency of the phytoremediation of uranium-

contaminated soil by Brassica juncea and Helianthus annuus, greenhouse experi-

ments with both plant species and soil from the “Fuhrberger Feld” (near Hanover, 

Germany) with defined enhancement of the uranium concentrations up to ap-

proximately 6 mg kg-1 have been carried out. Part of the test plants was treated 

with citric acid buffer (pH =4.8). Plants of both species were grown in soil from 

the “Fuhrberger Feld” without any treatment (control plants). The plants were har-

vested 13 weeks after settling and the uranium concentration in shoots and roots 

and the remaining soil was measured. The uptake of uranium into the shoot was 

clearly lower than into the roots. Uranium concentration in the shoots of the con-

trol plants was below the detection limit. The addition of the citric acid buffer 

caused an enhancement of the uranium concentration in the soil water by factors 

of up to approximately 80. A visible effect of this enhanced concentration on the 

uptake into the plant and on the distribution on shoot and root was only shown for 

Brassica juncea, where the concentration in the shoot doubled. The reverse effect 

was shown for Helianthus annuus, where the citric acid buffer treatment caused a 

lower concentration in roots and shoots compared to the untreated soil with the 

same uranium concentration.  
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Generally, the uranium uptake into the plants was very low (<1 µg per plant) for 

all experiments. 

The results of these plant experiments point out that the effectiveness of uranium 

uptake into plants cannot be increased by citric acid buffer treatment in every case, 

even if the uranium concentration in soil solution is increased considerably. No 

decrease of uranium concentration in soil due to the uptake into plants could be 

shown. Thus a special suitability of Brassica juncea and Helianthus annuus for 

phytoremediation could not be proven.  

Introduction 

Mankind affects the cycles of many elements and compounds. These changes be-
come important, if they cause an endangerment for humans or the basis of human 
existence. In the last decades the investigation of uranium in soils and in ground 
waters gained importance due to its potential hazard. Thereby especially the che-
motoxical effect of uranium is relevant, since uranium compounds cause damages 
of liver and kidneys among others (Merkel and Dudel 1998).  

Since uranium, like all metals, is not degradable, its entries in soils or ground 
waters should be reduced or prevented and already entered uranium must be re-
moved from the environmental compartments. 

An in situ method to remove metals from soils is phytoremediation. Thereby 
plants take up metals from the soil and accumulate them in their harvestable ab-
oveground organs, mainly in their shoots. The aboveground plant biomass is then 
harvested and burned, in order to remove the contaminants permanently from the 
soil (Cherian and Oliveira 2005) 

These practices are suitable for treatments of large areas with minor concentra-
tions of impurities (Negri and Hinchman 2000). The success of phytoremediation 
depends on different factors such as a sufficient production of biomass by the 
plants in which they have to enrich high quantities of the metals. Indeed finding a 
suitable plant for removing metals is not that easy, because most of the known 
hyperaccumulator plants have small biomasses (Baker and Brooks. 1989). In addi-
tion these plants need to be plantable and harvestable with agricultural methods. 
Also they should mainly accumulate the hazardous metals in large quantities 
(Blaylock et al. 1997).  

Uranium which is sorbed at clay minerals and humus particles, as well as ura-
nium in connection with the Fe-Mn-oxides is immobile and therefore not available 
for plants. However, roots can mobilize metals by acidifying with citric acid or 
other organic acids, changes of redox conditions or formation of organic complex-
es (Alloway 1999). These so called chelates increase the fraction of dissolved 
metals in the soil solution. Chelates can make insoluble cations plant available, 
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they increase there transport to the plant roots and supply more of the allready ab-
sorbed cations (Shahandeh and Hossner 2002b).  

The uptake of actinides from soils by terrestrial plants is considered as low. 
Thereby the enrichment of uranium in plants occurs particularly in their roots 
(Hossner et al. 1998). 

Helianthus annus (Annual sunflower) and Brassica juncea (Indian mustard) 
show a high ability for the accumulation of uranium in comparison with other 
plants (Ebbs et al. 1998, Huang et al. 1998, Shahandeh and Hossner 2002, Chang 
et al. 2005). However, prior examinations were accomplished mostly with high 
soil uranium contents (>100 mg U kg-1 soil) or non soil typical substrates 
(Schönbuchner 2002). No publications were available about soils with lower ura-
nium contents, wherefore Phytoremediation is mainly applicable in practice. 
Therefore, a controlled greenhouse experiment was set up to investigate how 
much uranium can be taken up by the plants with different soil uranium content 
and how the addition of citric acid buffer affects the uptake of uranium. 

Methods  

The goal of this work was to determine whether soils with uranium contents of 
slightly over 5 mg U kg-1 can be regenerated by phytoremediation. The amount of 
5 mg U kg-1 is the tolerance value for a gardening-agricultural use from soils after 
Eikman and Kloke (1993).  

Table 1. Overview over the most important treatment steps for investigation of the poten-
tial for Phytoremediation of Brassica juncea and Helianthus annuus  

time [d] 
0 

  
sowing of the seeds into a planting bowl  

11  Sorting of the plants at the two leaves state into a planting pallet 1 

31  Repot into planting containers with a diameter of 11 cm - volume about 0.8 l 1  

51  Repot into planting containers with a diameter of 20 cm - volume about 5 l  
arrange plants over control treatments and prepared soils 

53  Installation of the suction cups in the planting pots and beginning of the soil 
water sampling  

70  1. citric acid buffer treatment 

73  2. citric acid buffer treatment 

77  Harvest 
1soil was mixed with Basacote Plus 9M- fertilizer (fertilizer contents: 16% N, 8% P2O5, 
12% K2O, 2% MgO, 5% S, 0.02% B, 0.05% Cu, 0.4% Fe, 0.06% Mn, 0.015% Mo, 0.02% 
Zn) to avoid any kind of nutrient limitation 
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Therefore two plant species Brassica juncea and Helianthus annuus were 
planted in sandy farmland soil from northern Germany (Fuhrberger field), which 
has an uranium content of 0.96 mg kg-1 soil due to the application of uranium con-
taining P fertilizers. A natural soil should be used, because artificial substrates 
have clearly different sorption characteristics.  

The plants were grown in a greenhouse under natural light conditions (tempera-
ture range 7-39 °C). The most important vertices of the procedure are held in ta-
ble 1 

After 51 days 12 plants of each species were set in 5L pots, whereby 8 of 12 
plants were set in soils to which 5 mg uranium per kg soil was added. Uranium 
was added as uranyl acetate dihydrate solution ((CH3COO)2UO2 * 2 H2O). Addi-
tionally 3.7 mg P per kg soil was added as dipotassium phosphate (K2HPO4) to 
simulate the input of uranium via fertilizing. In each case 4 plants were grown 
with the same treatment: soil with natural uranium content, soil with additional 
uranium, soil with additional uranium and citric acid treatment (Table 2). Plants 
were grown for 20 days in the different soils. 

Citric acid buffer was chosen because it is environmentally harmless and com-
pletely naturally degradable as well as citric acid has shown a relatively constant 
effectiveness in removing metals (Francis and Dogde 1998). In previous studies 
the addition of citric acid to the soils has led to a strong increase of the uranium 
uptake into the plants (Huang et al. 1998, Chang et al. 2005). 

After 70 days of growing 250 ml of citric acid buffer solution was added to 4 of 
the pots of Brassica juncea and Helianthus annuus respectively. The amount of 
solution added should not correspond to more than 5-10 Vol% of the soil in order 
to prevent a leakage of solution. Since citric acid has a pH value below 3 and such 
a pH value causes damages to plant roots a citric acid buffer solution with 4.8 
mmol l-1 citric acid (C6H8O7 * H2O) and 5 mmol l-1 trisodium citrate 
(C6H5Na3O7*2 H2O) with a pH value of 4.8 was used.  

It is assumed that plant metabolism chances after the bloom time to a smaller 
transpiration. Therefore blooms of both plant species were cut, those of Brassica 
juncea twice, and those of Helianthus annus were only removed once.  

Table 2. Different plant treatments after 50 days of growing in farmland soil for the inves-
tigation of the potential for phytoremediation 

 Brassica juncea (Indian mustard) Helianthus annus (Annual sunflower) 

● 4 x control (farmland soil with approx. 1 
mg/kg) 

● 4 x control (farmland soil with approx. 1 
mg/kg) 

● 4 x farmland soil + approx. 5 g U/ kg and 
3.7 mg phosphate/ kg 

● 4 x farmland soil + approx. 5 g U/ kg and 
3.7 mg phosphate/ kg 

● 4 x farmland soil + approx. 5 g U/ kg and 
3.7 mg phosphate/ kg + two times citric acid 
buffer treatment 

● 4 x farmland soil + approx. 5 g U/ kg and 
3.7 mg phosphate/ kg + two times citric acid 
buffer treatment 
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Plants were harvested after 77 days, 4 days after the second citric acid treat-
ment, since the highest uranium uptake should take place up to then, according to 
literature (Huang et al. 1998). Plants were cut off 1 cm above soil surface, 
weighed (leaves, stem and roots separately) and dried afterwards at 70°C to 80°C. 
Roots were washed carefully before drying. 

Plants samples were milled with a ultra centrifugal mill (Retsch ZM 1000, 
Speed 10000 rpm) and sieved to <0.63 µm. To quantify the amount of uranium 
absorbed by the plants uranium contents per g plant (dry weight) were examined 
after digestion according to DIN EN 13805. To control the completeness of the 
digestion the reference material Virginia Tobacco Leaves (CTA-VTL-2) from Po-
land was used. 

To investigate the mobility of uranium in the soil solution, soil water was sam-
pled with suction cups (Al2O3-cups, Haldenwanger, Waldkraiburg, Germany), 
which were conditioned before with 8.44 µg l-1 uranyl nitrate solution. The soil so-
lutions of the 4 pots with the same treatment were sampled in one bottle. When a 
sufficient amount of sample was present, uranium content and pH values of the 
soil solution were measured. 

To control the distribution of uranium in the soils with added uranium 3 soil 
samples were examined for their uranium content after digestion. Also the used 
fertilizer was investigated for its uranium content. The samples were dried at 70 to 
80°C, milled, sieved to <63 µm and digested by aqua regia dissolution according 
to DIN EN 13346 (2001-04).  

The concentration of trace elements was measured in the soil solutions as well 
as in the solutions from digestion of plants, soil and fertilizer. Trace elements con-
centrations were determined with the ICP-MS (VG Elemental, Winsford, Eng-
land). The detection limits for uranium were between 0.006 and 0.009 μg l-1. 

Results 

Uranium concentrations and pH in soils  

Uranium concentrations of three sub samples of the soils with added uranium dif-
fer strongly (4.7-18.6 mg kg-1). The average value was 10.4 mg U kg-1 soil. The 
different uranium concentrations seem to have no influence on the uranium con-
centration in the soil solution (see Uranium contents in soil solution). The fertil-
izer used contained 4.0 mg U kg-1.  

The amount of the sampled soil solutions was prone to strong fluctuations. 
Therefore it was not possible to get constantly enough soil solution for pH meas-
urement. Generally the pH values of the soil solutions in the pots without treat-
ment with citric acid buffer were within the range of 5.2-7.1 for Helianthus an-
nuus, 5.8-6.8 for Brassica juncea. There was no apparent pH difference between 
the solutions of the soils with different uranium concentrations. 
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A growth of algae was determined in some of the soil water sample bottles14 
days after beginning of the sampling. Since the algae could affect the water char-
acteristics due to metabolic procedures, they were rinsed out immediately and 
slight remaining remnants in the bottles were removed mechanically.  

After the first treatment with citric acid buffer the pH value of the soil solutions 
of both plant species increased to 7.4 for Helianthus annuus and 7.3 for Brassica 
juncea. Three days after the second citric acid buffer addition, the pH values in the 
soil of both plant species amounted 6.6 and was higher than for the parallel treat-
ment without citric acid buffer. In addition to the increasing pH value the citric 
acid buffer led to a staining of the soil water by dissolved humic acids. 

Because of defects of the suction cups soil solutions could not be sampled regu-
larly, three times there was not enough sample material for the measurement of the 
uranium concentrations. The soil solution of the B. juncea control treatment had 
uranium concentrations in the range of 0.2-1.5 µg l-1, those of H. annuus in the 
range 0.2-2.9 µg l-1. Soil solutions of soils treated with uranyl acetate dihydrate 
and dipotassium phosphate had uranium concentrations of 0.4-2.5 µg l-1 for both 
species. The uranium concentrations in these solutions were mostly higher than 
those of the control soils (Table 3).  

 
After the citric acid buffer addition the uranium concentrations of the soil solu-
tions increased. The uranium concentrations in soil solution of B. juncea reached a 
concentration of 19 µg l-1 three days after the first citric acid treatment, three days 
after the second citric acid buffer treatment 76 µg l-1. This is an 8 and 32 time in-
crease of the uranium concentration in the soil solution compared to soil without 
citric acid buffer treatment. 
The uranium concentrations of the soil solutions of H. annuus were even higher. 
The maximum concentrations appeared after the first citric acid buffer treatment 
(241 µg l-1), three days after the second treatment the concentration reaches 93 µg 
l-1, which correspond to an 83- and 32-fold increase, respectively, compared to soil 
without citric acid buffer treatment. 

Table 3. Ranges of the uranium concentrations in the soil solution of the different plant 
treatments and number of measured samples (U = uranyl acetate dihydrate and dipotasium 
phosphate, C= citric acid buffer) 

Treatment Helianthus annuus Brassica juncea 
 number of mea-

surements 
U in soil solu-

tion [µg l-1] 
number of 

measurements 
U in soil solu-

tion [µg l-1] 
control 3 0.2-2.9 4 0.2-1.5 

with U 6 0.4 -2.4 4 0.4-2.5 

with U and C 2 93.1-240.9 2 19.3-76.1 
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Uranium concentrations of the plants  

For all plants an uptake of uranium in their roots could be proven. Also the ura-
nium concentrations of the roots were substantially higher than in the shoots 
(Fig.1).  

The uptake of uranium from soils of the control treatments (0.96 mg U kg-1 
soil) in the roots accounted for both plant species 0.02 mg U kgDW

-1on average. 
Since the average dry weight of the roots of both species was not different, the av-
erage uranium content in the roots was the same. An uptake of uranium into the 
shoots could not be detected for the control plants of both species (<7*10-4 mg U 
kgDW

-1). 
Plants which have been grown in soils with added uranium showed a higher up-

take of uranium than control plants. Uranium concentrations in the roots of H. an-
nuus were on average 0.07 mg kgDW

-1 and higher than those of B. juncea 
(0.05 mg kgDW

-1). 
For both plant species the addition of citric acid buffer to the soil did not yield 

any increase of the uranium concentration in the roots. H. annuus even had lower 
uranium concentrations in roots and shoots. However B. juncea showed an in-
creased uranium concentration in the shoots.  

Even if the uranium concentrations of H. annuus were lower than that of B. 
juncea after citric acid treatment, the total amount of uranium in the plants was 
higher for H. annuus (0.49 µg) than that of B. juncea (0.45 µg) due to its larger 
biomass (Table 4). 
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Fig 1. Uranium concentrations (mean value of 4 plants) of Helianthus annuus and Brassica 
juncea in the roots and in the shoots for the different treatments, U = uranyl acetate and di-
potasium phosphate, C =citric acid buffer, DW = dry weight, n.d. = not detectable 

For the calculation of the soil/plant transfer factor a soil uranium concentration 
of 6 mg kg-1 was assumed. This value was calculated as mean value for the soil 
uranium concentration after the treatment with uranyl acetate dihydrate. 

n.d. n.d. 
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The soil/ pant transfer factor was in the order of 10-3 for all plant treatments 
(Table 4). The higher soil uranium concentration led to an increase of 2-4 times 
for H. annuus and 3 times for B. juncea. The reaction to the addition of citric acid 
buffer to the soil differs depending on the plant specie. 

Discussion 

Uranium concentration and pH in soils  

The differences of the uranium concentrations in the prepared farmland soil are 
caused by inhomogeneous distribution of the uranyl acetate dihydrate in the soil. 
These differences of the soil uranium concentrations are assumed to be at a small 
scale compared to the pot and the root volume, and therefore did not affect the to-
tal uranium content in one pot and in the soil solutions. 

The uranium concentration in the used fertilizer (4.0 mg U kg-1) is small com-
pared to literature data (6-39 mg U kg-1, Kratz and Schnug 2005, Uyanik et al. 
1999). Also only small amounts of this fertilizer were used for fertilization. There-
fore they should not have any important effect on the measured uranium concen-
trations of the soils and plants of this investigation.  

The determined effective soil pH of the farmland soil from the Fuhrberger Feld 
amounts 5.8. As far as it was recognizable from the measured pH values the addi-
tion of uranyl acetate dihydrate solution and dipotassium phosphate had no effect 
on the pH value of the soil solution.  

The first citric acid buffer treatment of the soils led to two clearly visible re-
sponses: First the pH value of the soil solution increased 8-83 times. This increase 

Table 4. Uranium fraction transported from the roots into the shoots (amount (branch) [µg] 
/amount (plant) [µg]), total uranium uptake (mean value) and Transfer factor plant/soil for 
the different treatments of Brassica juncea and Helianthus annuus, C =citric acid buffer 

  
From roots into shoots 

shifted fraction [%] 
Total uptake into the 

plant [µg] 
Transfer factor 

plant/soil 
Helianthus annuus 
control - 0.17 1.6*10-3 
with U 0.14 0.76 6.2*10-3 
with U + C 0.11 0.49 3.7*10-3 
Brassica juncea 
control - 0.16 1.8*10-3 
with U 0.10 0.42 4.9*10-3 
with U + C 0.18 0.45 5.6*10-3 
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can possibly be explained by the dissolution of alkaline acting cations. The second 
reaction the yellow colouring of the solution is probably due to the protonation 
and simultaneous dissolving of humic substances. 

The increase of the pH value of the soil solution to greater 6.5 after the citric 
acid buffer treatment could be one reason for the higher solubility of uranium and 
thus a higher concentration of uranium in the soil solution. However the chelate 
forming agency of the citrate is more likely the reason for the increased uranium 
concentration. Anyway the mobilization of uranium by citric acid as described in 
the literature (Huang et al. 1998) is confirmed by these results. The addition of the 
citric acid buffers to the soil and the following increased concentration of the ura-
nium in the pore water should be a good precondition for the uptake of uranium 
into the plants. 

Uranium uptake by Helianthus annuus and Brassica juncea  

The uptake of uranium into the plants was with a maximum concentration of <1µg 
per plant and 0.07 mg kgDW

-1 in the roots very low, compared to the available ura-
nium per pot (approx. 30 mg). In comparison to the literature values of Kabata 
Pendias (2001) who stated concentrations of plant ashes with 0.6 mg kg-1 no nota-
bly uptake has been shown for H. annuus and B. juncea in this investigation. 

The analysis of a reference material (Virginia Tobacco Leaves) indicted that the 
digestion was not complete (systematic error up to 30.5%), however, this error has 
only small influence because of the low amount of uranium in the plants. 

The plants have shown a higher accumulation of uranium in roots than in 
shoots, as expected. However a high uptake of uranium into the shoots is desir-
able, as the part of the plant which can be harvested easily. 

Influences that could have affected the uranium uptake into the plants are the 
following:  

Phosphate: Rufyikiri et al. (2006) determined that an increased P-content in the 
soil leads to a decreased U absorption into the plants. Hence, the phosphate which 
was added to the soil together with the uranium can increase the fixation of ura-
nium in the soil and thus reduce the availability of uranium for plants. 

Soil pH value: The soil pH of 5.8 is near the sorption maximum of clay miner-
als at pH 6.0 to 6.5 (Scheffer and Schachtschabel, 2002). Therefore due to adsorp-
tion processes less uranium can get into to the mobile phase than at lower pH val-
ues. Also this is the pH range in which stable uranium phosphate complexes are 
formed. 

Nutrient conditions of the soil: The uptake of metals and probably also that of 
uranium into the roots is influenced by the nutrient conditions in the soil. Lower 
nutrient availability in the soil leads to higher metal accumulation in the roots 
(Schroetter et al. 2004). 

In this study the plants were provided sufficiently with nutrients to exclude any 
limitation by lack of nutrition. Due to the addition of the Basacote plus 9M fertil-
izer (NPK fertilizer) it can be assumed that the soil contained sufficient amount of 
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plant-available potassium, whereby no KCl addition was necessary as compensa-
tion for the addition of dipotassium phosphate in the treated soils. 

Uranium concentration of the soil and the soil solution: A higher uranium con-
centration in the soil and thereby soil solution led to an increased uranium uptake 
into the plants, for both plant species. However, the presence of larger quantities 
of uranium in the soil solution alone cannot be crucial for an improved uptake of 
uranium by plants, because the higher uranium concentration in the soil solution 
caused by the citric acid buffer only leads to an higher uptake of uranium for 
Brassica juncea (uranium concentration in the shoots doubled). 

Citric acid buffer: The strongly increased availability of uranium in the soil so-
lution of H. annuus (32-83 times higher than without treatment) did not yield a 
higher uranium content in the plant, whereas B. juncea showed a higher uptake. A 
reason for the different responses of the two plant species to the treatment with cit-
ric acid buffer could be a different absorption ability of uranium citrate complexes 
due to different metabolic characteristics of H. annuus and B. juncea.  

Dushenkov et al. (1997) determined a high affinity for uranium for Helianthus 
annuus in a hydroponic. Probably H. annuus preferentially takes up water dis-
solved uranium species, but no citric complexes. Possibly the citric acid buffer has 
even led to a release of uranium which was adsorbed at the root surface of H. an-
nuus.  

A further reason for the small effect of the citric acid addition on the uranium 
uptake could be the late growth stage of the plants at that time. With a smaller 
growth rate the uptake of nutrients and metals into the plant decreases. Therefore 
the effect of the higher concentrations of uranium in the soil solution is weakened 
by a smaller uptake. The success of this method could possibly be increased by the 
addition of the citric acid buffers at an earlier time. 

Two methodical facts have to be mentioned especially for further investigations 
in this field: the timing of the investigation and distribution of the artificially add-
ed uranium to the soil.  

The time window of the investigations has to be smaller and seed should grow 
up already in the soil with higher uranium content, as it would be in a large scale 
application. Plants that are used for phytoremediation in the fields should not grow 
there for a long time, because after blooming the uptake of plants is lower than in 
the growing stage. Also it should be avoided that the contaminated plants are eaten 
by animals. This should be reflected in the experiments for phytoremediation. 

Even if we act on the assumption that the irregular distribution of the artificially 
added uranium in the soils did not affect the uptake of uranium into the plants, a 
clear definition of the reference parameters (in this case soil uranium concentra-
tion) for the calculation of the uptake of uranium from the soil would be prefera-
ble. Thereby it must be noted that evenly addition of uranium to natural soil 
represents a certain challenge, since natural soils are less homogeneous than artifi-
cial substrates. 

However, the determined soil/plant transfer factors at this investigation are in 
the same range as that of the control plants (approx. 10-3) as well as determined 
transfer factors for field grown dump plants without any treatment 10-4 to 10-3 
(Schönbuchner 2002, Whicker et al 1999). 
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In conclusion it can be said, that Brassica juncea and Helianthus annuus under 
the accomplished experimental condition and the determined soil removed only 
very small quantities of uranium from the soil. Thus for both plant species no suit-
ability for phytoremediation could be proven. 
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Uranium uptake and accumulation in Phragmites 
australis Trin. ex Steud. depending on 
phosphorus availability, litter contamination 
and ecotype 
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Abstract. Macrophytes in natural and constructed wetlands can influence radio-

nuclide and heavy metal immobilisation either directly by uptake and accumula-

tion and/or indirectly (biomass production – litterfall and root turnover – decom-

position) providing for complexing substances. We investigated the influence of 

phosphorus availability in combination with uranium contaminated plant litter on 

uranium uptake and accumulation as well as productivity in two different ecotypes 

of Phragmites australis Trin. ex Steud. in a culture experiment. 

It is shown that decreasing phosphorus fertilization without plant litter results in 

phosphorus deficiency in the plants (higher N/P-ratio) and hence decreasing bio-

mass production as would be expected. However, decreasing phosphorus availa-

bility in the substrate is not correlated with increasing U-concentrations in any of 

the investigated plant parts but with the overall removal of uranium by plants. 

Adding a litter layer from Phragmites australis is resulting in additional P-

availability and hence no observable P-deficiency in the plants. The litter layer is 

successfully absorbing uranium which was added as uranyl nitrate. This does not 

result in different uranium concentrations compared to the treatments without a lit-

ter layer. Adding a litter layer already contaminated with uranium has the same ef-

fect: plants are sufficiently provided with phosphorus but do not exhibit lower 

uranium concentrations. The same can be stated for treatments with contaminated 

litter and additional uranium application. 
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Finally no difference in uranium concentrations was observed für different eco-

types in any of the treatment. Due to different biomass production higher uranium 

content could be observed for one of the investigated ecotypes. 

 

 



Applications of NH4Cl and citrate: Keys to 
acceptable phytoextraction techniques? 

Gerhard Gramss and Hans Bergmann 
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D-07743 Jena, Germany 

Abstract. Treatment of Brassica sp. with NH4Cl raising DW to 150 % and the 

content in protein-N to 4 % increased uptake of the protein-associated transition 

metals (Cd) Co Cu Fe Mn Ni Zn to >500 % (calculated from increases in DW x 

Norg). Uptake of non-physiological metals such as U increased little more than 

with the DW. Citrate traces stimulated exclusively uptake of Co Mn. Leaching of 

(hazardous) metals dropped to 60 % by precipitations and plant uptake.  

Introduction  

Chelate-assisted phytoextraction of soil heavy metals by crop plants with treating 
periods of several decades increases primarily the leaching problem and is there-
fore met with scepticism (Evangelou et al. 2007). In a search for alternatives, 
Wang et al. (2006) demonstrated the existence of soil-specific pH optima for 
growth and Cd Zn uptake by the hyperaccumulator plant, Thlaspi caerulescens. 
Zaccheo et al. (2006) replaced nitrate supply by a combination of ammonium and 
nitrification inhibitor to increase uptake of Cd Cu Ni Pb Zn by sunflower soil-type 
dependent to means of 130 to 270 %. Daily applied doses of NH4Cl or casein 
acidified a metalliferous soil and increased the DW of Chinese cabbage shoot to 
165 % and the concentrations of Cd Cu Ni Zn to 250 to 350 %. The treatment re-
duced leaching of humic colloids and soil minerals to 76 % (Gramss et al. 2004). 
A subsequent trial showed that shoot DW production of Chinese cabbage and the 
content in Norg and free amino acids correlated with the availability of nitrate as 
the mineralization product of soil-applied NH4

+, amino acids (AA), and amines. 
Contemporarily, NH4

+ applied to soil or derived from organic-N sources liberated 
Ca2+ and Mg2+ from the soil matrix which, in turn, precipitated humic substances 
(HS) and minerals from the saturated soil solution to reduce the leaching problem 
(Gramss et al. 2006). Shock application of citrate (>5 to 50 mM) as high-affinity 
phytochelant of U caused leaching problems in spite of its short residence time in 
soil (Jones and Darrah 1994) but triggered an excessive plant acquisition of 
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(hazardous) elements due to root damage (Gramss et al. 2004; Huang et al. 1998). 
Applied at 3 mM over 26 d, citrate served as microbial C source and caused mod-
erate increases in soil pH and in a selective metal uptake by vigorous Chinese 
cabbage plants (Gramss et al. 2004).  

In the present study, cultivars of Brassica chinensis, B. juncea, and Beta vul-
garis rapaceae potted on a metalliferous soil were daily treated with metaboliz-
able doses of NH4Cl, (NH4)H2PO4, and/or citric acid in a concentration typical of 
field conditions over 47 d with the goal to determine the role of NH4

+, of its min-
eral-acid anions, Cl- and H2PO4

-, and of the citrate chelant on the development of 
soil pH, the solubility of minerals and HS, on DW production, protein content, 
metal uptake and shoot translocation of 20 elements by the plants as well as on 
leaching conditions from the planted soil to propose further steps on the path to 
acceptable phytoextraction strategies. 

Materials and Methods 

Overburden soil from uranium mining (Settendorf, Germany) of pHaqu, 7.20; Corg, 
2.50 % (w/w); and Norg, 2009 mg kg-1 had the following total metal content (in mg 
g-1): Al, 15975; As, 27.3; Ba, 80; Ca, 4932; Cd, 9.3; Co, 36.9; Cr, 26.8; Cu, 323; 
Fe, 19401; K, 3103; Li, 26.7; Mg, 4400; Mn, 843; Mo, 1.2; Na, 225; Ni, 67.8; P, 
605; Pb, 68.5; Sr, 57.8; Ti, 36.7; U, 80.8; V, 30.5; and Zn, 842. The potted soil 
(0.210 kg DW) was seeded to several cv. of Chinese cabbage (Brassica chinensis), 
Indian mustard (Brassica juncea), and beet (Beta vulgaris rapaceae). Seedlings 
were daily irrigated with deionized water, with aqueous solutions of 42 mg citric-
acid carbon (equivalent to 1.62 mM citrate in the soil water), with 14 mg N kg-1 
soil (applied as NH4Cl or (NH4)H2PO4) and a combination of NH4Cl/citric acid 
from day 7 to 54 in a phytotron. Unplanted soils were treated in the same way to 
demonstrate changes in ligand composition (Table 1) and metal solubility. 

Metal concentrations were determined (by ICP-AES) for unplanted control and 
postharvest soils (aqua regia extraction; solubility in 1:10 soil:water suspensions), 
and for microwave-digested root and shoot tissues. Soil NH4

+ (Aquamerck ammo-
nium test); NO3

- (spectrophotometrically; Schinner et al. 1993); Norg in soil and 
plant tissue (Kjeldahl); and free amino acids (Amino acid analyzer LC3000) in 
shoot tissues were also recorded. The portion of dissolved humic substance in 1:10 

Table 1. Concentrations of citric acid and mineral-acid ligands (mg kg-1 ± SD) in untreated 
Settendorf soil (ion chromatography) and rate and destiny of the daily ligand applications. 

 Citric 
Acid 

Cl- F- HCO3
- NO3-

N 
PO4

3-HPO4
2- 

H2PO4
- 

SO4
2- 

Untreated soil 0 65±0.2 7.3±0.4 315±5 172±4 34±3 114±19 
Daily supply 112a 35 0 0 14b 95 0 

a Non-derivatized citric acid not retrievable at 24 h after application.b N added as NH4
+. 
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soil:water suspensions was quantified spectrophotometrically (A340; 450; 650) and 
gravimetrically.   

Results and Discussion 

With the daily applications of citric acid and/or NH4 salts over 47 d, soil pH, the 
concentrations of mineral and humic acid ligands, and thus the concentrations and 
plant-availability of elements in the soil solution changed considerably (Tables 1 

Table 2. Water-solubility (mg kg-1 soil) of elements and humic substances (HS) in un-
planted control soil and postharvest soil of Chinese cabbage after daily treatment with wa-
ter, citric acid, and/or NH4-salts for 47 d.  

Brassica chinensis 
 Unplanted soil Postharvest soil 
Element Water Citrate NH4Cl NH4Cl  

Citrate 
(NH4) 
H2PO4 

Water Citrate NH4Cl NH4Cl 
Citrate 

(NH4) 
H2PO4 

Macronutrients 
Ca  147 107a 375a 441ab 187a 48.6 71.9c 264c 280c 248c 
K 270 335a 239a 215ab 314a 243 246 66.7c 63.9c 141c 
Mg 116 124a 161a 177ab 147a 116 121c 161c 158c 166c 
P 14.5 18.6a 11.2a 9.34ab 451a 9.65 11.2 4.33c 4.02c 569c 
Trace elements 
Al 375 661a 113a 73.1ab 379 656 628c 192c 176c 376c 
Ba 0.65 1.03a 0.47a 0.46a 0.66 1.04 1.00 0.46c 0.47c 0.73c 
Cd 0.08 0.12a 0.09 0.13a 0.14a 0.11 0.13c 0.12 0.11 0.20c 
Co 0.17 0.34a 0.03a 0.06a 0.18 0.33 0.39 0.12c 0.22cd 0.19 
Cr  0.53 0.81 0.21a 0.17a 0.58 0.83 0.83 0.23c 0.25c 0.49c 
Cu 3.05 3.96a 1.82a 1.56a 4.05a 4.37 4.79 3.26c 2.72cd 4.76 
Fe 137 251a 42.0a 28.4ab 135 246 240 82.1c 79.6c 164c 
Li 0.56 0.98a 0.20a 0.14ab 0.59 0.97 0.93 0.29c 0.28c 0.59c 
Mn 2.53 4.99a 2.68 9.53ab 5.91a 4.01 4.49 2.55c 5.90cd 5.20c 
Ni 1.14 1.85a 0.76a 0.86 1.54 1.25 1.46 0.98 1.35d 2.42c 
Pb 0.57 1.52a 0.19a 0.14a 0.54 0.93 0.82 0.32c 0.36c 0.26c 
Sr 1.08 0.91a 2.35a 2.73a 1.05 0.54 0.65c 1.39c 1.50c 1.18c 
Ti 3.07 6.53a 1.02a 0.73a 2.97 5.00 4.55 1.91c 1.95c 3.73c 
U 0.31 0.29 0.03 0.01 0.19 1.70 2.69 0.95c 0.68c 1.14 
V 0.70 1.13a 0.08a 0.04a 0.75 1.29 1.19 0.43c 0.40c 0.80 
Zn 12.7 22.2a 7.52a 9.10ab 15.1a 21.6 21.8 11.0c 14.2c 24.5c 
HS 3054 4642a 1014a 832a 2488a 4548 4543 1520c 1543c 3344c 
pH 7.20 7.56a 6.80a 6.67ab 6.44a 7.53 7.62c 7.07c 7.03c 6.18c 
Solubilities and pH values significantly different (p ≤ 0.05) from those in the water treat-
ment of unplanted soil (a) or postharvest soil (c). Solubilities and pH values in the 
NH4Cl/citrate treatments significantly different (p ≤ 0.05) from those of NH4Cl treatments 
in unplanted soil (b) or postharvest soil (d). 

Concentration of the element grew dramatically more (boldface fount) or less (shaded) 
than the appertaining concentration of dissolved HS as its main ligand. This was shown by 
calculating the quotient from element:HS concentration in the soil solution. 
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and 2). Differences in the availability of N determined the plants’ DW production 
and protein content and therefore their mode and rate of metal uptake and shoot 
translocation. In the citrate treatment, microbial degradation of the daily citric-acid 
supplements increased the alkalinity of unplanted soil by 0.4 pH units and thus the 
solubility of the dominating HS ligand with its associated trace elements to 150 % 
of the water control. Concentrations of Al Fe Li Pb Ti in the soil solution, as well 
as Mn as the only element with high affinity to chelation with citric anion, in-
creased significantly more than the concentration of HS. Contemporarily, concen-
tration increases of dissolved Ca K Mg P Cu Sr were lower than 150 % to indicate 
a less intimate association with humic substance. The presence of B. chinensis in 
water-treated soil adapted pH and solubility conditions exactly to the level of 
those in citrate-treated unplanted soil (Table 2), apart from losses in Ca K P by 
plant uptake. Treatment with citric acid had then no further visible effects on solu-
bility conditions in planted soil.   

Application of NH4Cl acidified unplanted soil by 0.4 pH units upon the forma-
tion of NO3

- (Tables 2 and 3). High concentrations of the exchange cations, NH4
+ 

and H+ liberated Ca Mg from the soil matrix which precipitated 67 % of the HS 
(Ong and Bisque 1968) and 12 % from the sum of solubilized Table-2 elements in 
comparison to the water treatment. Contemplated in detail, solubility of Al Co Cr 
Fe Li Pb Ti given in normal fount diminished at the same rate as their HS ligand, 
whereas Ba Cd Cu Mn Ni Sr Zn (boldface fount) did not and indicated thus net 
solubilization. The conditions in postharvest soils of B. chinensis were similar. 
Treatment with NH4Cl reduced the solubility of HS by 67 %, and the sum of solu-
bilized elements by 42 % in comparison to the water treatment (Table 2). Rela-
tions of the single elements to HS resembled those in unplanted soil.  
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Fig.1. Sum of dissolved cations in mg g-1 of dissolved humic substance (HS) as their main 
ligand (according to Table 2) in the solution of unplanted control soils and postharvest soils 
of Chinese cabbage. Error bars, ± SD. 
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Combined application of NH4Cl and citric acid conferred notable solubility 
gains to Mn Zn in unplanted, and to Co Mn Zn in planted soil. These metals show 
preference to chelation with citric anion (Gramss et al. 2006). Treatment with 
(NH4)H2PO4 acidified unplanted and planted soils by 0.76/1.02 pH units but stabi-
lized dissolved HS at 81/74 % of the level in water-treated soil. Owing to the 
enormous P concentration, Cu Ni Zn with the tendency to form phosphate com-
plexes at neutral pH (Schachtschabel et al. 1998) showed relatively higher solubil-
ity (Table 2). 

Quantitative proportions between the dominating HS ligand and the sum of dis-
solved cations in the solution of the treated soils are depicted in Fig. 1. Out-
standing values of dissolved cations g-1 of HS denote the NH4Cl and 
NH4Cl/citrate, but not the other treatments. Low pH conditions (Sumner et al. 
1991), shortage in HS ligands, and the excessive Cl- supplements (Table 1) should 
give rise to the formation of the far more plant-available free cations and metal-
chloride complexes (McLaughlin et al. 1998).  

Table 3. Water-solubility of NH4-N and NO3-N (mg kg-1 soil) in unplanted control soil and 
postharvest soil of Chinese cabbage after daily treatment with water, citric acid, and/or 
NH4-salts for 47 d, and the resulting effects on shoot Norg (mg kg-1 DW) and dry weight (g). 

Brassica chinensis 
 Water Citrate NH4Cl NH4Cl/Citrate (NH4)H2PO4 
NH4-N, unplanted soil 52.9 39.2a 366a 252a 313a 
NH4-N, postharvest soil 20.3 17.8a 36.6a 36.6a 149a 
NO3-N, unplanted soil 172 77.0a 232a 255a 220a 
NO3-N, postharvest soil 6.94 2.92 5.72 0 51.5a 
Total shoot Norg 7727 6549 28620a 24633a 47810a 
Norg of free amino acids 1745 ND 10130b ND ND 
Shoot dry wt 1.013 0.922 1.306a 1.504a 0.413a 
a Values significantly different (p ≤ 0.05) from those in the water treatment. 

b Treatment with NH4Cl increased the concentrations of free Ala G-Aba Arg Asp Gln 
Glu Gly Leu Pro Ser Thr , with the underlined compounds having been appeared above the 
detection limit of 10 pmol. 

Table 4. Water-solubility of NH4-N and NO3-N (mg kg-1 soil) in postharvest soils of beet 
and Indian mustard after daily treatment with water, NH4Cl, or NH4Cl/citric acid for 47 d, 
and the resulting effects on shoot Norg (mg kg-1 DW) and dry weight (g). 

 Beta vulgaris rapaceae Brassica juncea 
 Water NH4Cl NH4Cl/Citrate Water NH4Cl NH4Cl/Citrate 

NH4-N, postharv. soil 22.4 44.8a 48.8a 20.3 59.0a 57.0a 
NO3-N, postharv. soil 0.65 373a 112a 2.96 433a 162a 
Total shoot Norg 13033 40133a 31665a 42778 42793 52313a 
Shoot dry weight 0.473 0.409 0.691a 0.412 0.05-

0.57b 
0.498 

a Values significantly different (p ≤ 0.05) from those in the respective water treatment. 
b Concentration of N species toxic to 80 % of plants. 
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Dry weight production and Norg content of the plants were nevertheless domi-
nated by the nitrogen supply (Tables 3 and 4). Microbial consume of citric-acid 
supplements sequestered N resources in unplanted and postharvest soils and re-
duced DW and Norg content of B. chinensis shoots by 15 % (Table 3). The daily 
NH4(Cl) doses were continuously nitrified and then completely taken up by B. 
chinensis cv. Chico F1. Its shoot DW increased to 130 to 150 %, Norg to 370 %, 
and the content in free amino acids with candidates for the in-planta transport of 
elements (Haydon and Cobbett 2007) to 580 %. In Indian mustard and beet, shoot 
Norg reached the toxic threshold of 4 % and interfered with plant growth (Table 4). 
Similarly, supplements of (NH4)H2PO4 inhibited growth of B. chinensis at 5 % 
Norg and 2.5 % P by DW in the shoot (Tables 3 and 5). 

Table 5. Element concentrations (mg kg-1 DW) in Chinese cabbage shoots after daily 
treatment with water, citric acid, and/or NH4-salts for 47 d. S/R, shoot-to-root concentration 
quotient given in italics. 

Brassica chinensis 
Element Water Citrate NH4Cl NH4Cl/Citrate (NH4)H2PO4 
Macronutrients 
Ca Shoot 

S/R 
17868 
1.83 

20225 
2.34 

34408a 
3.47a 

26772a 
2.79a 

29674a 
1.72 

K Shoot 
S/R 

16577 
1.30 

14477a 
1.69a 

16706 
1.55 

14027 
1.85 

28514a 
1.63a 

Mg Shoot 
S/R 

3631 
0.71 

3842 
1.28a 

4635a 
1.13a 

4676a 
1.24a 

4782a 
0.95a 

P Shoot 
S/R 

3210 
0.78 

3445 
1.33a 

2495a 
0.87 

1877a 
0.62 

24445a 
1.18a 

Trace elements 
Al Shoot 

S/R 
178 
0.02 

119a 
0.03 

178 
0.02 

240 
0.05 

306 
0.06 

Cd Shoot 
S/R 

5.88 
0.53 

5.59 
0.71 

29.1a 
0.62 

19.4ab 
0.47 

15.7a 
0.35a 

Co Shoot 
S/R 

0.71 
0.07 

2.39a 
0.22a 

1.96a 
0.17a 

4.98ab 
0.27ab 

1.39a 
0.12a 

Cu Shoot 
S/R 

18.0 
0.09 

13.2a 
0.13a 

49.1a 
0.17a 

33.7a 
0.11a 

46.6a 
0.08 

Fe Shoot 
S/R 

225 
0.04 

229 
0.02 

732a 
0.12a 

139b 
0.06b 

116 
0.03 

Mn Shoot 
S/R 

37.4 
0.16 

109a 
0.78a 

190a 
0.96a 

347ab 
1.69ab 

169a 
0.63a 

Ni Shoot 
S/R 

5.79 
0.06 

5.59 
0.11a 

21.7a 
0.23a 

22.6a 
0.28ab 

70.1a 
0.41a 

U Shoot 
S/R 

2.86 
0.02 

0 
0 

1.53 
0.01 

4.65 
0.04ab 

3.08 
0.02 

Zn Shoot 
S/R 

262 
0.39 

221a 
0.47a 

1068a 
0.62a 

733a 
0.48a 

1158a 
0.29a 

Shoot concentrations or S/R quotients significantly different (p ≤ 0.05) from those of the 
water treatment (a), and those of the NH4Cl/citrate to the NH4Cl treatment (b). 
Shoot concentrations and S/R quotients of As Ba Cr Li Pb Sr Ti V were little influenced by 
the different treatments (data not shown). 
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The need in biocatalytic transition metals by proteins and proteids should be 
greatly responsible for the rate of their uptake, translocation to, and distribution in 
the shoot (Hill et al. 1979). In comparison to B. chinensis plants of the water 
treatment, shoots of citrate-treated plants contained elevated concentrations of Co 
Mn, the elements of highest affinity to citrate, whereas the need in Cu Zn declined 
together with the Norg content (Table 5). Plants treated with NH4Cl combined Norg 
increases to 370 % in shoot tissue with a mean of 361 % in biocatalytic metals, but 
also 500 % in the content of Cd. The lower Norg content in NH4Cl/citrate treated 
plants went along with a lower need in biocatalytic metals but once more in ele-
vated Co Mn concentrations.  

Table 6. Element concentrations (mg kg-1 DW) in beet and Indian mustard shoots after 
daily treatment with water, NH4Cl, or NH4Cl/citric acid for 47 d. S/R, shoot-to-root concen-
tration quotient given in italics. 

 Beta vulgaris rapaceae Brassica juncea 
Element Water NH4Cl NH4Cl/Citr Water NH4Cl NH4Cl/Citr 
Macronutrients 
Ca Shoot 

S/R 
30284 
3.01 

49162a 
3.94 

45012a 
3.34 

19053 
2.53 

29147c 
1.69c 

31815c 
3.83cd 

K Shoot 
S/R 

28371 
1.47 

20024a 
0.72a 

16893a 
1.06b 

26600 
1.88 

31385 
1.66 

23786 
1.59 

Mg Shoot 
S/R 

4626 
0.49 

4474 
0.60a 

4557 
0.65ab 

3902 
1.49 

3842 
0.88c 

3723 
1.08c 

P Shoot 
S/R 

7467 
1.63 

3285a 
0.98a 

2578ab 
0.86a 

2990 
1.01 

3762c 
1.17 

2283c 
1.04 

Trace elements 
Al Shoot 

S/R 
164 
0.03 

181 
0.03 

161 
0.03 

251 
0.07 

362 
0.05 

204 
0.03c 

Cd Shoot 
S/R 

37.2 
0.74 

65.2a 
0.87 

73.8a 
1.00 

7.65 
0.75 

23.1c 
0.72 

20.4c 
1.05c 

Co Shoot 
S/R 

1.69 
0.14 

1.13 
0.11 

5.64ab 
0.26ab 

0.95 
0.15 

0.85 
0.12 

3.25cd 
0.25cd 

Cu Shoot 
S/R 

22.4 
0.20 

20.4 
0.07a 

20.8 
0.07a 

24.2 
0.11 

40.3c 
0.15c 

48.0cd 
0.17c 

Fe Shoot 
S/R 

75.9 
0.03 

78.4 
0.02 

77.3 
0.03 

95.0 
0.06 

128 
0.05 

133 
0.05 

Mn Shoot 
S/R 

320 
0.90 

319 
0.94 

766ab 
1.64ab 

66.9 
0.59 

83.1c 
0.61 

278cd 
1.16cd 

Ni Shoot 
S/R 

17.7 
0.23 

66.9a 
0.65a 

62.7a 
0.54a 

6.56 
0.15 

14.9c 
0.28c 

32.2cd 
0.48c 

U Shoot 
S/R 

3.57 
0.03 

0.62 
0.01 

10.77 
0.08ab 

1.27 
0.01 

0 
0c 

44.2cd 
0.52cd 

Zn Shoot 
S/R 

1490 
1.11 

1325 
0.87 

1151 
0.97 

264 
0.63 

949c 
0.93c 

742cd 
0.92c 

Shoot concentrations or S/R quotients significantly different (p ≤ 0.05) from those of the 
water-treated beet (a) or mustard shoots (c), and those of the NH4Cl/citrate to the NH4Cl 
treatments in beet (b) and mustard (d). Shoot concentrations and S/R quotients of As Cr Li 
Pb Sr V in beet, and As Cr Li Pb Sr Ti V in mustard were little influenced by the different 
treatments (data not shown). 
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In the chlorotic B. chinensis plants of the (NH4)H2PO4 treatment, the enormous 
Norg and P concentrations may have interfered with physiological equilibria and 
promoted the uptake of Cu Ni Zn because of their tendency to form phosphate 
complexes. Shoot tissues of B. juncea showed virtually the same preferences for 
biocatalytic transition metals in the NH4Cl treatment (Table 6). Additional supply 
of citrate increased the content in Co Mn Ni U further. Unlike in Brassica sp., in-
creases in shoot Norg up to the toxic threshold in beet were followed by higher Cd 
Ni concentrations in the NH4Cl, and by further increases in Co Mn concentrations 
in the NH4Cl/citrate treatment (Table 6). 

The ratio between shoot Norg and the content in biocatalytic metals of water-
treated plants was exactly retained by NH4Cl treated B. chinensis (Figs. 2.1 and 
2.2). The ratio changed due to over-proportional increases in Co Mn uptake by cit-
rate-treated B. chinensis, and by the selective uptake mode of treated beet. 

The elevated need of the protein-enriched plants in biocatalytic metals was fre-
quently met by higher rates of root-to-shoot translocations (Tables 5 and 6). This 
set of elements was also preferentially solubilized by citric acid (U>Mn>Co>Ca 
Cu Ni Zn>Mg Sr) and in particular by AA (Cu>>Co Ni> Zn>Cd>Ca Fe Mg Mn) 
in Settendorf soil (Gramss et al. 2006). Their favoured uptake should be facilitated 
by affinities to AA residues of proteins in the ion exchange channels of root cell 
plasma membranes (Williams et al. 2000) but also by the contribution of citrate 
and AA in their xylem transport (Haydon and Cobbett 2007). A lack in these af-
finities may explain that uptake of As Ba Cr Li Pb Sr Ti V was not enhanced. 

It is concluded that Brassica sp. treated with NH4Cl promise to extract the 5-
fold quantity of biocatalytic transition metals such as (Cd) Co Cu Fe Mn Ni Zn 
(calculated from the increases in DW x shoot Norg) from metalliferous soil, with a 
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Figs. 2.1 and 2.2: Relative changes in the shoot concentration of Norg and in the mean of its 
single associated biocatalytic metals, Co Cu Fe Mn Ni Zn, in Chinese cabbage (2.1; left) 
and beet (2.2). All single concentrations had been divided by those in water-treated plants 
which served as reference (= 1.0 ± 0). 
Error bars, ± SD. Conspicuous deviations from means were due to over-proportional shoot 
concentration increases of Co Mn Ni in citrate treatments, and of Ni in the (NH4)H2PO4 
treatment. 



Applications of NH4Cl and citrate: Keys to acceptable phytoextraction techniques?      329 

Session III: Mine closure and remediation processes 

leaching rate reduced to 60 % that of untreated soil (Fig. 3). Application of citrate 
traces promoted uptake of Co Mn in all of the tested plants. Uptake of further non-
physiological (hazardous) elements increased little more than with the shoot DW 
(data not shown). The treatment should avoid to drive shoot Norg concentrations 
above the toxic threshold of 4 % by DW. With the consideration of perennial 
plants in further trials it is intended to reduce the number of crop rotations across 
the remediation process. 

Summary 

Chelate-assisted phytoextraction of soil heavy metals extending for decades am-
plifies primarily the leaching problem. In a search for alternative technologies, 
Beta vulgaris rapaceae, Brassica chinensis, and Brassica juncea plants were pot-
ted on the metalliferous soil from uranium mining and daily treated with 14 mg N 
kg-1 soil (applied as NH4Cl or (NH4)H2PO4), and/or citric acid at a common field 
concentration of 1.62 mM over 47 d. In unplanted control soil, degradation of cit-
ric acid resulted in pH (+0.36 units) and thus in solubility and leaching rate in-
creases (+52 %) of metal-humic complexes but also in microbial consume of soil 
NH4

+ and NO3
-. Citric acid applied to plant-soil systems reduced thus Norg content 

and DW of B. chinensis shoots but increased exclusively shoot concentrations of 
Co/Mn (3.4/2.9 times). These metals are preferentially chelated by citric anion. 
Supply of NH4Cl to, and its nitrification in unplanted soil resulted in pH (-0.4 
units) and solubility (leaching) decreases of humic substances (-67 %) and miner-
als (-12 %). This effect persisted in soil planted to B. chinensis (-67/-42 %). Daily 
N doses were completely taken up. Relative to water-treated plants, shoots of B. 
chinensis attained dry weights of 130 to 150 %, 370 % Norg, and 580 % N in free 
amino acids. Norg increases of 370 % attracted a 361-% increase in the concentra-
tion of the biocatalytic, protein-associated transition metals, (Cd) Co Cu Fe Mn Ni 
and Zn. Combined application of NH4Cl and citric acid reduced pH (-0.53 units) 
and the solubility of humic substances (leaching; -73 %) of unplanted soil in 
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Fig. 3. Potential leaching (mg kg-1 soil) of water-soluble humic substance (HS) and of 
elements according to Table 2 from unplanted control soil and postharvest soil of Chi-
nese cabbage. Elements are bound to HS or coordinated otherwise. Error bars, ± SD. 
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comparison to the water treatment further. Concentrations of Co and Mn in the 
soil solution, chelated by citric anion, were higher than in the NH4Cl treatment. 
The Norg content of B. chinensis, due to soil microbial competition for N, reached 
only 319 % and attracted 229 % the concentration of Cu Fe Ni and Zn but the 
7.0/9.3-fold concentration of Co/Mn in comparison to water-treated plants. Soil 
treatment with (NH4)H2PO4 failed to reduce leaching of soil minerals signifi-
cantly. Treated B. chinensis plants with the elevated concentrations of 5 % Norg 
and 2.5 % P by DW in the shoot grew depressive. Brassica juncea reactions to the 
treatments resembled those of B. chinensis. In B. vulgaris rapaceae, however, 
NH4Cl/(citric acid) treatments increased selectively the shoot concentrations of Ca 
Cd (Co) (Mn) and Ni. Evaluating the different treatments it is recommended to use 
Brassica sp./NH4Cl combinations to retrieve the 5-fold quantity of transition met-
als (calculated from increases in DW x Norg) from metalliferous soil with a leach-
ing rate reduced to 50 % in comparison to water-treated controls. Uptake of fur-
ther elements including uranium increased little more than with the shoot DW of 
the N-sufficient plants. Trace supplements of citrate stimulated exclusively Co and 
Mn uptake by all plant species and should only be applied in remediations of soils 
with Co Mn toxicity problems. Treatments should avoid to increase shoot Norg 
concentrations above the toxic threshold of 4 % by DW.  
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Activities in Romania 
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nia 

Abstract. The use of constructed wetland for bioremediation purpose in Roma-

nian uranium mining industry could be an innovative solution that complies with 

the social, economic and environmental context. 

In order to improve wastewater from uranium mining industry and at the same 

time the environmental conditions, this paper aims to demonstrate the constructed 

ecosystems efficiency and to examine its ecological and socio-economical aspects 

through an implementation plan based on analysis of governance, policy, costs 

and financing options. 

The paper is directed at developing knowledge for the innovative use of this func-

tion and for the benefit of uranium mining wastewater management, moreover it 

will generate directly targeted knowledge to support practical and political gover-

nance. 

The paper research it will be generate the elaboration of a new national technology 

for uranium waste water and contaminated soil remediation based on using of bio-

phytodepuration processes.  

It is an energy efficient pleasing method of sites remediation with low to moderate 

levels of contamination and it can be used in conjunction with other more tradi-

tional remedial methods as a finishing step to the remediation process.    

This technology will allowed a removal rate of heavy and radioactive metals about 

95% comparing with 60 – 70% for conventional treatment.
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Abstract. Recent research on rehabilitated uranium mine sites located in wet cli-

mates has revealed the varied success of the applied rehabilitation efforts. In com-

parison, there is little knowledge of the status and environmental impacts of reha-

bilitated uranium mines in dry climates. Mary Kathleen and Radium Hill represent 

first generation Australian uranium mines, which are located in semi-arid regions. 

The aim of this communication is to report on the current environmental status 

and potential hazards of these former uranium mine sites. 

Introduction 

Australia has been a significant uranium producer since 1954, with first generation 
(1954-1971) uranium mines previously operating in the Northern Territory (South 
Alligator Valley, Rum Jungle), Queensland (Mary Kathleen) and South Australia 
(Radium Hill). These mines have undergone rehabilitation immediately upon or 
well after mine closure. Rehabilitation strategies and environmental impacts of in-
dividual mine sites thereby depend on the mineralogical and geochemical proper-
ties of the ore as well as local hydrological and climatic factors. For example, 
Australia’s uranium deposits are located in widely different climates, ranging from 
monsoonal tropical to arid conditions. In the wet and seasonally wet climatic con-
ditions, ARD development and the leaching of waste repositories are dominant 
pathways of contaminants into surrounding environments (e.g. Rum Jungle, Mary 
Kathleen). Recent research on rehabilitated uranium mine sites located in wet cli-
mates (Richards et al. 1996; Menzies and Mulligan 2000; Taylor et al. 2003) has 
revealed the varied success of the applied rehabilitation efforts. In comparison, 
there is little knowledge of the status and environmental impacts of rehabilitated 
uranium mines under more arid conditions. The Mary Kathleen and Radium Hill 



336      Bernd Lottermoser and Paul Ashley 

Session III: Mine closure and remediation processes 

mine sites represent such uranium mines that were rehabilitated in the 1980s 
(Fig.1). 

The objective of this paper is to review some of the characteristics, environ-
mental impacts and failed rehabilitation methods pertaining to uranium mine sites 
in semi-arid Australia. 

Radium Hill 

The Radium Hill mine, in northeastern South Australia, operated from 1954 to 
1961. It is in semi-arid grazing land, drier and of lower relief than at Mary Kath-
leen. At Radium Hill, underground mining occurred with processing of ore on site, 
resulting in the generation of mill tailings dams and numerous dumps of waste 
rock material. Some of the latter was crushed and used for local construction pur-
poses, including buildings, roads and railway ballast, despite it exhibiting low-
level radioactivity. After mining ceased, most infrastructure was demolished and 
removed, but there was no remediation of the waste dumps and tailings reposito-
ries. About 1980, capping of the main tailings storage facility (TSF) was per-
formed and this action lessened the effects of wind and water erosion. The region 
is currently used for low density grazing and has low human visitation.  

 
Fig.1. Location map of the Radium Hill and Mary Kathleen uranium mine sites, 
Australia. 
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Mineralised rock at Radium Hill comprises quartzofeldspathic gneiss, schist, 
amphibolite and pegmatite, with the ore minerals (davidite-brannerite-uraninite) 
being part of a refractory Fe-Ti-U-REE oxide assemblage. Sulfide minerals are 
very sparse and together with the dry climate, there is little evidence for chemical 
processes mobilising U and related elements from tailings and waste rock dumps. 
Physical dispersion processes have been significant at Radium Hill, with wind 
dispersion of tailings fines occurring in the district prior to capping of the main 
tailings repository, and water erosion of both the tailings material and waste rock 
dumps. Local soils have been impacted through physical dispersion by increased 
geochemical (U, Th, REE, V, Cr) and radiochemical loadings. Plants growing on 
impacted soils and waste rock dumps display biological uptake of U and other li-
thophile elements. Capped tailings repositories are unstable landforms and since 
1980 have been subject to rill erosion, exposing significantly radioactive tailings 
(Fig. 2). However, radiation doses at Radium Hill are low, except in the imme-
diate vicinity of exposed tailings. Visitors to the site will not be exposed to exces-
sive radiation levels. 

Mary Kathleen 

Mary Kathleen, in northwest Queensland, operated from 1956 to 1963 and again 
from 1976 to 1982. It is situated in a region with a semi-arid climate, high evapo-
ration rate and a summer rainfall maximum causing ephemeral flooding and sedi-
ment transport. The open scrub and woodland has been used for low density cattle 
grazing. Rehabilitation of the Mary Kathleen open pit mine, mill and tailings repo-

 
Fig.2. Rill erosion of the soil capped tailings storage facility, Radium Hill, South Australia 
(height of facility approximately 6 m). The soil capping is being removed, resulting in the 
exposure of radioactive tailings in rills. 
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sitory sites occurred between 1982 and 1985. This involved the dry capping of the 
tailings repository with rolled soil/loam/clay and overlying unmineralised waste 
rock, disposal of contaminated waste into the bottom of the pit and allowing its 
subsequent flooding, and the partial to complete capping of many of the waste 
rock dumps. The area was returned to cattle grazing and public access.  

Mineralised rock at Mary Kathleen (ore and waste rock) is dominated by a me-
tasomatic calc-silicate assemblage, with minor amounts of sulfide minerals, rare 
earth minerals and uraninite. Although calcite is commonly present, there is oxida-
tion of sufficient sulfides to generate acid conditions in the pit lake, the upper part 
of the TSF and seepage from the latter. Pit walls are locally encrusted with tran-
sient soluble sulfates and there is evident mobility of Fe, Ca, Cu, U and REE. Pit 
water is slightly acid, Ca-SO4-rich and exceeds recreational water quality guide-
line values for TDS, Fe, Mn, SO4, Cu and Ni, and livestock water guidelines for 
Cu and U.  

Seepage water from the TSF is slightly acid (pH 5.5), metal- and SO4-rich, and 
radioactive (Fig. 3). There is rapid precipitation of Fe oxyhydroxides, with ab-
sorbed U, REE, Y, As and radionuclides. Further downstream, surface and 
groundwaters become near-neutral, but increase in salinity such that there is wide-
spread precipitation of sulfates. Although release of U and other metal/metalloid 
contaminants from the TSF is insignificant, concentrations of TDS, U and SO4 in 
surface waters exceeds livestock water guidelines.  

Waste rock dumps at Mary Kathleen have steep sides and are not stable long-
term landforms. They are subject to physical and chemical processes that can con-

 
Fig. 3. Seepage point at the base of the tailings dam wall, Mary Kathleen, Australia. Abun-
dant sulfate efflorescences and Fe-oxyhydroxide precipitates form from the acid, saline, ra-
dioactive seepage water (pH: 5.5; salinity: 0.31 %). Bolders in the retaining wall are ap-
proximately 1 m in diameter. 
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tribute to stream and soil loadings of U and other metal/metalloid contaminants. 
Where covered by benign soil/rock, plant growth has occurred, but sulfide oxida-
tion processes has restricted plant colonisation in uncovered or disturbed zones. 
Many plant species at Mary Kathleen growing in the mine void, on waste dumps 
and contaminated soil display uptake of U and other metal/metalloids at levels of 
10-100 x those on background sites. Radiation levels in the open pit average 5.65 
mSv/year and are less on the waste dumps. Consequently, casual visitation to the 
site is not considered a hazard. 

Conclusions 

At Radium Hill, rehabilitation efforts have been restricted to capping of tailings, 
but following a 20 year period of prior extensive wind dispersal of exposed tail-
ings that has impacted local soils. Physical erosion of waste repositories is of on-
going concern (Lottermoser and Ashley 2006). It is evident that the capped tail-
ings repositories will degrade in time, causing increased erosional dispersal unless 
further remediation measures are implemented. The erosion of capped waste repo-
sitories, particularly by infrequent rainstorm events, highlights the fact that dry 
capping of waste dumps in semi-arid terranes may not necessarily lead to the per-
manent containment of wastes.  

At Mary Kathleen, it was predicted upon mine site rehabilitation (Flanagan et 
al. 1983; MINENCO 1986; MKU 1986; Ward et al. 1984): (a) that the tailings 
porewaters would not infiltrate into the local aquifer; (b) that there would be little 
chance of ARD and of metal and radionuclide mobility from the waste rock 
dumps and tailings repository; and (c) that seepage water quality would not pose a 
problem for human or stock health, despite sulfate contamination of the ground-
water being the main long term environmental impact. Twenty years after rehabili-
tation, it is evident that some rehabilitation measures have been quite successful in 
reducing dispersion of U and related elements into the surrounding environment 
(e.g. the TSF cover). By contrast, the predictions made on the geochemical beha-
viour of waste rock dumps and the TSF proved to be incorrect. There is still sig-
nificant physical and chemical mobility of contaminants from the TSF into ground 
and surface waters, contaminants are being transferred into plants, and there is a 
threat to stock health. Physical erosion and chemical leaching of waste rock repo-
sitories and the leaching of the tailings repository are the dominant pathways of 
contaminants into surrounding environments (Lottermoser and Ashley 2005; Lot-
termoser et al. 2005). 
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Abstract. The Nabarlek mine site is located in the remote Western Arnhem Land, 

in the wet-dry tropics of the Northern Territory of Australia. The Nabarlek ore 

body was a relatively compact, high-grade ore body that extended from the sur-

face to a depth of 72 metres, and was mined out during the dry season of 1979. 

The ore was stockpiled, and subsequently milled and sold over an eight year pe-

riod that ended in 1988. The mill tailings, together with scraped sludge from the 

bottom surfaces of runoff and evaporation ponds, were placed back in the mined 

out pit when operation ceased. These were covered by geotextile, followed by a 1-

3 m thick graded rock and leached sand layer. With final decommissioning in 

1995, remaining contaminated material and plant equipment were placed in the 

remaining pit void and covered with another layer of waste rock.  Other areas re-

habilitated were the plant area, the evaporation ponds, several runoff ponds, and 

the ore, waste rock and topsoil stockpile areas. 

The Supervising Scientist Division of the Australian Government Department of 

the Environment, Water, Heritage and the Arts conducts regular visits to the Na-

barlek site as part of an ongoing assessment of the status and radiological condi-

tions of the land and water resources within the Nabarlek area. Extensive field 

surveys have been conducted to estimate the magnitude of exposure pathways, and 

the location, extent and seasonal variability of the sources. Work has also focussed 

and D. Jones
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on the analysis of groundwater monitoring data, and groundwater modelling indi-

cates a uranium plume moving to the north east from the pit where tailings have 

been stored, in agreement with general groundwater movement in the area. An 

erosion modelling study has shown that erosion of radionuclides off-site occurs. 

However, the impact is likely to have existed pre mining, as indicated by a study 

of stable lead isotopes in sediments in a nearby Creek. The ingestion pathway was 

modeled, using dietary information gathered from local Aboriginal people and 

measurements of radionuclide in bush food items, water and soils. Concentration 

factors from other studies in the Top End of Australia were applied. In this paper 

we will present the site specific radiological dose model and major conclusions 

concerning the present radiological footprint of the rehabilitated Nabarlek site. 
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Abstract. This paper presents the results of applying specific time series statistical 

techniques to observed historical groundwater-climate data at the Ranger uranium 

project. By developing and applying existing statistical techniques, rarely used in 

mining studies, improved confidence about the understanding of the groundwater-

climate relationship at the Ranger uranium project is obtained. This forms a sound 

basis upon which future climate scenarios can be used to predict the response of 

the groundwater after rehabilitation and into the long-term, especially with respect 

to potential climate change impacts. 

Introduction 

The relationship between groundwater and climate is critical to understand in the 
design of uranium mine rehabilitation, especially in tropical regions with intense 
monsoonal rains and extended dry seasons. The Ranger uranium mine is located in 
the wet-dry tropics of northern Australia and is surrounded by the world heritage-
listed Kakadu National Park (Fig. 1) – making it imperative to understand the 
groundwater-climate relationship to ensure that appropriate rehabilitation designs 
are implemented upon mine closure. 

There are a variety of techniques which can be used to model the relationship 
between groundwater and climatic conditions. The complex geology, topography 
and climatic variability of the Ranger project area makes a deterministic process-
based model a challenging task. For a simpler approach, this paper presents the 
application of time series statistical techniques, an approach rarely used in mining 
projects (companion conference papers present physical modelling approach). 
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Ranger uranium project, Northern Territory, Australia 

The Ranger uranium deposits were first discovered and 1969, and after extended 
controversy and debate, was approved for development in 1977. Production began 
in August 1981, and is currently at 5,000 t U3O8/year via open cut mining and a 
conventional mill. At present, mining is scheduled to be completed in 2012, with 
milling of ore stockpiles to be completed by 2020. The site is located on freehold 
indigenous land, controlled by the Mirarr traditional owners. 

The Ranger project is located in the Alligator Rivers Region and is surrounded 
by the world-heritage listed Kakadu National Park (Fig. 1). The area has a wet-dry 
monsoonal climate, with average annual rainfall of ~1,450 mm and pan evapora-
tion of ~2,500 mm. Virtually all rainfall occurs during the monsoonal months of 
December to March, leading to a strongly positive water balance over this time. 

After completion of mining and milling, the Ranger site will be rehabilitated, 
and a key legal criterion for tailings is that they “will not result in any detrimental 
environmental impacts for at least 10,000 years” (Senate 2003). As groundwater is 
the key driver for long-term migration, it is therefore critical to understand 
groundwater-climate relationships (especially in light of potential climate change 
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Fig.1. Location and outline of the Ranger uranium project, Northern Territory, 
Australia. 
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impacts). Given Ranger’s location, there is a range of climate and groundwater 
monitoring data which can be analysed, with an example shown in Fig. 2. 

Methodology and approach 

Conceptual hydrologic model 

The groundwater behaviour at the Ranger site is treated as a one-dimensional and 
effectively vertical flow system, based on the large head changes each wet season 
relative to minor lateral flow. In this manner, the recharge of groundwater during 
the wet season causes a rise in the water table, while the negative flux during the 
dry season (due to both soil evaporation and vegetative transpiration) leads to a 
subsequent decline in the water table. The monthly climatic flux is shown in Fig. 
3. The extent of this annual cyclical movement of groundwater is dependent on 
soil types, underlying geology and relatively flat topography (see Kabir et al 
2008). The groundwater bores chosen for analysis were screened based on long-
term trends and no evidence of direct mining impacts on head levels (eg. seepage). 

All data is obtained from monitoring of groundwater and climate (rainfall, pan 
evaporation) at the Ranger site, courtesy of Energy Resources of Australia Ltd 
(ERA, mine owner) or the Office of the Supervising Scientist (OSS, Federal agen-
cy) (further details are given in Kabir, 2008). 

Time series statistical techniques – brief review 

Although times series statistical techniques (TSST) methods are widely used in 
other disciplines (e.g. economics, hydrology), they have seen little application in 
groundwater studies (e.g. Fig. 2). Only a brief review is possible herein; for a 
more thorough treatment see Brockwell and Davis (2002). 
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Fig.2. Monthly net flux (rainfall minus estimated evapotranspiration) versus groundwater 
response, Ranger site. Note both annual variation plus longer term decadal variation. 
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At its simplest conceptual basis, time series techniques involve developing a 
statistical relationship between an independent variable (e.g. climate data as cause) 
and a dependent variable (e.g. groundwater response as effect). 

In this study, exploratory data analysis was undertaken to examine seasonality, 
trends and random noise (e.g. Fig. 2). Classical decomposition techniques were 
used to address this, and represents a univariate time series model, given as 
(Brockwell and Davis 2002): 

Xt = mt + st + At (Eq.1) 

and EAt = 0, st+d + At  and∑ =
=

d
1j j 0  s   (Eq.2) 

where Xt is the dependent variable at time t (ie. groundwater), mt is the long-
term trend component, st is the seasonal component, At is the random noise com-
ponent (a zero-mean stationary process), EAt is the expected value of At, and d is 
the period of seasonal components. 

The seasonal component is calculated such that the period length (d) ensures 
the values are the same. For example, a period of 12 is used for monthly data. The 
algebraic sum of the 12 months seasonal components should equal zero (Eq. 2). 
The seasonal components of the net flux and groundwater level are given in Fig. 3. 

A univariate autoregressive moving average (ARMA) model could explain the 
time series of climate and groundwater data of four selected bores, however, the 
causal relationship between climate and groundwater levels requires multivariate 
analyses. Therefore two specific TSST methods, namely the transfer function 
noise (TFN) model and the multivariate autoregressive (MA) model, were used for 
modelling the groundwater-climate data. 

The first TSST model applied in this paper is the TFN model, and involves 
transforming data to generate zero-mean stationary data sets. The TFN model can 
then be represented as (Brockwell and Davis 2002): 

Y(t) = T(B).X(t) + N(t) (Eq.3) 
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Fig.3. Monthly rainfall, estimated evapotranspiration and net flux. 
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where Y(t) is the dependent variable (ie. groundwater), X(t) is the independent 
variable (climate), T(B) is a causal time-invariant linear filter, B is back shift oper-
ator and N(t) is a zero-mean stationary process (uncorrelated with X(t)). 

The second TSST model developed is a Yule-Walker multivariate autoregres-
sive (MA) model using monthly data. 

Further theoretical discussion, development and references for both TSST 
models can be found in Brockwell and Davis (2002). 
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Fig.5. Predictions of groundwater level by the transfer function noise (TFN) model. 
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Fig.4. Seasonal components of climatic net flux and groundwater level data. 
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Results 
Monthly groundwater levels have been predicted for twenty months by analysing 
twenty two years monthly data (Fig. 5) by TFN model. The monthly net flux and 
monthly groundwater levels have been predicted for twenty years by analysing 
twenty-two years monthly data, shown in (Fig. 6) by MA model. 

-8
00

-6
00

-4
00

-2
000

20
0

40
0

60
0

80
0

10
00

12
00

19
80

19
84

19
88

19
92

19
96

20
00

20
04

20
08

20
12

20
16

20
20

MonthlyNetFlux(mm)

M
ea

su
re

d
Pr

ed
ic

tio
n

U
pp

er
 b

ou
nd

Lo
w

er
 b

ou
nd

20222426283032

19
80

19
84

19
88

19
92

19
96

20
00

20
04

20
08

20
12

20
16

20
20

MonthlyGroundwaterLevel(m)

M
ea

su
re

d
Pr

ed
ic

tio
n

U
pp

er
 b

ou
nd

Lo
w

er
 b

ou
nd

 
Fig.6. Predictions of monthly net flux (left) and groundwater levels (right) 
by multivariate autoregressive (MA) model. 
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The TFN model is represented by: 

Input X(t) = -0.012 X(t-1) + 0.121 X(t-2) + 0.266 X(t-3) – 0.201 X(t-4) – 
0.551 X(t-5) + Z(t) + 0.190 Z(t-1) – 0.367 Z(t-2) – 0.438 Z(t-3) + 0.276 Z(t-

4) + 0.935 Z(t-5)       (Eq.4) 

Transfer  T(B) = 1.7 B / (1 – 0.283 B)    (Eq.5) 

Noise N(t) = W(t) + 0.5135W(t-1) + 0.336W(t-2) + 0.2365W(t-3) (Eq. 6) 

Model performance was evaluated in the light of existing statistical criteria, 
such as model simplicity, model fitness and the Akaike Information Criterion with 
Correction AICC (Akaike 1969), combined with the appropriateness of the physi-
cal basis of the two methods. In Table 2, to compare the statistical performance of 
the monthly-based models, a number of criteria have been considered. These are 
the AICC statistic, root mean square error (RMSE), and square of correlation coef-
ficient (R2) for the models. It is found that the TFN model performs better than the 
AR model with respect to RMSE and R2, while the reverse is true for the AICC 
statistic. The AICC statistic is a standard selection criterion when the competing 
models are of the same type, where a minimum value indicates the best model, but 
it does not make sense when comparing two different types of models. In this 
case, the TFN model is structurally different from the MA model. From this basis, 
the TFN model can be said to be better than the AR model. 

The groundwater levels are predicted by the monthly TFN and MA models for 
the period November 2001 to October 2002 and compared to measured values (ie. 
a model validation test). The results are shown in Fig. 7 and confidence intervals 
are compared in Table 2. In the validation test the two models are similar. 

Table 1. Statistical evaluation and comparison of TFN and MA models. 

Model AICC RMSE R2 
Transfer function noise (TFN) 6698 0.166 0.761 
Multivariate autoregressive (MA) 6585 0.173 0.760 
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Fig.7. Validation of TFN model (left) and MA model (right) for Nov. 2001 to Oct. 2002. 

Table 2. Average confidence interval range for TFN and MA models, Nov. 2001 to Oct. 
2002 validation. 

Model Average range of confidence interval (m) 
Transfer function noise (TFN) 2.94 
Multivariate autoregressive (MA) 2.56 

 
Technically, TFN models are superior to MA models in explaining the 

groundwater-climate relationship. The theory of MA model considers the mutual 
dependence of all the series of the process. For instance, the net flux at time t+1 is 
represented as function of net flux at t, t-1, t-2 … together with groundwater level 
at t, t-1, t-2 … as well and a noise component. However, in the TFN model, the 
previous values of the groundwater level series are not considered explicitly. From 
the scientific point of view, there does exist a strong causal relationship between 
net flux and groundwater level, but the relationship is not two way. That means 
net flux influences groundwater level but groundwater level does not influence net 
flux to any significant extent (ie. the influence is effectively one way). Although 
the evaporative flux depends on soil moisture content, which in turn is influenced 
by the nearness of groundwater level to the surface, the importance of this variable 
is much less than other factors such as intensity and duration of radiative energy, 
relative humidity, temperature gradient, soil thermal conductivity, vegetation type, 
wind speed, etc., which influence the evaporation and transpiration process. The 
statistical fits and confidence intervals of both models, however, are comparable. 
Therefore, the TFN model is more acceptable than the MA model in representing 
the system and predicting future groundwater levels. 
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Discussion 

To select the appropriate method of analysis of the groundwater-climate relation-
ship, reviews of the various classes of models were performed. The three basic 
features, useful for distinguishing approaches to modelling are (CRCCH 2005): 
• the nature of the basic algorithms (empirical, conceptual or process-based); 
• whether a statistical or deterministic approach is taken to input or parameter 

specification; 
• whether the spatial and temporal representation is lumped or distributed. 

The review of key climate feedbacks which are related to groundwater recharge 
and hydrologic processes suggests that to manage the complex interaction between 
climate and groundwater recharge, the development of a balanced modelling 
framework is necessary. Data-based statistical techniques are more preferable than 
deterministic models when the latter requires too much simplification of the com-
plex system. Comprehensive modelling of groundwater-climate relationships 
could go to the ultimate extent of including a variety of processes, such as heat 
flow, groundwater flow and pumping, vapour fluxes, cloud cover, vegetative 
transpiration, soil evaporation, variable geology and soils, and so on. However, 
such complexity is clearly unrealistic given the large spatial and temporal uncer-
tainties involved in all of these aspects and processes. 

Climatic conditions and variability undoubtedly govern or contribute to shallow 
groundwater levels (e.g. Fig. 2) (see also Alley 2001; Glassley 2003; Loáiciga 
2003; Michaud et al 2004), yet a complete process representation is computation-
ally and physically unrealistic given the complex variability of processes and in-
ter-dependence of many factors. This is not to ignore the value of sound physical 
or process-based models, but it highlights that different approaches such as time 
series statistics can be used to compliment such models and analyses, often pro-
viding efficient numerical techniques which effectively combine the complexity of 
natural processes into functional statistical relationships. 

Conclusions 

Groundwater levels will be the major driver for the potential transport of solutes 
from a rehabilitated Ranger uranium mine, especially levels relative to non-mine 
areas. To ensure that the rehabilitation achieves its legal obligations to protect the 
surrounding water resources and ecosystems for 10,000 years from tailings, it is 
vital to understand and be able to model the groundwater-climate relationship. 
This is a fundamental objective to ensure a sustainable post-mining land use and 
protection of the recognised world-heritage values of the region. 

To bridge the gap between the observation scale (~monthly data) and modelling 
scale (long-term prediction) (Bloschl and Sivapalan 1995), we have used common 
time series statistical techniques. These methods identify the underlying patterns 
and the qualitative description of the groundwater-climate relationship, such as 
seasonal variability or long-term trends. 
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The application of a classical decomposition model to the groundwater-climate 
data for Ranger was used first to gain an understanding of the relationship. The 
timing of the peak and trough between the two seasonal data sets indicates that the 
lag between them is less (2 months) during high groundwater levels (wet season) 
and much more (4 to 5 months) during low groundwater levels (dry season). 
Hence the process has a variable lag throughout the year. 

Thus, for improved understanding of the physics with the help of statistics, a 
classical decomposition model has been used with historical net flux and ground-
water level data for the Ranger uranium mine site. A transfer function noise (TFN) 
model and multivariate autoregressive (MA) model were then developed by using 
the net flux and groundwater level data to predict the future groundwater level. 
Some of them have been found to be numerically efficient and others have the 
quality of best fit. 

Finally the statistical performance is almost equal for both the TFN model and 
MA model but the physical representation is better in TFN than MA. Therefore a 
monthly-based TFN should be the recommended model for the prediction purpose 
in future research. 
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Abstract. This paper presents the results of applying an unsaturated flow model to 

observed historical groundwater-climate data at the Ranger uranium project, 

Northern Territory, Australia. Based on observed data, a one-dimensional model 

was developed to fit historical data for several bores. Statistical evaluation of va-

rying porosity and hydraulic conductivity was undertaken, thereby giving a rea-

sonable model configuration. The model is thus confirmed as suitable for predict-

ing the impacts of future climate change scenarios on water table fluctuations. 

Introduction 

The relationship between groundwater and climate is critical in the design of ura-
nium mine rehabilitation, especially in tropical regions with intense monsoonal 
rains and extended dry seasons. The Ranger uranium mine is located in the wet-
dry tropics of northern Australia and is surrounded by the world heritage-listed 
Kakadu National Park (Fig. 1). It is imperative to understand the groundwater-
climate relationship to ensure that appropriate rehabilitation designs are imple-
mented upon mine closure (see also companion paper Kabir et al 2008). 

A variety of techniques can be used to model groundwater fluctuations as a 
function of climatic conditions. The complex geology and climatic variability of 
the Ranger region makes a deterministic, detailed process-based model a difficult 
task. For an alternative viable approach, this paper uses the unsaturated flow mod-
el Seep/W (Krahn 2004) based on a one-dimensional conceptual model of the 
groundwater-climate system. Given the relatively flat topography and large annual 
fluctuations in the water table versus minor lateral flows, the flow system can be 
simplified as effectively vertical, thereby allowing direct implementation in 
Seep/W. The refined model can then be used for a variety of purposes. 
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Fig.1. Location and outline of the Ranger uranium project, Northern Territory, Australia. 

Hydrogeology of the Ranger site 

The Ranger uranium project was briefly described in the companion paper Kabir 
et al (2008). Although there have been numerous studies on the hydrogeology and 
water balance at Ranger, only a few have directly examined the relationship be-
tween groundwater and climate, especially rainfall-evaporation and recharge (e.g. 
Vardavas, 1993; Woods 1994). A brief review of the hydrogeology is presented, 
followed by a justification of the modelling approach used for this work. 

In the past, hydrogeology studies at Ranger have commonly focussed on water 
or tailings management issues. The hydrogeology is considered to comprise three 
principal aquifer types – alluvial sands and gravels (Type A), lateritic layers, 
clayey sands to weathered rocks (Type B), and fractured rocks (e.g. schists, dolo-
mite) (Type C), shown in Fig. 2 (Ahmad and Green 1986; Woods 1994; Brown et 
al 1998). The most important shallow aquifers are found as weathered and lateritic 
soils (by area), with annual variations in the water table being between 1 to 5 m. 
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One example of the seasonal groundwater movement compared to cumulative 
net flux (rainfall – evapotranspiration) is given in Fig. 3, showing annual variation 
along with long term climatic variability (ie. wetter versus dryer periods). 

Seep/W model structure and development 
A one-dimensional conceptual model of groundwater-climate interaction was 
adopted (e.g. Type B). A homogenous vertical column was defined with no-flow 
boundaries on all sides except the surface where net climate flux was applied 
(rainfall – evapotranspiration) at monthly time steps. Soil properties were based on 
previous work, such as porosity, saturated hydraulic conductivity and unsaturated 
moisture retention (characteristic) curve (e.g. Willett et al 1993; Akber 1991), 
while the unsaturated hydraulic conductivity function was defined from the cha-
racteristic curve (e.g. van Genuchten or Fredlund-Xing models, see Krahn 2004).  

As noted above, the hydrogeology of the Ranger area is highly heterogeneous, 
leading to differing average responses of the water table to the annual wet season 
(e.g. annual fluctuation, or Δh, of 1-5 m). Obtaining reliable spatial data on all of 
the above properties is difficult and still includes residual uncertainty. As such a 
range of Seep/W models were developed with varying soil parameters to assess 
this uncertainty. This allowed a choice of optimum properties for each bore to be 
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TYPE B REGIMES
Wet

Dry

Season

Typical  :
A = 0.1-20 m/d

K

B = 0.01-1 m/d
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Fig.2. Conceptual hydrogeology of Ranger, including approximate wet and dry season posi-
tion of the water table (adapted from Ahmad and Green 1986; Woods 1994). 
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Fig.3. Variation of groundwater (bore OB21A) and cumulative climatic net flux. 
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used for assessing climate change impacts (see Kabir et al 2008b). In this work, 
saturated hydraulic conductivity (K, 0.3 to 30 m/30 days) and effective porosity 
(n, 2.5% to 20%) were varied. All model results were statistically evaluated using 
the measures in Table 1, to ascertain the ‘goodness of fit’ for each model. 

Table 1. Statistical objective functionsa used to assess model fit. 

Measureb Expressionb Range Decision Rule 
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∑
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β 
eS d1) - (T / S  d  2 ==β  

0 to ∝ 0 is desirable 

a From Zheng and Bennett (1995), Middlemis et al  (2001), Nash and Sutcliffe (1970). 
b Primary variables are h head; t time step number (T total time steps); d model – measured 
difference; Subscript ‘m’ / ‘o’ – model / observed values; ⎯ (overscore) average (e.g. mh  = 
average modelled head). 

Results 

Nine model were developed with the combinations of K=0.3, 3 and 30 m/30days 
and n=2.5, 5 and 10%. Statistical evaluations of model runs are given in Tables 2 
and 3, with an example in Fig. 4. An example of measured versus modelled 
groundwater heads (bore OB21A) is graphed in Fig. 5. 

From Tables 2 and 3, optimum (desirable) values of criteria mh , E, Ratio, 
RMSE, β, d , and Se are found to in one model combination, while criterion r is 
found to be in a different model run. The difference, however, between r values in 
these models is mostly marginal. To achieve better consistency between the crite-
ria, runs are extended to additional set of combinations for n=20%. The direction 
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of changes of the criteria are again found to be mostly inconsistent. The best bore 
with consistent model parameter comes out to be OB27 with K 30 n 20. 

Table 2. Statistical assessmentsa of Seep/W model runs versus soil parameters (K, n). 

 mh  E r Ratio RMSE β d  Se 
Desired value – 1 1 1 0 0 0 0 

 

OB1Ab, oh  = 25.83 m, Δh = 3.17 m (K m/30 days, n %) 
K 0.3, n 2.5 25.43 -0.56 0.23 0.98 0.09 4.37 0.4 0.09 
K 3, n 2.5 21.57 -30.2 0.42 0.84 0.42 12.94 4.26 0.33 
K 30, n 2.5 1.83 -3781 0.3 0.07 4.62 5.47 24 4.39 
K 0.3, n 5 25.69 -0.37 0.09 0.99 0.09 1.54 0.14 0.09 
K 3, n 5 23.3 -11.07 0.33 0.9 0.26 11.99 2.53 0.21 
K 30, n 5 22.01 -18.69 0.35 0.85 0.33 16.09 3.82 0.24 
K 0.3, n 10 25.82 -0.11 0.16 1 0.08 0.11 0.01 0.08 
K 3, n 10 23.94 -4.16 0.26 0.93 0.17 14.98 1.89 0.13 
K 30, n 10 23.81 -0.12 0.33 0.92 0.17 16.75 2.02 0.12 
K 0.3, n 20 25.83 0.03 0.21 1 0.07 0.06 <0.01 0.07 
K 30, n 20 24.71 -0.99 0.3 0.96 0.11 13.9 1.12 0.08 

 

OB20b, oh  = 18.09 m, Δh = 1.67 m (K m/30 days, n %) 
K 0.3, n 2.5 16.82 -1.5 0.59 0.93 0.1 21.86 1.27 0.06 
K 3, n 2.5 13.14 -42.81 0.72 0.73 0.41 18.18 4.94 0.27 
K 30, n 2.5 9.76 -123.84 0.63 0.54 0.7 18.12 8.33 0.46 
K 0.3, n 5 17.1 -0.67 0.59 0.95 0.08 19.12 0.99 0.05 
K 3, n 5 14.39 -19.95 0.63 0.8 0.29 22.36 3.7 0.17 
K 30, n 5 14.08 -23.53 0.61 0.78 0.31 22.49 4.01 0.18 
K 0.3, n 10 17.2 -0.42 0.62 0.95 0.07 17.79 0.88 0.05 
K 3, n 10 15.56 -7.28 0.54 0.86 0.18 30.49 2.53 0.08 
K 30, n 10 15.14 -9.78 0.56 0.84 0.2 33.93 2.95 0.09 
K 0.3, n 20 17.17 -0.59 0.6 0.95 0.08 17.23 0.92 0.05 
K 30, n 20 16.09 -3.86 0.53 0.89 0.14 35.98 2 0.06 

 

OB21Ab, oh  = 23.42 m, Δh = 2.14 m (K m/30 days, n %) 
K 0.3, n 2.5 24.98 -0.59 0.75 1.07 0.12 -22.7 -1.56 0.07 
K 3, n 2.5 20.75 -8.13 0.66 0.89 0.29 11.34 2.67 0.24 
K 30, n 2.5 17.14 -31.94 0.35 0.73 0.55 16.6 6.28 0.38 
K 0.3, n 5 24.62 -0.34 0.7 1.05 0.11 -14.97 -1.2 0.08 
K 3, n 5 20.24 -5.75 0.55 0.86 0.25 21.87 3.17 0.15 
K 30, n 5 18.96 -11.53 0.34 0.81 0.34 24.09 4.45 0.18 
K 0.3, n 10 23.33 0.37 0.72 1 0.08 1.18 0.09 0.08 
K 3, n 10 19.86 -5.83 0.37 0.85 0.25 33.79 3.55 0.11 
K 30, n 10 19.58 -7.05 0.24 0.84 0.27 32.97 3.84 0.12 
K 0.3, n 20 21.77 -0.71 0.71 0.93 0.13 24.27 1.65 0.07 
K 30, n 20 20.03 -5.05 0.34 0.86 0.24 36.91 3.39 0.09 

 

a Best fits are highlighted in grey shaded bold-italic text; next closest fits are bold only. 
b Model runs with K 3 not available. 
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Table 3. Statistical assessmentsa of Seep/W model runs versus soil parameters (K, n). 

 mh  E r Ratio RMSE β d  Se 
Desired value – 1 1 1 0 0 0 0 

 

OB27b, oh  = 8.87 m, Δh = 2.00 m (K m/30 days, n %) 
K 0.3, n 2.5 10.15 -1.54 0.62 1.14 0.13 -20.57 -1.28 0.06 
K 3, n 2.5 10.92 -5.37 0.77 1.23 0.2 -21.73 -2.05 0.09 
K 30, n 2.5 11.09 -6.16 0.77 1.25 0.21 -23.58 -2.21 0.09 
K 0.3, n 5 10.18 -2.1 0.42 1.15 0.14 -15.78 -1.31 0.08 
K 3, n 5 10.69 -3.55 0.78 1.2 0.17 -27.86 -1.81 0.07 
K 30, n 5 10.46 -2.82 0.79 1.18 0.15 -21.31 -1.58 0.07 
K 0.3, n 10 9.92 -1.84 0.42 1.12 0.13 -10.71 -1.05 0.1 
K 3, n 10 9.52 -0.04 0.72 1.07 0.08 -11.2 -0.65 0.06 
K 30, n 10 9.42 0.23 0.77 1.06 0.07 -10.54 -0.54 0.05 
K 3, n 20 8.61 0.28 0.62 0.97 0.07 4.26 0.27 0.06 
K 30, n 20 8.56 0.37 0.81 0.96 0.06 5.51 0.31 0.06 

 

OB41b, oh  = 14.89 m, Δh = 1.69 m (K m/30 days, n %) 
K 0.3, n 2.5 12.24 -18.29 0.55 0.82 0.19 25.11 2.84 0.11 
K 3, n 2.5 8.77 -168.18 0.53 0.59 0.57 15.74 9.43 0.6 
K 30, n 2.5 -20.62 -26838 0.35 -1.38 7.21 5.22 65.38 12.54 
K 0.3, n 5 12.59 -13.31 0.36 0.85 0.17 23.99 2.44 0.1 
K 3, n 5 10.57 -69.46 0.42 0.71 0.37 21.34 6.39 0.3 
K 30, n 5 9.97 -90.09 0.38 0.67 0.42 21.26 7.15 0.34 
K 0.3, n 10 12.92 -9.64 0.21 0.87 0.14 21.71 2.05 0.09 
K 3, n 10 12.08 -26.33 0.35 0.81 0.23 23.99 3.89 0.16 
K 30, n 10 12.4 -21.75 0.39 0.83 0.21 23.92 3.57 0.15 
K 0.3, n 20 12.93 -5.53 -0.24 0.89 0.18 19.29 1.67 0.09 
K 30, n 20 12 -13.5 -0.01 0.82 0.27 24.29 2.6 0.11 

 

a Best fits are highlighted in grey shaded bold-italic text; next closest fits are bold only. 
b Model runs with K 0.3-n 20 (OB27) and K 3-n 20 (OB41) not available. 

 

0

0.2

0.4

0.6

0.8

1

2.5 5 10 20
Porosity (n)

R
at

io
 o

f A
ve

ra
ge

 H
ea

ds
 (h

m
 / 

h o
)

K 0.3
K 3
K 30

0

2

4

6

8

10

12

14

16

18

2.5 5 10 20
Porosity (n)

β K 0.3
K 3
K 30

 
Fig.4. Example of the variation of selected statistical evaluations for bore OB1A. 



Validation of unsaturated flow modelling      359 

Session III: Mine closure and remediation processes 

14

16

18

20

22

24

26

28

26/10/82 22/07/85 17/04/88 12/01/91 8/10/93 4/07/96 31/03/99 25/12/01

G
ro

un
dw

at
er

 H
ei

gh
t (

m
)

Measured
Model (K 0.3, n 2.5)
Model (K 3, n 5)
Model (K 0.3, n 10)

 
Fig.5. Observed versus modelled groundwater levels in bore OB21A. 

Discussion 

Based on all results above, the performance of the models for OB27 achieves the 
best result since this bore successfully includes the best E and r values in one 
combination of hydraulic conductivity and porosity. Another important aspect of 
the results is that the best model may not necessarily be unique, rather it corres-
ponds to a range of parameter values for most of the bores. For example, with re-
spect to the statistical evaluation of parameter combinations, OB41 shows a lot of 
scatter while OB27 shows a consistent parameter combination. 

If we analyse the importance of all criteria in context to the primary objective 
of the modelling, the most important criterion is considered to be the r value as 
this deals with both the magnitude and direction of deviation whereas other crite-
ria deal with magnitude only (see Middlemis et al. 2001). 

The relative influence of porosity (n) on the annual average groundwater fluc-
tuation (Δh) can be explored by comparing OB20 and OB21A, since they are close 
to each other. The model results show the importance of n in the amplitude of Δh. 
OB20 performs well with n of 10% to 20% and a measured average annual 
groundwater variation (Δh) of 1.67m, whereas OB21A performs well with n of 5% 
to 10% with Δh of 2.14m. This shows that annual fluctuations are higher for lower 
porosity (all other factors remaining the same). 

The results also show that hydraulic conductivity is important in modelling the 
annual and longer term response of groundwater (as should be expected). Based 
on field work at Ranger (e.g. Willett et al 1993; Akber 1991), it is clear that the 
weathered near surface geology and aquifers at Ranger are highly variable and he-
terogeneous. The approach adopted in this paper is clearly a simplification which 
allows for efficient modelling at the expense of more thorough discretisation of 
model parameters (K, n, others). As such, the approach adopted herein of using a 
simplified one-dimensional homogenous model appears reasonable. 
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Conclusions 

This paper presented the results of applying an unsaturated flow model (Seep/W) 
to observed historical groundwater-climate data at the Ranger uranium project. 
The approach adopted a one-dimensional groundwater-climate model to fit histor-
ical data for several bores, with varying values for hydraulic conductivity and po-
rosity to assess uncertainty due to the heterogeneous geology of the area. All mod-
el runs were evaluated with a range of statistical measures for goodness of fit. In 
summary, the research approach utilised herein demonstrates that a simplified 
conceptual model implemented via an unsaturated flow model can achieve a ro-
bust model configuration with reasonable statistical confidence. 
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Abstract. This paper presents the results from using a validated unsaturated flow 

model to predict groundwater response to climate variability and climate change at 

the Ranger uranium project, Northern Territory, Australia. A Monte Carlo-style 

approach was adopted, with 30 statistically generated replicates for each of the 5 

models and 7 scenarios from the IPCC climate change projections, giving 1050 

model runs in total. The results are presented in terms of predicted groundwater 

levels to 2100. The paper demonstrates the usefulness of this modelling approach 

in understanding the future impacts from climate change on groundwater levels. 

Introduction 

The relationship between groundwater and climate is critical in the design of ura-
nium mine rehabilitation, especially in tropical regions with intense monsoonal 
rains and extended dry seasons. The Ranger uranium mine is located in the wet-
dry tropics of northern Australia and is surrounded by the world heritage-listed 
Kakadu National Park (see companion paper, Kabir et al 2008, for location map). 

Given that climate change is predicted to lead to significant hydrologic changes 
across northern Australia (e.g. Hennessy et al. 2007), such as changing rainfall and 
evapotranspiration, it is critical to use the available data to best understand what 
this means for groundwater recharge, levels and therefore minesite rehabilitation. 

This paper develops an approach to model the potential impacts of climate 
change and climate variability on groundwater levels through a Monte Carlo tech-
nique. The unsaturated flow model used is taken from Kabir et al (2008), and 
compliments other methods to model groundwater-climate relationships such as 
time series statistical techniques. 
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Climate variability and climate change 

For this research work, the processes of climate variability and climate change 
need to be carefully defined, followed by a brief review of northern Australia. 

According to the UN Framework Convention on Climate Change (UNFCCC), 
climate change refers to long-term processes occurring over several decades or 
centuries which leads to changes in average climatic conditions, and includes both 
anthropogenic and natural causes (Houghton et al 2001). Climate variability is 
considered to range from inter-annual to inter-decadal and is related to natural 
phenomena. However, the Intergovernmental Panel of Climate Change (IPCC) de-
finition of climate change means any change in climate over time, whether due to 
natural variability or as a result of human activity – different to the UNFCCC. 

There is an abundance of literature on the processes and controls on climatic 
conditions across northern Australia. The most common indices used in this area 
include sea surface temperature (SST) differences between certain regions, such as 
the Southern Oscillation Index (SOI) to predict El Nino (dry, leading to ‘ENSO’) 
or La Nina (wet) climatic periods, Indian Ocean Dipole (IOD) (Ashok et al. 2003; 
Chang et al 2006), Pacific Decadal Oscillation (PDO) (Mantua et al 1997; Zhang 
et al 1997; Mantua and Hare 2002; Verdon and Frank 2006a,b) and Interdecadal 
Pacific Oscillation (IPO) (Power et al 1999). In general, they describe whether 
climatic conditions are more likely to be warm/ cool, or wet/dry, based on diffe-
rential SST’s between particular regions. They are commonly correlated to major 
continental regions, such as eastern Australia or western Americas, occur on dif-
ferent cycles (e.g. annual to decadal or longer) and widely used to predict likely 
climatic conditions. Northern Australia is influenced by the variable combination 
of all of these indices (with PDO perhaps being the least important). 

The models used by the IPCC to predict climate change are not consistent in 
tropical northern Australia (Alley et al 2007), meaning for the Ranger mine site 
there is uncertainty regarding the nature and magnitude of change. Less than 66% 
of models agree on the sign of the change (increase/decrease of precipitation in 
Dec-Jan-Feb), and is probably related to complex interaction of multiple factors. 

There is an increasing recognition that rising temperature is exacerbating the 
impact of any rainfall reduction (Cai 2007). As a result of reduced precipitation 
and increased evaporation, dryer periods are projected to intensify in southern and 
eastern Australia (Hennessy and Fitzharris 2007; Hennessy et al. 2007). But there 
has been an increasing trend in rainfall over much of north and northwest Austral-
ia over recent decades, which has contrasted with decreases over the rest of the 
continent. Also, Smith and Suppiah (2007) argue that the trends in rainfall totals 
and average intensities in northern Australia are largely unrelated to trends in 
ENSO and most likely reflect the influence of other factors. 

The degree to which climate change will impact on the frequency or magnitude 
of all of the above indices and processes remains uncertain and difficult to predict. 
For example, ENSO events will still occur without any climate change or they 
may alter due to climate change, with different climate models predicting variable 
changes such as intensity, duration, wet/dry, warm/cool and so on (see Knutson et 
al 1997; Timmermann et al 1999; Collins 2000a,b; among others). 
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Although periods of flood and drought risk in eastern Australia have been cor-
related to the PDO and IPO, they appear to have minimal influence in northern 
tropical Australia. However, due to their importance in overall climatic conditions 
across Australia, they are retained in algorithms to generate net flux data sets. 

A number of fundamental issues need to be considered. The non-linearity in the 
strength of ENSO for Australia, the occurrence of IOD in relation to ENSO for 
Australia, the relationship between IOD and ENSO in Australia, the uncertainty of 
future influence of IOD on ENSO of Australia, and the interaction of ENSO 
events with local climate of the Kakadu region. 

There exists non-linearity in the strength of ENSO events in Australia. The dif-
ferences in the strength of relationship between El Nino (La Nina) with wet (dry) 
condition can be described as follows. 

As a typical tropical phenomenon, the evolution of the IOD is strongly linked 
to the annual seasonal cycle – the phenomenon develops during May/June, peaks 
in September/October, and diminishes in December/January (Chang et al 2006). 
Therefore the IOD influences the Australian winter climate (Ashok et al. 2003). 
The El Nino events in Australia usually emerge in the March to June period and 
strongest influence occurs in the six months of June to November (BoM 2007a). 
The cooling of La Nina is relatively strongest during October to March period 
(BoM 2007a). Therefore the overlapping of IOD with ENSO is more prevalent 
with El Nino than La Nina. However, the link between IOD and ENSO has been 
reported to be have been broken or weakened by climate change (Kumar et al 
1999), giving rise to further uncertainty in winter climate conditions in Australia. 

The increased dry conditions caused by El Nino occur during the dry season, 
compared to the increased wet conditions caused by La Nina which occur during 
the wet season. Therefore if we do not consider the influence of IOD with ENSO, 
the impact will be greater for both El Nino and La Nina. If we do consider the 
IOD influence with ENSO, the rainfall in the site being summer rainfall, it is not 
counteracted by IOD, thus the wet season will still be unimpacted by IOD. Similar 
results have been recognised by others (Bayliss, pers. comm., 2007). A tabular re-
presentation of the links between IOD and ENSO is shown in Table 1. 

The predictability of interdecadal climate events remains an area of uncertainty. 
By reviewing the existing understanding of the ENSO, IPO, PDO, and IOD 
events, some conditional aspects of these natural processes have been identified. 
We translate this understanding, observations and possibilities into our algorithm 
for generating the spells of ENSO events for the Ranger site and combine this with 
IPCC predicted climate data to generate net flux data sets for modelling. 

Table 1. Annual links between ENSO and IOD events. 

J F M A M J J A S O N D J F M A M 
    IOD start   IOD peak  IOD end     
  El Nino months       
        La Nina months 

Wet season Dry season Wet season Dry 
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Modelling methodology 
A Monte Carlo-style approach is adopted to generate multiple replicates of input 
data for numerous model runs. A multi-step algorithm is developed to generate a 
series of net flux data, incorporating average climate data, predicted climate 
change trends from IPCC global climate models (GCMs), ENSO and IOD events. 

Climate change models and predicted data 

The IPCC make the output data from GCMs available, and in Australia this is 
from the CSIRO through the OzClim software (CSIRO 2006). The OzClim data 
used for this report is from the Third Assessment report series, as the 2007 reports 
and data were not yet available. 

The GCMs hydro-climate data available from OzClim were rainfall and point 
potential evapotranspiration (PPET). For application in flow models, however, 
PPET needs to be converted to areal actual evapotranspiration (AAET). All PPET 
data was converted to AAET based on standard methods (e.g. Morton 1983). 

In 2004, Hennesy et al (2004) undertook a detailed performance evaluation of 
12 GCMs for the Northern Territory, Australia, in simulating the current regional 
climate. Based on this study, other IPCC reports and related literature, five GCMs 
were selected for extracting future climate change data for the Ranger mine site, 
namely the CSIRO: Mk2, HadCM2, HadCM3, ECHAM4/OPY and CSIRO: 
DARLAM 125km GCMs. Further to the physical models, IPCC use six future 
emission scenarios as inputs to the various GCMs, called A1B, A1FI, A1T, A2, 
B1 and B2, and they have remain unchanged from the Third to Fourth Assessment 
reports. An additional scenario, IS92cc, was also available from OzClim, giving a 
total of seven scenarios for each of the five GCMs. Further details regarding all 
GCMs and emissions scenarios is available in the varous IPCC literature. Annual 
net flux data for all 7 IPCC scenarios from the HadCM3 model is shown in Fig. 1. 

Climate variability algorithm 

We summarise the findings of the literature review and translate these into deci-
sion rules and address ambiguity in generating the conditional random process. 

Decision for PDO: Random selection of PDO positive (El Nino enhanced), and 
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Fig.1. Estimated net flux for all scenarios (HadCM3 GCM) 
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PDO negative (La Nina enhanced) and PDO zero (both non enhanced) 
Decision for IOD-ENSO relationship for Australia: La Nina is stronger than El 
Nino for Australia while IOD ENSO inverse relationship exists. 
Decision for IOD-ENSO relationship for site: 

• Irrespective of the existence of the link between IOD and ENSO, the site wet 
season is supposed to be consistently and strongly influenced by La Nina.  

• With the dry season, if the link (inverse relation between ENSO and IOD) re-
mains broken then the El Nino will be stronger for the site.  

• And if the relationship is again established then the El Nino might become 
weakly related to dry condition for the site. 
There could be concern for the IOD-El Nino relationship in future predictions 

but nothing for the IOD-La Nina relationship. 
Ambiguity 1: PDO duration is to be randomly selected from 20 to 40 years. 

This broad guideline comes from the studies based on the IPO during past hundred 
years (e.g. Verdon and Wyatt 2004). 

Ambiguity 2: The randomly selected PDO duration is covered by selecting 
random ENSO duration of 0 to 8 years. The guidelines for selection of frequency 
limit of ENSO events have been obtained by analysing the past 100 year’s events 
in Australia (BoM 2005; BoM 2007a,b). For positive or negative PDO the cycle is 
selected to be 0 to 5 years and for transitional PDO the cycle is selected to be 6 to 
8 years. 

Ambiguity 3: The IOD-El Nino inverse relationship can exist or not. 
The amplitude of ENSO events in the context of present research relate to the 

rainfall and AAET in ENSO months. We assume during El Nino years that when 
rainfall is less, AAET is also less. During La Nina years, when rainfall is more, 
then AAET is also more. But practically, however, this relationship is not linearly 
correlated, meaning rainfall is unbounded while AAET is bounded as suggested 
by Morton’s equation (Morton 1983). We use the historical percentile records of 
AAET to cut off the point of wet conditions’ AAET. 

For the ENSO events, the ranking from ENSO1, ENSO2 … to ENSO5 goes 
with the 99.99, 90, 10, 5, 1 percentile values of rainfall and AAET. If PDO is for 
La Nina, it will be always enhanced (because it is independent of IOD), if PDO is 
for El Nino, it may be enhanced or not (because it depends on IOD). For enhanced 
La Nina we use the 99.99 percentile value, and for non-enhanced La Nina we use 
90 percentile values. For El Nino we use 10, 5 and 1 percentile values. The ranges 
of percentile values are extracted from reviewing the indices of Expert Team on 
Climate Change Detection and Indices (ETCCDI) (Alexander et al. 2006, 2007). 

Combining climate change and variability 

We combine the net flux for ENSO and non-ENSO years and months to generate 
stochastically generated data. The combined data of the stochastically generated 
net flux is indicated by NFi,jSTO, meaning the net flux for ith month of jth year of 
any randomly generated century. We obtain 35 sets of net flux data from OzClim 
for 100 years from 2000 to 2100 and 35 sets of multiplying factors are computed 
as NFi,2000+jOZ(k) / NFi,2000OZ(k), where NFi,2000+jOZ(k) is used to indicate 
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the net flux for ith month (i = 1 to 12) of jth year (j = 0 to 100) predicted by Oz-
Clim for the kth set (k = 1 to 35). Therefore, the predicted data NFi,jPRED(k) is as 
follows: 

NFi,j
PRED(k) = NFi,j

STO x  NFi,2000+j
OZ(k) / NFi,2000

OZ(k) (Eq.1) 

The number of replicates is selected as 30, based on the guideline of Janssen et 
al (1993), where it is stated that for random sampling the number of samples to be 
taken should be larger than ten times the number of parameters included in the 
Monte Carlo analysis. We use three numbers of ambiguities, leading to 30 repli-
cates. The overall algorithm for conditional random generation of ENSO events is 
shown in Fig. 2. The total number of sets of NFi,j

PRED(k) is therefore 1050 (35 
GCM-scenario combinations and 30 replicates). 

 
Fig.2. Algorithm flow chart for the generation of ENSO rain and AAET data (climate 
change and natural climatic variability) for the Ranger site 



Predicting climate change impacts      367 

Session III: Mine closure and remediation processes 

A major issue not addressed by the above approach and algorithm is extreme 
events such as tropical cyclones. In reality, such severe events would cause intense 
flooding rather than an extreme rise of the groundwater level (Kabir 2008). There-
fore, in the monthly-based time series data, we neglect tropical cyclone events 
whose duration is normally 3 to 5 days only. 

Results 
One sample set of net flux data is shown in Fig. 3. The cumulative net flux was al-
so computed to assess the influence of wet and dry periods on net flux, which can 
not be seen from the monthly net flux data. The SeepW model result of the com-
puted groundwater level for that net flux is also shown in Fig. 3. 

The aggregrate results from all 30 replicates and 7 scenarios of the HadCM3 
GCM are shown in Fig. 4, giving mean (μ) groundwater level for each scenario 
and the maximum/minimum mean plus/minus standard deviation (±σ). Yohe et al 
(2007) used HadCM3 in IPCC’s Fourth Assessment report in the assessment of 
global water resource availability. Complete results are given in Kabir (2008). 

The results of groundwater levels in Fig’s 3 and 4 establishes two key findings. 
Firstly, that longer term trends in climatic conditions are indeed critical in shaping 
overall groundwater levels (e.g. Fig. 3). Secondly, despite all 7 IPCC scenarios 
predicting a long-term decline in net flux and dryer overall hydrologic conditions, 
climate variability, giving rise to extended wetter or dryer periods, can achieve 
major rises or declines in groundwater levels which appear to outweigh the trends 
predicted under climate change scenarios. 
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Fig.3. Generated monthly net flux, cumulative net flux and modelled level response (bore 
OB27, CSIRO MK2, Scenario A2). 
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Conclusions 
This paper sought to build on previous modelling work by developing a metho-
dology to assess the impacts on groundwater levels from potential climate change 
scenarios and climate variability. 

Climate variability was predicted by combining the current understanding of 
important climate indices such as El Nino/La Nina, IPO, PDO and IOD into a sto-
chastic algorithm for generating climate data. Data for climate change predictions 
were obtained from IPCC global climate models and future emissions scenarios. 
These two components were then combined to produce an input data set of net 
flux for use in the previously validated unsaturated flow model for the Ranger site. 
Summary results were then presented in terms of mean groundwater level over 
time under each scenario for the HadCM3 GCM, including maximum/minimum ± 
standard deviation groundwater level at each time step from all model runs. The 
algorithms incorporate current climate knowledge, and can be updated as new 
knowledge or udnerstanding comes to light. 

Overall, the results show the critical importance of climate variability as well as 
climate change. Under extended wet periods, groundwater levels are predicted to 
rise significantly, while the major declines are expected under lengthy dry climatic 
periods. The modelling shows that although the impact of climate change could be 
significant, it must also be considered in the face of climate variability. The paper, 
combined with the two concurrent papers, therefore provides a sound basis and 
methodology upon which to understand the potential impacts of climate change 
and climate variability on groundwater levels. This, in turn, is critical with respect 
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to different uranium mine rehabilitation approaches in a wet-dry tropical climate 
surrounded by a region of very high conservation and cultural values. 
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Abstract. This study evaluated environmental impacts from historical uranium 

mining to soil, water, and air resources occurring on private lands surrounding the 

North Cave Hills complex within Custer National Forest, northwest South Dakota. 

Surface water concentrations of As, Cu, Mo, U, and V exceeded established back-

ground concentrations within approximately 27 km of stream length flowing be-

low abandoned mines. Uranium concentrations in soils were mostly below the 

background value of 22 mg/kg and had a generally decreasing trend with increas-

ing distance from the source areas, with higher values were associated with wa-

shover deposits and channeling of sediments.  

Introduction 

Uranium exploration in northwestern South Dakota began in 1954 when the 
Atomic Energy Commission planned to fly airborne surveys over the Slim Buttes. 
Weather conditions precluded flying the Slim Buttes and instead, the survey was 
flown over the North Cave Hills (NCH) (Curtiss, 1955). As a result, the first 
claims were staked in the NCH on August 15, 1954 and mining ensued that year. 
Mine sites were located primarily within an approximately two mile wide north-
west trending strip crossing the central NCH, referred to as the hot zone. Mining 
was permitted under the General Mining Laws and Public Law 357, which re-
quired no form of restoration. Most mines and mining prospects were located on 
United States Forest Service (USFS) administered land, but at least two actively 
mined sites and several prospects and exploration cuts and digs were located on 
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private land surrounding the NCH. Most of the uranium mines were abandoned 
coal strip mines located on relatively flat areas along the top of the numerous 
buttes that characterize the area. Mining consisted of the removing overburden (up 
to 80 feet) to reach the ore zone which consisted of uranium-bearing lignite beds. 
Mining activity increased through the next decade but ceased altogether in 1964. 

During mining, most of the overburden and mine spoils were pushed over the 
edges of the buttes where subsequent erosion has spread materials over almost 
1,000 acres in the NCH alone. Since mining ceased, additional deposition has oc-
curred down-slope onto private land by water and wind transport. The bluffs and 
slopes immediately below mine sites often were covered by spoils forming highly 
over-steepened talus slopes, several of which have failed or are deeply incised. 
Currently, spoils are mostly devoid of vegetation and their composition has pro-
moted water channeling, gullying, and tunneling. In addition to mined sites, nu-
merous prospecting pits or contour benches were excavated on both USFS and 
private land and have been mapped and documented (Pioneer, 2005). Characteri-
zation of the abandoned mine sites on USFS land has occurred (Pioneer, 2005; 
Portage, 2005) but no work had characterized off-site impacts on surrounding pri-
vate land. A Joint Venture agreement between the United States Department of 
Agriculture-Forest Service and the South Dakota School of Mines and Technology 
(including a subcontract with Oglala Lakota College) was established in 2006 to 
address potential off-site impacts. Funding for this on-going study has been pro-
vided through US-EPA CERCLA. Objectives of the NCH project were to deter-
mine whether heavy metal and radionuclide environmental contaminants have 
been transported from historical mine sites located on USFS land onto surround-
ing private land. Mechanisms of environmental transport most likely include the 
following: 
• erosion of spoil sediments through surface runoff into adjacent drainages; 
• erosion of spoil sediments through slope failures below mined bluffs 
• dissolution of hazardous metals within runoff water that form tributaries to 

streams; 
• erosion/deposition of small particle contaminants by wind transport; 
• infiltration of hazardous metals and radionuclides into local and regional 

ground water aquifers. 

Methods 

Target analytes for metals and radionuclides and analytical methods and proce-
dures for determination of analyte concentration were similar to those used in pre-
vious investigations (Pioneer, 2005; Portage, 2005). Metals of interest included: 
U, As, Se, Cu, Mo, Pb, Th, and V. Water samples were further analyzed for gross 
alpha radiation, Ra226, and U235. 

A watershed approach was developed to discern potentially impacted surface 
waters. It was assumed that all runoff water and eroded sediments (except for 
wind erosion) would ultimately end up in adjacent drainages and subsequently 



Environmental Impacts from the North Cave Hills      373 

Session III: Mine closure and remediation processes 

migrate downstream through established drainage networks. Surface-water sam-
pling events were divided into two separate phases. Initial Phase I sampling eva-
luated target analyte concentrations of all potentially impacted drainages at the 
USFS/private land boundary. Phase I data also were used to establish background 
concentrations based on sampling locations assumed to be unaffected by mining 
activities. These data were used subsequently to evaluate which drainages were 
most heavily impacted. After evaluation of the Phase I results, drainages with the 
highest environmental concern were selected for Phase II sampling which contin-
ued downstream to a point where target analyte concentrations were comparable 
to established background levels. Phase I and II sampling located are shown in 
Figure 1. 

Ground-water quality was evaluated by selecting 34 wells that were evenly dis-
tributed around the NCH within eight km of the USFS boundary. Approximately 
half of the wells were domestic supply wells and the others were stock wells. Well 
depths ranged between 10 and 240 m and represented shallow unconfined alluvial 
aquifers and deep confined aquifers. Samples were collected after pumping a vo-
lume of water equal to or exceeding two times the casing volume. 

Airborne dust particulates were collected from 30 locations in two sampling 
phases. Phase I sampling occurred within the set 8 km radius from the USFS 
boundary. These data were used to establish background concentrations in regions 
where impacts from wind were assumed to be negligible. Phase I results were uti-
lized to identify directions and regions to obtain additional samples in Phase II un-
til a reduction in concentrations were observed. Airborne dust particulates were 
collected using a portable wind tunnel (Stetler, 1999) following these criteria: 
• sites were high elevations above stream courses to ensure dust was either depo-

sited directly by air or was derived by soil-forming processes; 
• sampling sites were designed in a ‘gridded’ network around the NCH and were 

sufficiently distributed in accordance with the prevailing wind directions; 
• sites were at locations that had physical indications of the presence of fine-

grained surface materials derived from mechanisms excluding fluvial 
processes; 

• locations had surfaces where dry and loose fine-grained materials were readily 
available to wind processes and could be collected either from the existing sur-
face or generated through preparation of a standard loose surface (Saxton et al., 
1998). 
Additional dust samples were collected using a stainless steel soil scoop to 

skim the extreme upper layer of soil from the surface in areas inaccessible to the 
wind tunnel. 

Samples collected to represent potential environmental transport by the above 
listed mechanisms were compared to established background values calculated 
using: 

deviation standard 3xmean +  (1) 

These values were determined using samples collected from non-impacted 
drainages and represent natural metals concentrations. For airborne dust particu-
lates, a background value of mean + 2 × standard deviation was used. 
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Fig.1. North Cave Hills Phase I and II surface water sampling locations. 
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Results 

The key metals of interest in this study were U and As, although concentrations 
for the full suite of analytes listed above were determined from each sample. A 
complete listing of all metals and detailed discussion of trends and occurrences 
were given by Stone et al. (2007) or can be downloaded at 
http://uranium.sdsmt.edu. In the following text, only U and As results will be pre-
sented. 

Soils 

Soil samples were collected from cores (0.3—8 m deep) drilled in numerous wa-
tersheds surrounding the mined and non-mined areas. Two or more composite 
samples were prepared from most of the deeper cores. Shallow cores yielded a 
single sample. Background concentrations were determined using sites 
representing pristine environments not affected by mining. 

Uranium concentrations in soils were mostly below the background value of 22 
mg/kg and had a generally decreasing trend with increasing distance from the 
source areas (Stone et al., 2007). Higher values were associated with washover 
deposits and channeling of sediments. Values exceeding 3× background were lo-
cated immediately below Bluff B (Figure 2). 

Arsenic concentrations followed a trend similar to U concentrations. Back-
ground concentration was 32 mg/kg and was exceeded at several locations at val-
ues up to 64 mg/kg. The highest As value (96 mg/kg) was at the site with the 
highest U concentration. 

Results showed that 14 watersheds were potentially impacted by sediment 
transport from previous mining activity. The most impacted area was in the Upper 
Pete’s Creek drainage below Bluff B where two U samples were 3× and 4× of 
background. All other U concentrations were below 2× background. 

Surface Water 

Fourteen watersheds were identified within the study that were potentially im-
pacted by uranium mining. Four pristine watersheds were used to determine back-
ground concentrations for all analytes. Sampling of surface water was completed 
in two phases; Phase I was a large-scale attempt to define contamination regional-
ly, and Phase II sampling isolated impacted areas and delineated contaminant ex-
tent. Results indicated there were two impacted areas: the Upper Pete’s Creek wa-
tershed below and east of Bluff B where surface waters were derived from direct 
runoff of the spoils piles, and the Schleichart Draw which received runoff down 
the western slopes of the North Cave Hills. 
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Phase I sampling indicated elevated U and As concentrations in both water-
sheds. Elevated U concentrations in the Upper Pete’s Creek drainage ranged from 
2.9× to 5× above the background value of 0.027 mg/L. Elevated As concentrations 
ranged from 28× to 33× above the background value of 0.020 mg/L. In Schleichart 
Draw, elevated U concentrations were 3.6× background. These results were used 
to define Phase II sampling to isolate the contamination and identify locations 
with the greatest contamination.   

Phase II sampling indicated severe contamination in the Upper Pete’s Creek 
watershed below and to the east of Bluff B where the highest U and As concentra-
tions were 23× and 89× background, respectively (Figure 3). Sampling in the 
downstream direction showed that natural attenuation of contaminant concentra-
tions has occurred within a distance of ~5 km below Bluff B. Below-background 
values were observed for all analytes at the confluence of Pete’s Creek and 
Crooked Creek, ~ 15 km northeast of Bluff B. 

Ground Water 

Contaminant occurrence was ubiquitous in ground-water samples at all depths of 
wells tested and was distributed within the study area both up and down gradient. 
The exceptions were thorium, arsenic, and vanadium, which were not detected in 
any samples. Trends of occurrences suggest that metals detected were regional, 
naturally occurring contaminants and not directly attributable to uranium mining.  

 
Fig 2. Uranium concentrations of core samples in the upper Pete’s Creek. 
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Water quality was compared against maximum contaminant levels (MCLs) es-
tablished by the US EPA (US EPA, 2006). Uranium was detected in seven wells 
and ranged from 0.001 to 0.064 mg/L. One well was 0.064 mg/L and exceeded the 
MCL of 0.03 mg/L by a factor of two. This well was 18 m deep and was fed by 
shallow alluvial gravels with hydraulic connectivity to uraniferous lignites updip 
from the well. A second well contained a U concentration of 0.027 mg/L and was 
also a shallow well in alluvium. 

 

 

Fig 3. North Cave Hills surface water results for total and dissolved arsenic and uraniu 
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Many elements in the U decay series can contribute radionuclide counts in a 
sample. Analysis to determine which element contributed what amount of radioac-
tivity is expensive and time-consuming. Thus, gross alpha counts were used to as-
sess the radioactivity of the sample. The EPA has established a MCL of 15 pCi/L 
for gross alpha. Twenty-six of the 34 wells contained gross alpha radiation rang-
ing from 1.8 to 44.4 pCi/L. Distribution of these wells were up and down gradient 
and at depth from 18 to over 240 m. Three wells exceeded the MCL for uranium. 
The two highest concentrations were the shallow wells discussed above and the 
third highest concentration was a 122-m-deep well completed into the Fox Hills 
sandstone located northeast of Bluff B. 

In addition to U concentrations and gross alpha contents, three wells contained 
Ra226 in concentrations ranging from 0.5 to 0.7 pCi/L and were all well below the 
MCL of 5 pCi/L. Two of the wells had concentrations of 0.7 pCi/L and were the 
same wells as those with the highest gross alpha contents discussed above. U235 
was detected in five wells at concentrations between 0.3 and 1 pCi/L, up and down 
gradient of the mine sites. There is no MCL for U235 

Data collected and analyzed during the ground-water study indicate that metals 
and radionuclides were natural components of the ground-water systems. Further, 
the distribution of the contaminants shows metals were dissolved between the re-
charge areas to the west and the North Cave Hills. It is not clear if the abandoned 
uranium mines in the North Cave Hills contribute directly to the metals content of 
the ground water. Most likely the chemistry of surface water and local springs 
were affected by the mines but the deep aquifers should not be affected directly. 
Shale confining layers above the deep sources theoretically protect infiltrating wa-
ters from reaching these aquifers. The exception would be the presence of deep 
fracture systems allowing local infiltration to reach the water table, i.e., a leaky 
confining layer. These conditions will be evaluated in future studies.  

Aerosols 

Results of the surface dusts indicate the general ubiquity of target analytes in the 
soils around the North Cave Hills. Uranium was present in all but two samples and 
arsenic was present in all samples. Vanadium, copper, and thorium also were 
present in all samples and lead occurred in all but one sample. Molybdenum and 
selenium had the least occurrences. 

Thirteen samples contained uranium concentrations in excess of the calculated 
background value of 0.74 mg/kg. Distribution of these sites extended across the 
entire sampling area and were classified into three distinct domains:  
1. Eight locations, including the three with the highest uranium concentrations 

(1.96, 1.66, and 1.6 mg/kg), occurred in a northwest to southeast trend cutting 
across the center of the North Cave Hills and containing the largest abandoned 
uranium mine areas. The long axis of this high-concentration area also corre-
lated to the predominant wind direction, indicating a probable wind influence 
on the observed distribution. The greatest uranium concentration (1.96 mg/kg) 
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occurred on the western side of the North Cave Hills below and upwind of 
Bluffs J-K and upwind of all of the abandoned mine sites; 

2. Two locations north of the North Cave Hills had uranium concentrations great-
er than 1.0 mg/kg and both were in a direction of minimal above-threshold 
wind occurrences; 

3. Two locations in a topographic low between the North and South Cave Hills 
(Bull Creek drainage) had uranium exceedences.  
Uranium concentrations were below background levels in all areas away from 

these three identified areas of high concentrations. 
Arsenic was detected in all samples and five contained concentrations above 

the calculated background value of 11.93 mg/kg. All exceedence concentrations 
were east and south of the North Cave Hills. However, concentrations below the 
background level that were between 9.8 and 11.6 mg/kg were located near the ex-
ceedence locations and appeared to form a similar northwest to southeast pattern 
across the center of the North Cave Hills as was noted for uranium domain 1. Two 
locations in the north were close in value to the As background level that corres-
ponded to uranium domain 2. Thus, there is some evidence for wind distribution 
of fine particles that contained these metals 

Discussion 

Significant environmental degradation has occurred from transport of heavy met-
als and radionuclides downstream of abandoned uranium mines in the North Cave 
Hills. The most impacted regions occurred down gradient of Bluff B and in 
Schleichart Draw in the SW of the study area. Surface water contained U and As 
up to 90× background values and sediment had concentrations 4× background le-
vels. Metals in sediments and surface water were naturally attenuated within ~15 
km below the mine sites, although large deposits of contaminated soils occurred 
on private lands 

Ground water contained many metals and radionuclides in both the up and 
down gradient directions and at shallow to deep aquifer depths. This indicated that 
metals contamination was regional in extent and most likely were not affected by 
U mining 

Aerosol dust had significant metals concentrations in nearly all locations sam-
pled. Uranium was ubiquitous and contained at least one plume of high concentra-
tions that correlated to the predominant wind direction. All metals concentrations 
in aerosols were decreasing or below background levels within about 15 km from 
the mine sites. Although U, As, and other metals were detected in aerosols, their 
concentrations were on average seven times less than metals concentrations in 
soils, indicating aerosol transport of metals remains low 
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Abstract. Uranium mining in Portugal was performed mainly in small mines 

spread over a wide and populated region in the Centre-North of the country. In vil-

lages near old uranium mines, soils are used for horticulture production and to 

provide pasture for livestock grazing. Soil samples as well as agriculture products 

including cabbage, potatoes, oranges, and other fruits were analyzed for alpha 

emitting radionuclides. Samples from areas far from uranium mining sites were al-

so included in the survey. Results of uranium series radionuclides showed that 

soils of regions with different geology may contain very different radionuclide 

concentrations. Concentrations of radionuclides in soils and vegetables of refer-

ence areas may display values similar to those near uranium mining sites in the 

same geological province, indicating that enhancement of radionuclides in the ter-

restrial food chain, with the exception of 226Ra, generally is not high. Concentra-

tions in soils and horticulture products of these uranium counties generally were 

two orders of magnitude higher than concentrations measured in soils and vegeta-

bles in a sedimentary region in the South of Portugal. 

Introduction 

During the XXth century in Portugal were exploited 60 uranium ore deposits for 
radium and uranium production. The last uranium mine and the facilities for ura-
nium ore processing and production of uranium oxide concentrates, in Urgeriça, 
Canas de Senhorim, were closed in 2001 (Carvalho, in press).  So far, most of the 
former mining and milling sites were not rehabilitated and mining waste has been 
stockpiled at the surface, in general near the old mines (Nero et al., 2004; Carvalho, 
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in press). Most of these radium-uranium mines were located in the centre-North of 
the country, already a densely populated area, and villages and towns developed 
near the mines over the years. With discontinuation of the uranium mining activity 
and the close out of the mining company, there have been concerns about the im-
pact of uranium waste on the environment and on human health. Despite of engi-
neering works meanwhile started in the Canas de Senhorim county to cover the 
waste piles from Urgeiriça mine and milling facilities, it was of high relevance to 
the region to know whether the long lasted uranium mining activity had contami-
nated with radioactive materials the soils of those regions and whether radionuc-
lides could be transferred through the consumption of agriculture products.  

In the framework of a research project to assess the current impact of the legacy 
of uranium mining industry on public health, we undertook the comparative analy-
sis of soils and kitchen garden products in the counties with uranium mines and in 
counties without uranium mines. Preliminary results of this study are presented 
here. 

Materials and Methods 

The counties to be investigated were selected in the region of uranium mining in 
the Centre North of Portugal, districts of Viseu, Guarda and Coimbra. As the natu-
ral radiation background and natural radioactivity in uranium production regions 
usually are not homogenous and are higher than the average Earth crust, the selec-
tion of counties was thoroughly considered. In order to encompass the range of 
concentrations likely to be found in soils, for this study were selected counties 
with old uranium mines and waste piles of uranium mining and milling waste, 
counties with old uranium mines but where there has been no chemical treatment 
of radioactive ore and thus no milling tailings, and counties with no mines and 
even no uranium deposits identified. These were the counties of Seia and Celorico 
da Beira in the district of Guarda, and Campo and Queirã in the district of Viseu. 
In the Viseu district also the counties of Moreira de Rei (this one with past mining 
activities and mining waste piles not covered), and Canas de Senhorim (with past 
mining activity and with waste and milling tailings). The county of Sátão was se-
lected as a comparison term in this region, but this county is mostly on schist and 
only partly on granite. Another reference area selected were the counties of Serpa 
and Ourique, in the Alentejo, South of Portugal, with no record of uranium depo-
sits and with clay and schist instead of granites (Figure 1).  

Soil samples were collected in agriculture areas, in all these counties, 2 to 6 
sites in each. The 20 cm top soil layer was sampled with a spade in 4 sites within a 
circle of 3 m radius per sampling location, and the soil portions combined in one 
sample. In the laboratory the soils were dried in the oven at 60ºC, and than sieved 
through a metallic mesh in order to retain the 63 μm grain size fraction for analy-
sis, 

Samples of cabbage leaves, potatoes and fruits, such as oranges, apples and 
quinces, were collected in each county according to availability. These samples 
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were carefully washed and only cabbage leaves, peeled potatoes, and pulp of fruits 
were retained for deep freezing, homogenization and analysis. 

The analyses were performed by radiochemical methods followed by radioac-
tivity measurements with Ortec Eg&G OctetePlus alpha spectrometers according 
to techniques described in detail elsewhere ( Oliveira and Carvalho, 2006; Carval-
ho and Oliveira, 2007). Analytical quality control was performed with analysis  
of certified reference materials and participation in intercomparison exercises or-
ganized by the IAEA ( Pham et al., 2006; Povinec et al., 2007). Results are ex-
pressed in dry weight for soils and in fresh weight for horticulture products. 

 
 

Fig.1. Old uranium mines of Portugal and sampling regions. 
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Results and discussion 

Average radionuclide concentrations in soil samples of several counties are shown 
in Table 1. In all soils, activity concentrations of uranium (238U) were higher than 
those of thorium (232Th). In counties with no identified uranium deposits and no 
uranium mines, radionuclides of the uranium series are in near radioactive equili-
brium with the parent radionuclide 238U. In contrast to this, in soils of Canas de 
Senhorim in average there is higher activity concentration of 226Ra than 238U, and 
this disruption of secular radioactive equilibrium in soils was introduced by the 
uranium extraction activity. 

Comparing the average levels of radioactivity, the uranium producing counties, 
especially Moreira de Rei and Canas de Senhorim displayed variable uranium and 
uranium daughter’s concentrations in soils but higher than in the reference coun-
ties (Table 1). However, the counties with no uranium mining history display low-
er but variable background concentrations. For example, Seia and Celorico da Bei-
ra, in the granite region also, contain higher uranium concentrations than Sátão 
which is a county already in the transition to the schist region. Concentrations 
even lower than in Sátão were measured in soils of Serpa and Ourique, in a region 
of sedimentary origin of the Alentejo province, south of Portugal, (Figure 1). 

Leafy vegetables, such as cabbage, typically displayed 238U concentrations 
ranging from about 0.1 to 0.6 Bq kg-1 (wet weight) and 226Ra concentrations from 
0.5 to 5 Bq kg-1 (wet weight). Cabbage leaves from the county of Canas de Sen-
horim displayed in average higher concentrations of uranium isotopes and radium 
than the other counties (Table 2). It must be stressed that cabbage leaves may con-
tain an important contribution of radionuclides from atmospheric depositions, va-
riable from region to region. Although likely to be transferred through food chain 
as well, their concentration in cabbage leaves, therefore, may not be entirely due 
to root uptake from the soil. Radioactivity in peeled potatoes is likely to reflect 
better the plant uptake and accumulation in the tuber with plant growth than cab-
bage leaves. Potatoes from the county of Canas de Senhorim showed uranium, 
230Th and 226Ra concentrations about two orders of magnitude higher than refer-
ence counties (Table 3). 

Orange pulp, protected from atmospheric depositions, likely reflects also true 
root uptake of radionuclides. Indeed, oranges grown in the Canas de Senhorim 
county displayed average concentrations of uranium higher than oranges from ref-
erence counties (Table 4). It may be noted, however, that oranges from Sátão con-
tain more 226Ra and 210Po than those from Canas and the same was observed with 
cabbage (Table 3). This allows hypothesizing that mineralogical and chemical 
composition of soils and irrigation water, may also contribute to high concentra-
tions of uranium daughters in horticulture products even in the absence of uranium 
mining waste. Although oranges are prone to concentrate radium, this does not 
seem the case for apples and quince from the same region (Table 5). 
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Table 1. Radionuclide concentrations (Bq kg-1 dry weight) in soils (fraction <63 μm). 

County  238U 235U 234U 230Th 226Ra 210Po=210Pb 232Th 

Seia and Celorico 
(N) 

Mean 220 11 228 223 253 241 217 
SD 31 2 22 61 69 44 93 

Campo and 
Queirã  (N) 

Mean 199 10 219 172 571 300 67 
SD 53 2 58 54 424 92 17 

Rio de Mel (M) 
Mean 257 12 258 282 370 266 167 
SD 6 0.2 2 3 5 12 3 

Moreira de Rei 
(M) Mean 602 27 676 652 575 456 187 
 SD 119 7 193 92 88 8 41 
Sátão (N) Mean 68 2.8 72 72 118 71 50 
 SD 2 0.0 2 2 16 9 2 

Canas de Senho-
rim (MW) 

Mean 348 16 352 552 560 525 256 
SD 61 3 71 353 406 412 72 

Serpa and Ouri-
que (N) 

Mean 26 1.1 26 51 59 29 45 

SD 7 0.4 8 16 15 6 15 
(N) No uranium deposits and no mines in the county. 
(M) Old uranium mines in the county. 
(MW) Old uranium mines and milling waste. 

Table 2. Radioactivity in cabbage (mBq kg-1 fresh weight). 

County  238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Seia and 
Celorico 

Mean 58 3 60 70 919 980 - 24 
SD 11 1 12 25 484 533  4 

9 Sátão Mean 94 4 97 60 1538 - 407 
 SD 6 1 5 20 629 - 133 3 

Canas de 
Senhorim 

Mean 234 11 234 48 2014 - 357 17 
SD 170 9 172 2 1455 134 4 

Serpa and 
Ourique Mean 10 1.2 16 3.1 92 146 298 4.1 

Table 3. Radioactivity in potatoes (mBq kg-1 fresh weight). 

County  
238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Sátão Mean 38  1.2 37 9 64 - 622 5.3  
1.6 SD 2 0.3 2 2 4 - 20 

Canas Mean 350 17 361 267 108 - 162 17 
SD 430 22 443 225 74 - 42 8 

Serpa and
Ourique 

Mean 1.8 0.2 2.0 2.3 7.8 16 4.1 2.8 

SD 0.2 0.1 0.4 0.5 3.3 6 2.3 0.4 
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Table 4. Radionuclide concentrations (mBq kg-1 fresh weight) in oranges. 

Table 5. Radionuclide concentrations (mBq kg-1 fresh weight) in other fruits (apple and 
quince). 

County  238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Sátão Mean 19 1.0 20 - 52 - 238 - 
 SD 3 0.2 3 - 27 - 64 - 

Canas de 
Senhorim 

Mean 23 1 21 17 92 - 354 5 

SD 11 0.5 10 9.6 44 - 46 2 
 

The overall results show a slight enhancement of uranium series radionuclides 
in horticulture products grown in kitchen gardens and farms of Canas de Senhorim 
and Moreira de Rei in comparison with similar products from other counties in the 
region and in regions of south of Portugal. 

Conclusions 

Average concentrations of uranium series radionuclides in the soils of uranium 
mining counties, in particular those of Canas de Senhorim and Moreira de Rei, are 
slightly elevated above the levels measured in reference counties with no mining 
activities. Concentrations measured in horticulture products were also in average 
slightly higher in uranium producing counties. Nevertheless, these enhanced levels 
are one or two orders of magnitude above concentrations measured in reference 
counties and, although deserving attention and radiological surveillance, do not 
seem high enough to cause a noticeable irradiation of the consumers. 
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Abstract. The results are presented of an IAEA Regional Project dealing with the 

present state and challenges of remediation of the uranium mining and processing 

legacy sites in Tajikistan, Uzbekistan, Kyrgyzstan and Kazakhstan. Specific rec-

ommendations are made for each of these countries pointing out the most urgent 

measures required.  

We are no other than a moving row  
 Of magic shadow-shapes that come and go  
Round with the Sun-illumined Lantern held  

In Midnight by the Master of the Show  
 

The Rubaiyat of Omar Khayyam 

Introduction  

During the 1970s and 80s, more than 30% of the uranium production of the former 
Soviet Union (USSR) came from the Central Asian republics. The extensive ura-
nium production left behind a huge legacy of mining and processing wastes. The 
mining and milling technologies applied in USSR and allied countries originated 
from the same engineering unit of the USSR Ministry for Medium Scale Machine 
Industry and for this reason the uranium production legacies in Central Asia, Rus-
sian Federation, Ukraine and Eastern Europe exhibit very similar characteristics 
and remediation of the legacies encounters similar problems.  

Along with the independence of the Central Asian countries also the national 
responsibility for management of natural resources was declared at a conference in 
Almaty, December 21, 1991 and the former institutions responsible for common 
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economic policies and transfer among the Central Asian republics in this sector 
were eliminated. Thus, the uranium industry in the newly independent countries 
had to face the world market individually at a time of stagnant uranium markets -
the uranium spot market price at that time was US$ 20-25 per kg of U. At the 
same time the global growth in environmental awareness made the application of 
increasingly more stringent regulations to uranium mining and processing neces-
sary. By 1995 most of the conventional uranium mines in Central Asia had to shut 
down and only mines survived that could be concerted to In Situ Leach (ISL) min-
ing. The decommissioning and closure of the conventional uranium mines hap-
pened with very little technical or regulatory experience and without any funding 
for closure and remediation.  

In summer 2003, the global uranium market started recovering and approx-
imately a year later the Central Asian Republics of Uzbekistan, Tajikistan, Kyr-
gyzstan and Kazakhstan approached IAEA with the request to receive technical 
assistance and expert advice to deal with the legacy sites of the uranium industry. 
Following this requests, the presented regional project TC RER9086 has been es-
tablished at IAEA.  

State of the legacy sites 

Tajikistan  

The past mining and processing of uranium in Tajikistan created more than 170 
million tons of waste rock and tailings piles containing approximately 240-285 x 
1012 Bq of radionuclides. The State Enterprise, SE “Vostokredmet” estimates that 
the tailings and waste rock piles of Tajikistan contain approximately 55 million 
tons of uranium. The volume of tailings is disproportionately larger than the vo-
lume of the waste rock because a considerable proportion of uranium ore 
processed in the country was imported from the neighboring states but also from 
Eastern European countries. The processing was at the former Leninabad Mine-
Chemical Combine (predecessor of SE “Vostokredmet”) and at the hydro-
metallurgical plants operating directly at the mining sites, such as Adrasman, Ta-
boshar, Isphara. The critical issue concerning these sites is that they are often in 
the immediate neighborhood of residential areas (Chkalovsk) or in the watershed 
of the internationally important Syr-Daria River flowing through the Fergana Val-
ley, which is the most populated area in the region providing most of the agricul-
tural produce.  

Already a brief inspection of the legacy wastes at the Taboshar, Adrasman and 
Degmay sites revealed that the present state of the waste containment is inade-
quate.  

The Degmay tailings pond is without any soil or vegetative cover and the sur-
face of the tailings is a source of persistent dusting. Under the climatic conditions 
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of the region the tailings surface is permanently dry and shows deep desiccation 
cracks (Fig. 1).  

The Rn-222 exhalation from the tailings (measured during the summer period) 
was 36-65 Bq/ m2 s; the ambient Rn-222 concentration varied between 200 and 
1000 Bq m-3. An interim covering of the tailings surface could be easily accom-
plished using the earth material of the sandy hills just behind the tailings pond. 
Immediate remedial measures, however, cannot be presently implemented because 
the remediation of the site is to be resolved within an overall remediation master 
plan, which would include the remediation/re-utilization of the uranium 
processing waste in Chkalovsk.  

The monitoring of the water pathway at Degmay shows an increased sulfate 
and radionuclides content in the ground water, thus indicating an impact of the 
tailings on the local ground water. The measurements, however, were done on 
integral ground water samples taken by bailing from monitoring wells intersecting 
and feeding from all aquifers underlying the site. To predict the movement of the 
radioactive plume and assess the potential risk to the Syr Daria River or to the 
shallow ground water system communicating with the river, measurements of the 
ground water contamination in the individual aquifers are needed. New observa-
tion boreholes are currently planned for this purpose. To ensure that the new 
monitoring wells provide satisfactory results it is recommended that the selection 
of the bore hole locations, the design, construction and instrumentation of the ob-
servation wells be done (and peer reviewed) under auspices of IAEA.  

The most prominent feature at the Taboshar legacy site is a pile of several mil-
lion tons of ground low grade uranium ore, the “Taboshar Hill” (Fig.2) placed in a 
morphologically exposed position. The pile was never stabilized and/or covered 
and is fully exposed to wind and water erosion.  

 
Fig.1. Desiccation cracks in uncovered tailings at Degmay. 
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Fig. 2. “The Taboshar Hill”, a pile of ground low grade uranium ore. 

The tailings deposits I and II are morphologically less exposed and placed to-
pographically lower than the Taboshar Hill. Although the tailings have been 
preemptively covered, the cover thickness is by to days standards insufficient and 
considerably damaged by burrowing animals; the tailings material is exposed at a 
number of places.  

Feasible remedial options for the site include (a) repair of the existing covers, 
(b) construction of new covers, (c) relocation of the waste into the former open pit 
mine located close to the “Taboshar Hill” or, (d) a combination of in situ remedia-
tion and relocation decided individually for each pile on the basis of remedial in-
vestigations and a feasibility study.  

Irrespective which site remedial option is adopted, the remediation of the, 
flooded open pit mine would be required because the elevated position and open 
surface of the pit makes the pit function as a recharge area for the local groundwa-
ter and as a continuous source of ground water contamination. Just above the city 
of Taboshar the mine water is freely discharging from two abandoned adits used 
by the local population mainly for irrigation purposes.  

The impact of the radon exhalation and dusting from the waste piles, including 
from the “Taboshar Hill”, is less of an immediate health concern due to the con-
venient exposure of the site to winds. Nevertheless, the inadequate state of the 
piles and the stubborn insistence of the herdsmen to use the site for pasture pro-
vide sufficiently justification for remediation of the piles.  

In conjunction with the site remediation of more immediate concern are the 
contaminated seepages from the tailings piles I and II which carry high concentra-
tions of sulfate (SO4 9200-9600 mg/l), carbonates (HCO3 1780 – 1800 mg/l), ura-
nium (U 53-74 mg/l) and also low concentrations of radium. The rate of the dis-
charge varies with the season and during the hot season the seepage water can 
evaporate entirely leaving behind precipitates of carbonate, sodium and sulfate 
complexes of uranium (Fig.3).  
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Fig.3. Uranium salt precipitates on the shore of the “Taboshar Creek”  

The precipitated white salt often contains yellow Uranile crystals reaching U 
concentrations of 10-20 Bq/g. The tailings pile seepages discharge into a creek 
originating under the “Taboshar Hill” running through the site collecting the 
(mostly contaminated) surface runoff from the site. The local population uses the 
creek for watering of domestic animals, irrigation of rice paddies, gardens and 
orchards situated along the creek.  

Radiation exposure and uncontrolled spreading of contaminated material due to 
unauthorized digging and collection of non-ferrous metals from the old piles and 
mines is a common problem in all Central Asian countries and presents a real ra-
diological concern in Taboshar as well.  

Uzbekistan  

Between 1964 and 1995, the uranium mining in Uzbekistan was solely by conven-
tional mining. The ore mined in the mountainous Eastern part of the country at 
sites, such as Yanghiabad (Tashkent district) and Charkesar in the Fergana Valley 
(Namangan district) used to be sent for processing to the Leninabad Mining 
Chemical Industrial Combine in Tajikistan (now SE Vostokredmet). The ore from 
the sandstone type uranium deposits in Central Kyzylkum (Navoi and Samarkand 
regions) were processed in Uzbekistan at the Navoi Mining Chemical Combine 
(NMCC) in Uzbekistan. Consequently, the only uranium tailings legacy in the 
country is at the NMCC site. After introduction of the In Situ Leach (ISL) mining 
in 1995, all conventional uranium mines were closed down.  

The most important legacy sites of the pre-1995 mining era are the former the 
open pit mine at Uchquduq, where the low-grade uranium ore was left piled up on 
the site without any safety measures and the mines at Yanghiabad and Charkesar.  

At the Yanghiabad site, which extends over 50 km2, approximately 500,000 m3 
of waste rock have been left on the site (Fig. 4).  
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Fig. 4. Open mine adit and extensive uncovered waste rock piles at the Yanghiabad site. 

Measurements around the mine adit show a gamma dose rate of 1.4-2.5 μS/h 
and 0.60-2.0 μSv/h at the site. The gamma dose rate in the city of Yanghiabad 
(background) is 0.2-0.4 μSv/h.  

The mine adit has been left open thus allowing unhindered access for humans 
and animals and uncontrolled escape of radon exhalation and mine water drainage 
from the mine. The mine water contains up to 30 Bq/l uranium and traces of toxic 
metals. The mine discharges flows directly into the close by river used by the local 
population for drinking and irrigation purposes.  

To assess the environmental and health impact of the mine water drainage, a 
systematic monitoring of the river water in Yanghiabad and above the city of Ang-
ren is proposed. Based on the results of the monitoring it should be possible to de-
cide whether water treatment is required for the mine drainage and what type of 
water treatment would be suitable (a small water treatment plant, an engineered 
wetland etc.).  

The Charkesar legacy site is in the foothills of the Kuraminskiy Mountain 
Range in the northwestern part of the Fergana Valley, approximately 20 km from 
the regional town of Pap. The mine site is on the right bank of a small mountain 
river separating the site from the village of Charkesar (population of 2 500 
people). There are 2 abandoned mines at the site, Charkesar-1 and Charkesar-2. 
The mining was by conventional methods and later by underground leaching 
down to a depth of 280 m. After mine closure in 1995, most of the miners and pro-
fessionals left because of lack of work opportunities in the area.  

The total volume of the mine wastes amounts to 482,000 m3 and is spread over 
an area of 20.6 ha. The piles of low grade ore and waste rock have been partly 
covered by a soil layer but the cover has deteriorated due to erosion by rain. The 
gamma dose rate at the site is 3.0 to 4.5 μSv / h. The shaft of the underground 
mine is open and presents a safety hazard because the site is frequented by the lo-
cal population disregarding the posted warning signs.  

There is a mine water overflow (approximately 3-5 L/s) through the ventilation 
shaft located on a small elevation on the site. The overflowing mine water is con-
taminated and shows the visual characteristics of acid mine drainage. However, 
the observed iron stains could be due to the residual acid from the former under-
ground mine leaching. The 238U activity of the mine water is in the range of 26 - 
36 Bq/l. The mine water also contains 5.2 Bq/kg of Pb214, 4.0 Bq/kg of Bi214, and 
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2.7 Bq/kg of Ra226. The soil in contact with the mine water contains 2.7 Bq/g of U 
and 62.8 Bq/g of Ra226. After a short run, the overflowing mine water discharges 
into the river bordering the site.  

The drinking water used in the village (from a spring) does not show elevated 
uranium concentrations but -unrelated to the legacy site- contains substantially 
elevated concentrations of heavy metals, exceeding the WHO standards.  

The mine site is enclosed by a stone wall on which warning signs are posted in-
dicating presence of radioactivity (Fig. 5). Disregarding the signs, the local popu-
lation, along with their cattle, continues accessing the site through the numerous 
places where the wall has been destroyed.  

Although the risk of living next to a not remediated site should not be underes-
timated, of more immediate concern in Charkesar are the indoor Rn levels. Syste-
matic measurements carried out within a NATO project in public buildings where 
mine waste rock was used for construction showed indoor radon concentration be-
tween 670 and 1410 Bq/m3. It would be advisable to carry out a similar indoor ra-
don survey also in private homes where waste rock material has been used for 
construction.  

Concerning remediation, the first measures to be taken at Charkesar are (a) the 
preparation of a reliable mine waste inventory, (b) implementation of a systematic 
monitoring program and, (c) based on the indoor radon measurements in the vil-
lage, preparation of recommendations for remediation of selected houses, as well 
as (d) education/information of the inhabitants of Charkesar on “what precautions 
must be observed when living in the neighborhood of a uranium mining legacy 
site”. 

The uranium tailings at the Navoi site, present the most significant accumula-
tion of legacy wastes in Uzbekistan. Approximately 57 M t (solid mass) of ura-
nium tailings having a specific activity of 10 - 110 kBq/kg were produced at the 
Hydrometallurgical Plant No. 1 (HMP-1) between 1964 and 1995. The tailings 
were discharged into a “flat” tailings impoundment structure 5 km from the 
processing plant. The impoundment is 5 to 15 m high and subdivided into 8 com-
partments. The impoundment extends over an area of 637.1 ha. The dose rate 
measured 10 cm above the uranium tailings surface is 0.5-1.7 μSv/h (500-1700 
μR/h), the average radon exhalation from the tailings is 4.1 Bq/m2sec.  

 
Fig. 5. The Charkesar-2 legacy site behind the wall, Charkesar village on the left bank of 
the river and mine water overflow from a ventilation shaft. 
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After closure of the conventional uranium mines, HMP-1 was refurbished for 
processing of gold ore (from the Muruntau Open Pit Mine). For disposal of the 
gold processing residues the “old” discharge pipeline and tailings impoundments 
continued being used. Regarding the remediation of the uranium tailings in the 
impoundment advantage was taken of the fact that the “gold” tailings are not ra-
dioactive and highly impermeable. The discharge regime of the “gold” tailings 
was adjusted to serve the covering of the radioactive uranium tailings as well. By 
systematically spreading the “gold” tailings over the uranium tailings the required 
attenuation of the gamma radiation (< 1 μSv/h [100μR/h]) and radon exhalation 
(to an effective dose of less than 1mSv/a) has been achieved. Due to the imperme-
able nature of the very fine “gold” tailings the percolation of the rain water into 
the uranium tailings could be prevented as well. 

The attenuation layer is built gradually by hydraulically spreading thin (15 to 
20 cm thick) layers over the dried out tailings surface. A drying and consolidation 
time of 15 to 20 days is usually required for each thin layer to acquire the neces-
sary shear strength. The desiccation cracks which develop during the drying phase 
are filled during placement of the next layer. While the “gold” tailings cover layer 
is drying in one compartment the discharge continuous into the next compartment. 
The overall thickness of the attenuation layer required to meet the specified crite-
ria is usually achieved by building a 0.7 to 1.5 m thick gold tailings layer. The fi-
nal surface - after sufficient shear strength has been gained to carry machines - is 
then capped by a 30 cm thick top soil layer, which is vegetated to prevent wind 
erosion and dusting.  

So far, more than 7 million tons of “gold” tailings have been placed as a ura-
nium tailings cover: Compartment No. 5 (100 ha) received a 1.5 m thick cover; 
Compartment No. 6 (80 ha) has a 3.5 m thick cover; Compartment No. 3 (110 ha) 
has a 0.5 m cover. Currently (2008) the covering of the compartments No. 4, 7 and 
8 is ongoing. It will take approximately 13 to 15 M t of gold tailings to complete 
the construction of all attenuation layers and approximately 2 M t of top soil to 
cap all compartments.  

Kyrgyzstan  

The development of the uranium industry in Kyrgyzstan was very similar to the 
other Central Asian republics. There are 25 waste rock and 35 tailing piles in Kyr-
gyzstan, from which 30 tailings piles contain old uranium tailings and five piles 
contain NORM wastes from production of non-ferrous metals; the main legacy sites 
are at Mailuu-Suu, Shekaftar, Minkush, Kaidji-Say, Ak-Tuz and Kara Balta.  

The Mailuu-Suu uranium deposit was exploited between 1946 and 1967 during 
which the Western Mining Chemical Combine in Mailuu-Suu (Figure 6) produced 10,000 t 
U3O8 and left behind 1.4 to 2.0 millions m3 mining and milling waste deposited in 23 tail-
ings and 13 mine waste piles on the territory of the former enterprise, some of 
which are within the town boundaries.  
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Fig.6. Mailuu-Suu located in the upper watershed of the Naryn River, 50 km from the Fer-
gana valley. 

The majority of the tailings dumps are located along the Mailuu Suu River. After clo-
sure of production 1966/67 the waste piles were abandoned without remediation. 
The staff of the industrial complex continued supervision and maintenance of the 
tailings piles until 1991. After 1991, the monitoring activities became sporadic.  

The remediation priority of the Mailuu Suu site is justified by the large volume 
of tailings on the site and the possibility of extensive landslides, possible flooding 
and ultimate structural failure, loss of containment and uncontrolled release of tail-
ings from some of the impoundments. The overall hazard is heightened by the 
possibility of seismic events.  

The average gamma-radiation exposure dose rates over the surface of the cov-
ered tailing piles are up to 1 µSv/h (from 60-100 µR/h). Typically, the background 
levels are 0.25 μSv/h (25-30 μR/h). At places where the cover is breached, the 
gamma-radiation exposure dose rate can reach 15 µSv/h (1500 µR/h) and high ra-
don exhalation must be expected. The average annual gamma exposure dose rate 
was estimated to be 0.17-0.36 mSv/a. The annual dose rate “hot spots” can be up 
to 2-14 mSv/a. For a number of tailings piles it can be expected that the exposure 
may exceed 1 mSv/a. In spite of the sporadic data on the contamination of the riv-
er and lack of a proper radiological risk assessment it is safe to state that the radio-
logical (however, not the socio-political) impact of the tailings landslide into the 
river (the worst case scenario) is probably overestimated.  

Presently, several internationally funded remediation projects are ongoing at 
Mailuu-Suu from which the World Bank project is the most prominent. One of the 
most significant achievements of the recent years is the mitigation of the potential 
landslide “Tektonic” and of several other landslide prone spots close to the tailing 
piles of Mailuu Suu.  

Another significant uranium tailings legacy site is located in the mountainous 
terrain of the Min-Kush area. The tailings are deposited in four impoundments at 4 
sites: Tuyuk-Suu, Taldy-Bulak, “K” and “D”. The mill operated from 1955 till 
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1960 and generated approximately 1.9 million m3 tailings. The tailings impound-
ments, Tuyuk-Suu (approximately 2 km from Min Kush), Taldy-Bulak (approx-
imately 9 km from Min Kush) are near the river Tuyuk Suu; the tailings im-
poundments “D” and “K” are located in a high mountain bowl (approximately 11 
km from Min Kush). The regular supervision and maintenance of the impound-
ments ceased 1991. Presently, the monitoring and maintenance of the impound-
ments is sporadic.  

Although the Tuyuk Suu and Taldy-Buluk impoundments present only a mod-
erate risk for the Tuyuk Suu River, the river is a tributary to the Syr Daria River 
and thus any contamination would have a cross border relevance, which would po-
litically suffice to justify remediation. What is, however, more urgently needed at 
the site is the implementation of a monitoring and maintenance regime, particular-
ly the regular cleaning of the by-pass canals at both tailings impoundments and the 
maintenance of the cover at Taldy-Buluk.  

In a socially and ecologically sensitive situation on southern shore of the Isyk-
Kul Lake is the relatively small Kaji-Say mine and mill site. The facility was in 
operation from 1952 till 1966, using acid extraction procedures to obtain uranium 
from the ash residues of the brown coal mined locally. The coal was burnt in a 
heat and power generation plant providing the ash for uranium extraction. The 
tailings were deposited near the power plant and industrial complex on the moun-
tain terraces approximately 2.5 km from the Lake Isyk-Kul, which is the receptor 
of primary concern. Approximately 150,000 m3 of uranium tailings and other in-
dustrial wastes are placed on an area of approximately 1.1 ha.  

After 1966, till 1991 the supervision and maintenance of the tailings was con-
ducted by the staff of the industrial complex. Presently, there are no regular in-
spections of the site, the access is not controlled and the site fencing is not main-
tained. The system of water diversion canals on the slopes above the pile has been 
destroyed.  

Approximately 2 km downstream of the tailings, observation boreholes have 
been placed to follow the contamination release from the pile into the ground wa-
ter; so far no ground water contamination has been reported.  

In conjunction with the association of the uranium tailings with coal ashes the 
concern has been raised in 1995 that acid generation might occur in the pile. This 
could neither be confirmed nor disproved as there are no measurements of pH in 
the (rarely occurring) direct seepage from the pile. Neither were any signs (stain-
ing) observed during the IAEA mission to the site in 2007.  

Severe erosion and tailings displacement can be observed on the pile. Because 
the tailings at Kadji-Say originate from coal ash processing and the grain sizes are 
very fine, the tailings are prone to be transported by erosion in larger amounts and 
over longer distances than regular mill tailings. To prevent contamination of the 
Lake Isyk-Kul the Ministry of Emergency ordered in 1992 the construction of a 
protective dam below the main tailings pile. Prior to this, large quantities of tail-
ings have already been already displaced.  

In 2006, financed by ISTC, the waste pile was covered with a mixture of ash-
clay, which later proved to be an unsuitable material for the purpose. The cover 
was not completed and the face of the pile at the lower end remained exposed. The 
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cover was designed as a multi-layer cover with the objective to reduce radon exha-
lation and gamma radiation as well as protect against erosion (Fig. 7).  

Although gamma radiation exposure is a minor hazard at the site –
measurements on the tailings indicated 1.8-1.9 μSV/h (180 and 190 μR/h) (the 
background levels are ~0.2 μSv/h (20-30 μR/h)) - covering of the pile would help 
contain the waste. Due to the remoteness of the location the Kadji-Say tailings pile 
does not present an immediate hazard for the local population. The persistent ero-
sion of the tailings and the risk of potential contamination of the Lake Isyk-Kul 
remain, however, the primary concerns at the site. The most important remedial 
actions would be the cleaning and repair of the existing run-off diversion channels 
above the pile, covering and re-vegetation of the pile surface and slopes and regu-
lar monitoring and maintenance of the site.  

An independent assessment by IAEA experts of the conditions at the legacy 
sites at Ak-Tuz and Kara-Balta would be desirable.  

Kazakhstan  

Among the Central Asian countries, Kazakhstan has the strongest economy and 
the fastest growing uranium production. Regarding the potential for further growth 
it is important to note that approximately 20% of the world uranium resonably as-
sured resources are in Kazakhstan. The responsibility for the active uranium min-
ing is with the National joint stock company KAZATOMPROM.  

A compilation made in 1993 identified 127 uranium mining/milling legacy sites 
located in three areas:  

 Northern Kazakhstan  
 The legacy sites related to 12 uranium deposits: In the Kokshetau area (sites 

No.: 8, 9, 1, 3, 12); in the group of mines Kosatchinnoe, Shatskoe, Glubinnoe, 
Agashskoe, Koksorskoe; Manybaiskoe mine; in the Stepnogorsk HM-
Processing plant tailings disposal site. The total amount of waste is 81.2 Mt;  

 Southern/Central Kazakhstan  

 
Fig.7. Tailings pile dam and cover built at Kadji-Say 2006 and state of the pile 2007 
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The legacy sites relate to 4 deposits: Kurday, Vostochniy, Zapadniy in the 
Zhanbyl region (in Southern Kazakhstan) and Karasaiskiy, Ulken-Akzhal in 
Central Kazakhstan. The total amount of waste is 117.8 Mt;  

 Western Kazakhstan  
The legacy sites relate to 2 deposits and the Koshkar Ata tailing site near Ak-
tau. The total amount of waste is 58.9 Mt  
The production in the listed mines was suspended in 1995. The inventory of the 

legacies totaled (approximately): 368 M m3 mine waste piles; 13 M m3 low grade 
ore piles, 869 K m3 ore stockpiles, 4.9 M t of metal scrap and building debris and 
865 ha of contaminated areas.  

To deal with the legacy sites, the Government of Kazakhstan adopted a suitable 
legislative framework for the task and established the State Program for “Remedi-
ation of (the sites left behind by) Uranium Mining Enterprises and Mitigation of 
the Consequences of Mining of the Uranium Deposits defined for the period 2001-
2010”. The responsibility for the implementation of the program was given to the 
SE Uranlikvidrudnik established in 2000.  

The first remedial action included 6 sites in Northern and 2 sites in Southern 
Kazakhstan. The work done in accordance with the standards defined in the go-
vernmental decree “Sanitary Rules for Mitigation, Remediation and Interdepart-
mental Transfer of Installations for Mining and Processing of Radioactive Ores 
(SP LKP-98). Beyond radiation protection, the goals of remediation were to pre-
vent contamination of the rivers; unauthorized access to the legacy sites; use of 
mining waste as building material and dusting from the contaminated surfaces.  

Because of the great climatic differences in Kazakhstan, the specific conditions 
of the legacy site(s) played an important role in selection of the remedial solutions. 
The legacy sites in Northern Kazakhstan are located in a prairie-type environment 
in a moderately humid zone. The legacy sites in Central and Southern Kazakhstan 
are either in semi-deserts having an arid climate or in a humid mountainous area, 
such as the sites in Southern Kazakhstan (Kurday mine, Panfilov deposit).  

By 2007, the remediation was completed at the mine sites No. 12, 3, 1, Kossa-
chinoye, 8, 9, and 14 in Northern Kazakhstan and Kurday as well as in parts of the 
Vostochnyj mine (where mining continues in other parts of the mine). The remed-
iation included (a) sealing and cementation of the shafts and raises, (b) removal of 
the contaminated soil, (c) collection of the scrap metal, disposal of the contami-
nated and recycling of the not contaminated scrap metal, (d) decommissioning, 
dismantling, demolition and/or decontamination of related buildings and struc-
tures, (e) disposal of the contaminated debris into waste piles, (f) grading of the 
surface and concentration of the waste into rock and mixed waste rock/debris 
piles, (g) covering of the piles with a soil cover up to 1 m thick, (h) fencing of the 
area if located within 5 km of a settlement (Fig. 8).  
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Fig.8. Covering of a stabilized waste rock pile at the mine site No. 9 in N Kazakhstan. 

The completed work included the decommissioning and sealing of 43 shafts 
and 22 ventilation shafts and raises, remediation of approximately 75 M m3 of 
waste piles, 30 M m3 of mixed waste piles, 6.7 M m3 of low grade ore piles and 
approximately 400 ha of contaminated land. This means that by end of 2007 ap-
proximately 20 % of the legacy sites have been remediated.  

The safe flooding of the mines and handling of the contaminated mine water 
proved to be a challenge and the issue of water treatment will have to be addressed 
in the next phase of the remedial program. Figure 9 shows an example of a mine 
wall collapse in an open pit mine in Northern Kazakhstan after ground water re-
bound.  

Fig.9. Collapse of the mine No. 3 after ground water rebound in N Kazakhstan. 

Part of the future challenges is the remediation of the tailings impoundments of 
the former Stepnogorsk Hydrometallurgical Plant. There are 46.8 Mt of the tail-
ings deposited in three compartments of a tailings impoundment, which extends 
over 734 ha. The present state of the compartments is as follows: compartment 
No. 1 is filled, compartment No. 2 is operational and receives tailings from the 
plant and compartment No. 3 is left to evaporate. Presently, approximately 1.5 M t 
of tailings are being discharged into the impoundment annually. In all 3 compart-
ments the tailings surface is dry but unconsolidated below the surface crust. The 
monitoring of the tailings impoundment shows that there is no contamination 
beyond the boundary of the sanitary zone.  
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The only recommendation regarding this site is to take up the monitoring of the 
tailings dust for alpha activity.  

The present (2008) remedial work is focusing on the stabilization of the tailings 
at Stepnogorsk in Northern Kazakhstan and on the first remedial steps at the 
Koshkar-Ata site on the Caspian Sea, near Aktau in Western Kazakhstan. The 
completion of the works is expected by 2010.  

At the Koshkar-Ata site, the operations of the former Caspian Hydrometallur-
gical Plant left behind approximately 52 M t of mine waste spread over an area of 
66 km2 and a uranium tailings pond extending over an area of 77 km2. Although 
the tailings at Koshkar-Ata are very close to the Caspian Sea, the contamination of 
the sea is not of prime concern because the tailings are deposited in a natural de-
pression where the ground water level is consistently lower than the level of the 
Caspian Sea. Approximately half of the tailings pond area is covered by water -the 
extent of the water cover varies with the seasons- while the other half of the tail-
ings pond is dry and a source of radon exhalation and dusting. The gamma-dose 
rates over the tailings vary from several Sv/h to approximately 10µSv/h. Mea-
surements by Uranliquidrudnik show that in the southern parts of the tailings pond 
the gamma dose rates exceed even 10 µSv h-1 (1 mR h-1). The explanation for the 
high dose rate is that in the southern part of the tailings pond an area of more than 
15.8 km2 was used for dumping of radioactive sources; Approximately 140 Kt of 
radioactive waste unrelated to uranium processing were disposed here. Unfortu-
nately, the same part of the tailings pond is also a popular scavenging ground for 
scrap metals. Thus the remediation goals for the site are the prevention of dusting 
and of unauthorized collection of scrap metals from the tailings. 

The present remedial plans for the southern part of the “Koshkar Ata” tailings 
deposit foresee the placement of a concrete cover over the tailings and a subse-
quent covering with waste rock from the adjacent pile. The planed remedial solu-
tion deviates considerably from the practice of tailings remediation and it is pro-
posed to initiate an international review of these plans. It is considered even more 
important to propose an international review of the overall remediation plans for 
the Koshkar Ata site.  

In the close vicinity of the tailings pond is the location of the scrap metal yard 
where the decommissioned equipment of the former Caspian Hydrometallurgical 
Plant was collected. Although the storage yard is surrounded by a concrete wall a 
timely resolution of the fate of the collected scrap metal is strongly advised. 

Project conclusions and challenges of remediation  

The IAEA project team studied all and inspected almost all significant uranium 
mining and milling legacy sites in Central Asia. Giving allowance to the differ-
ences in climatic and geographic conditions, the legacy problems in Central Asia 
are similar to the issues encountered in other countries:  

The mine waste piles, tailings impoundments/ponds and closed out mines were 
built many years ago and incorporate outdated engineering solutions. Impoundments 
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and covers, if present at all, are susceptible to structural instability due to slope 
movement, landslides, erosion and damage by burrowing animals.  

The most important constraints to remediation are:  
 Costs of remediation and limited availability of national funding.  
In none of the Central Asian countries have been funds set aside for mine clo-

sure and remediation. In none of the Central Asian countries, except for Ka-
zakhstan, is adequate funding available from the national budget to pursue the re-
mediation of the legacy sites in a systematic manner. A simple comparison of the 
GNPs of the Central Asian Republics shows clearly why it is more difficult to 
launch effective national remediation programs in Uzbekistan, and even more so 
Kyrgyzstan and Tajikistan than in Kazakhstan. The case of Mailuu Suu, however, 
demonstrates that international projects/funding can be a very effective incentive 
for the national government to allocate funds or match funding to the remediation 
of the legacy sites. In spite of the presently buoyant uranium market the remedia-
tion of the legacy sites is a public responsibility, similar to the governmental re-
sponsibility for the national infrastructure and the national governments should 
view remediation as an investment into revitalization of the post-mining regions.  

 Inadequate institutional framework for mine closure and environmental remed-
iation.  
Following the declaration of the national responsibility for management of re-

sources by the Central Asian Republics in Almaty, December 1991 inspection, 
monitoring and maintenance programs at the legacy sites have been discontinued. 
This is of significant concern, given that the structural and environmental integrity 
at the sites is highly dependent on maintenance of the containment and functio-
nality of various installations, such as the surface water diversion canals etc. The 
requirement to assess, monitor and, if justified, remediate the legacy sites must 
come from a consistent set of legal, health and environmental protection require-
ments and from the mining law. It is essential that the national regulations con-
form to the international standards of IAEA and other relevant institutions (ICRP 
etc.) and operators, regulators and stakeholders are aware of the international prac-
tice in this area.  

 Inadequate knowledge of the inventory of the legacy components and the risks 
associated with them.  
Except for a few cases, there are presently not sufficiently reliable data for as-

sessment of the “realistic” risks presented by the legacy sites. Specific remedial 
plans and monitoring and maintenance programs must be based on remedial inves-
tigations and feasibility studies, which follow from the overall environmental im-
pact assessment to be technically sound and cost effective.  
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Abstract. The objective of the present study case is to demonstrate that the geo-

graphical landscape affected by the uraniferous mining activities can be recovered 

in the benefit of the touristic activity, of the biodiversity conservation, as well as 

historical and cultural patrimony preservation. In order to re-organize the post-

mining geographical space by enhancing the balance between economic activities 

and environmental protection a solution with positive long-term effects is sug-

gested and discussed in the paper. 

Introduction 

The investigation is focused on the mining area of Gradistea de Munte situated in 
the Sureanu Mountain which belongs to the central part of the Southern Carpa-
thian Mountains. This area includes Gradistea de Munte and Costesti villages both 
placed in the district of Hunedoara. Nowadays, this territory represents an impor-
tant part of Gradistea de Munte – Cioclovina National Park (G.M.C.N.P) estab-
lished in 2003. 

Despite the archaeological, anthropological, ethnographical, geological, speo-
logical, flora and fauna complexities, all attractions which are harmoniously di-
vided into exceptional landscape, the consequences of mining activities that were 
developed in two stages between 1958 and 1988, can be felt. These mining activi-
ties investigated a rare earth mineralization with noticeable thorium content  
±uranium.  
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The map of the region illustrates the existence of 14 galleries and 4 waste rock 
dumps derived from mining processes. The mining wastes are disposed into a pe-
rimeter of 8 -9 km2 and they have a total approximate volume of 120,000 m3.  

The environmental problems are visible in the proximity of the mine galleries 
where the natural landscape and runoff water are affected; the sterile rocks contain 
different types of low radioactive rare earth minerals with thorium and uranium. 
Because of their radioactive potential, the local population and potential investors 
in tourism are afraid and distrustful of the future development of the area. The fur-
ther recovery of natural capital depends on the environment quality and for this 
reason an assessment of the environmental impact in this abandoned mine site and 
its surrounding areas is required. The purpose of this study is to initiate a suitable 
environment restoration program to allow for the returning of the land use to the 
same status which existed prior to mining. 

Study area location 

The mine perimeter is situated in a mountainous area that is crossed over from 
South to North by the Gradistea River which drains the affluents of the Northern 
slopes that form the Sureanu Mountain. The altitude reaches over 2,000 m in the 
mountain peaks and it gradually descends while approaching the Mures River val-
ley, the slope heights in the studied area ranging between 700m and 1,279m. 

The surface runoff waters are gathered by Gradistea River, which is an affluent 
of the Mures River; the rivers meet near Orastie town. 

The mountain slopes are covered with deciduous forests and, rarely, coniferous 
trees. The main road starts from Orastie and goes across Ludesti, Orastioara, Cos-
testi and Gradistea de Munte villages, along the Valley of Gradistea River. The lo-
cal inhabitants get their income from forest exploitation and animal farming. 

Geologic setting and mineralization 

The Sureanu Mountain Massif belongs to a metamorphic unit known as the Getic 
Nappe, Upper Proterozoic Sebes–Lotru Series which comprises of mesometamor-
phic rocks, such as: mica-schists, gneisses, quartzite-schists, amphyblites, parag-
neisses affected by migmatized processes. 

The metamorphic rocks are divided into four petrographical assamblages ac-
cording to the dominant rock types,forming  a large synclinorim structure.  The 
tectonic evolution generated a major system of NE-SW regional faults, which are 
also affected by a number of cross local faults striking from NW to SE and from 
NE to SW. The regional faults have enhanced the penetration of magmatic rocks 
and the development of hydro-metasomatic processes. 

The main mineralization is associated with quarzo-feldspar migmatized gneiss 
lenses and it consists in yttrium and cerium rare earth associated with thorium and 
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uranium  oxides and silicates. The radioactive minerals have a high content  of Th 
± U and they disseminate into host rock without forming important accumulations. 
The following useful minerals were identified to be: monazite, orthite,urano-
thorianite, thorite, xenotime, zircon, apatite, rutile, sphene, rare earth with nio-
bium, yttrium and tantalum as well as thorium ±  U,Ca,Fe,Ti.; small quantities of 
cassiterite, magnetite, hematite, pyrite,chalcopyrite, galene and ilmenite were also 
identified.    

Site assessment procedures 

In order to observe the impact of mining sources on pollution and to assess the 
ecological risk and the danger for human health, two procedures were adopted: 
• observe and document physical factors (contamination, erosion, instability etc) 
• discuss with the community the quality of life, as influenced by radioactivity. 

The identified mine galleries and waste rock dumps derived from mining 
processes are located on the abrupt slopes of the left affluents of Gradistea River 
named, from East to West, as follows: Larga, Jerosu and Pustiosu brooks (Fig.1); 
the very old mine galleries are now collapsing and are difficult to identify. The 
waste rock dumps and mining water represent the main potential pollution sources 
and they have not only a physical impact on the environment, but a psychological 
one on the natives, which associate the incidence of cancer diseases in their com-
munities with the presence of low radioactive waste rocks. In this context it is im-
portant to point out that a lot of gneissic lenses outcrop have a natural radioactivity 
that exceeds the external gamma irradiation level of waste rock dumps. 

To describe the mining waste rocks, water, soils and sediments in the northern 
part of G.M.C.N.P., old mine reports and bibliographical information were re-
viewed and two field-work campaigns were carried out in order to gather laborato-
ry samples and to run external gamma irradiation measurements.  

Results 

Characteristics of waste rock dumps 

The waste rock dumps impact consists of a lot of disturbance types, but the 
present study is focused on the radioactive and heavy metals content which could 
generate surface water contamination due to waste rock dumps drainage and hu-
man irradiation. The results of laboratory analysis are presented in Table 1. 

The external gamma irradiation measurements were done in a grind that covers 
the horizontal surface of the dump. The sections exceeding the acceptance level 
(0.30µSv/h) were outlined as it can be seen in Fig.2 
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Fig.1. Study – area location and hydrographical basin investigated. 

 

Fig.2. The external gamma irradiation measurements on the surface of a 
waste rocks dump (Jerosu Brook- G11B) 
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Table 1. Chemical composition of mining waste ( maximum values ). 

Petrografical/ 
mineralogical  
content 

Element Larga 
Brook 

Jerosu 
Brook 

Pustiosu 
Brook %by 

weight 
Micaschists, 
amphybolites, 
quartzite-schists, 
  migmatized      
rock , gneisses 
containing 
rare earth with  
 Th ± U, 
magnetite, 
galene, 
pyrite, 
chalcopyrite 

Unat 0,0133 0.0197 0.015 
Th 0.043 0.047 0.035 
Ra226* 2.12 2.76 1.98 
Zn 0.0189 0.016 0.014 
Ni 0.0019 0.0015 0.0018 
Cr 0.004 0.0063 0.0065 
V 0.0093 0.0038 0.0031 
Co 0.0006 0.0019 0.0015 
Pb 0.150 0.006 0.0026 
Cu 0.007 0.005 0.005 
Cd 0.0001 0.075 0.0001 

* Specific activity ( Bq/g )  

Table 2. The level of external gamma irradiation and the aproximative size of affected sur-
faces. 

 
Waste rock  
dump 

 
Total surface 
of the dump 

(m2) 

The contaminated surface,m2 

Total surface 
(m2) 

External gamma irradiation 
level (µSv/h) 

0.30 – 0 .45 > 0.45 
Gal 14 Larga 11,038 3,409 3,159 250 
Gal.16 Jerosu 3,342 3,204 1,604 1,600 
Gal.11 B. Jerosu 1,465 1,234 684 550 
Gal.15 Jerosu 1,596 713 483 230 
Gal.18 Pustiosu 2,424 1,405 945 460 

Characteristics of mining and surface water 

The discharges of out-flowing mining water are not important, oscillating between 1 
and 3 l/s. The chemical analysis results are presented in Table 3; in the same table 
one can be see the chemical composition of runoff water which collects the out-
flowing mining  and the waste rock dumps drainage water. 
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Characteristics of soils and sediment samples 

The chemical analysis results of the soil and sediments samples collected in the 
areas near pollution sources are included in Table 4; they can be compared to the 
chemical composition of a blank essay which comes out of the influence area of 
mining wastes, tested for its content in radioactive elements only. 

Table 3. Chemical composition of mining and runoff water ( maximum values ) 

 
Element 

mg/l 

Outflowing mining water Runoff water 
Larga 
Brook 

Jerosu 
Brook 

Pustiosu 
Brook 

Larga 
Valley 

Jerosu 
Valley 

Pustiosu 
Valley 

Unat 0.016 0.008 0.009 bdl 0.04 bdl 
Th bdl bdl bdl bdl bdl bdl 
Cu 0.01 0.04 0.01 0.001 bdl 0.002 
Zn 0.03 0.03 0.02 0.01 0.03 0.03 
Ni bdl 0.40 bdl bdl bdl bdl 
Sn bdl bdl bdl bdl bdl bdl 
Cr 0.02 0.03 0.03 0.03 0.02 0.02 
Fe 0.09 4.45 0.06 0.01 0.13 bdl 
Co 0.01 0.01 bdl bdl 0.01 bdl 
Pb bdl bdl bdl bdl 0.018 bdl 
pH 6.51 6.87 6.91 6.0/7.0 6.0/7.5 5.5/7.0 
*  bdl-bellow detection limit  

Table 4. Chemical composition of soils and sediments 

Element Larga Valley Jerosu Valley Pustiosu Valley 
 

p.p.m. 
 
max. 

 
min. 

blank 
essay 

 
max. 

 
min. 

blank 
essay 

 
max. 

 
min. 

blank 
essay 

U nat. 8 4 8 16 3 3 42 7 6 
Th 8 - - 170 7 7 94 5 5 

Ra 226* 0.1 0.05 0.1 1.063 0.025 0.025 0.525 0.088 0.072 
Cu 10 9 - 16 8 - 19 11 - 
Pb 7 4 - 22 5 - 14 6 - 
Zn 70 56 - 136 70 - 61 52 - 
Ni 14 10 - 14 7 - 28 8 - 
V 90 75 - 91 65 - 76 63 - 
Cr 50 43 - 39 34 - 48 40 - 
Cd 1 sld - 1 0 - 1 sld - 
Co 18 15 - 19 12 - 22 12 - 
* Specific activity ( Bq/g )  
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Discussion 

Environmental impacts on surface water 

The results of chemical analysis demonstrate that the impact of out-flowing min-
ing water and the waste dumps drainage on surface water could be neglected. A 
single sample from Jerosu Brook, collected at the bottom of a waste rock dump, 
has an uranium content of 0.04 mg/l. Regarding the heavy metals, their total con-
centration ranges between 0.06 and 0.20 mg/l; these values are situated bellow ac-
ceptable limits indicated for surface water category by Regulation of Ministry of 
Environment ( NTPA 001/2002 ). All the brooks crossing over the mining areas 
are flowing down to Gradistea River; the characteristics of the river water flowing 
down stream the mining area is similar in composition with the water in the spring 
beside, which is used for consumption in Gradistea de Munte village (Table 5). 

According to the obtained data, the surface water cannot represent an environ-
mental hazard due to the following reasons : 
• the high chemical stability of the rare earth forming minerals; 
• high and permanent water discharge of the waterflow of brooks and rivers. 

Table 5. Comparative chemical data between Gradistea River water and spring potable  
water 

Location Elements(mg/l)
 Unat Th Cu Pb Zn Ni Sn Cr Fe Co pH 
Gradistea 

River 
bdl bdl bdl bdl bdl bdl  bdl 0.03 0.07 0.02 6..32 

Gradistea 
spring 

bdl bdl bdl bdl bdl bdl  bdl 0.02 bdl bdl 6..38 

  * bdl – below the detection limit 

Impacts on soil and sediments 

In soil and sediments samples radioactive element concentrations ranges between 
4 and 42 ppm for Unat and between 5 and 170 ppm for Th; the soil specific activity 
ranges between 0.10 and 1,063 Bq/g (Table 3). The Romanian National Commis-
sion for Nuclear Activities Inspection  recommends the use in forestry of soils 
having the specific activity between 0.20 and 1.00Bq/g  ( NMR-03/2003 ). 

Heavy metal concentrations do not exceed the reference level to forestry soils 
indicated by the Ministry of Environment and Forestry (ord. 756/1997). 

According to the obtained data, the lands surrounding the derelict mine site can 
be considered weakly polluted. 
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External Gamma irradiation impact 

The external gamma irradiation level exceeds The Romanian National Commis-
sion for Nuclear Activities Inspection and European guideline value of 0,3 µSv/h 
(NMR-03/2003), but the influence of gamma irradiation do not spread over waste 
rock dump sites. In order to clarify the influence of gamma irradiation on human 
health, the exposure risk was calculated using a program offered by  World Infor-
mation Service on Energy-Uranium Project, named Radiation Dose to Risk Con-
verter. The guideline for gamma irradiation dose is 1 mSv/year and it is consi-
dered to correspond with an excess risk for cancerous diseases of 0.35% (1 in 286 
cases), during a life span of 70 years. Five scenarios were taken into account de-
pending on exposure time and maximum value of external gamma irradiation on 
dump surface. Only in one case the acceptable risk of 0.35% is exceeded: if a per-
son constantly lives or works above the anomalous area; in fact, this is a hypothe-
sis that is not very likely to be fulfilled due to the remoteness of the perimeter, 
which is located far away from residential centers. A moderate risk, between 
0.35% and 0.80 % could be for workers and shepherds if they spend yearly 2,000 
hours for 40 years. There is no way for the tourists and the occasional visitors to 
face any risk and much less the people living in the villages situated downstream 
of the confluence of Pustiosu Brook and Gradistea River (Fig.1). Therefore, the 
residents fear regarding the cancerous diseases is not justified.  

Recommendations 

The environmental assessment of the mining perimeter Gradistea de Munte proves 
that human mining intervention has not radically affected the ecologic balance. 
Therefore, the restoration recommendations will be adapted to the desired end 
land use in conjunction with the inherent nature and toxicity of the mine site. As 
known, the designated area will maintain its current use as natural park. In order to 
increase the natural capital value some remediation measures are required. 

The mine subsidence will be avoided by refilling the abandoned galleries with 
waste rocks derived from the dumps, followed by closuring with dams. 

Waste rock dumps require to be stabilized for stopping material slide and for 
keeping the natural direction of runoff waters which have been modified by min-
ing activities. Subsequently, they will be covered with local soil and vegetation. 
Covering the piles is expected to mitigate the external gamma irradiation by 20% 
which is in the benefit of human health improvement. 

Neither mining water nor runoff water need any depollution treatment on the 
account of their low concentration in radioelements and heavy metals; the natural 
attenuation processes are expected to bring the water quality to background val-
ues. 

A special attention should be paid to the instruction of the local population con-
cerning the real situation of the radioactivity levels in the area and the prevention 
measures that should be taken against accidental contaminations.The local inhabitants 
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and the visitors have to be convinced  that the site restoration measures will keep 
safe their health and will allow the unrestricted use of the land surrounding the ra-
dioactive  sources derived from mining activities. 

Conclusions 

The natural and cultural patrimony value of G.M.C.N.P. is reduced by the pres-
ence of a derelict mining site which was not yet restored. Though the mining ac-
tivity does not severely modify the ecosystem, the waste rock dumps are in con-
trast with the landscape, affect the normal flow direction of surface waters and 
have a low content of radioactive minerals. This last aspect especially worries the 
local inhabitants and minimizes the interest of the local community to use tourism 
as an engine for economic sustainable development. 

Risk assessment has demonstrated that specific restoration measurements, 
which do not require a lot of effort, are needed in order to allow the geographical 
space reorganization and the development of economic ecologic activities. 

Nature conservation, tourism and forestry represent the most appropriate op-
tions of land use, capable to utilize and in the same time to protect the natural park 
ecosystem. 

Considering the wealth and variety of touristic attractions inside G.M.C.N.P., it 
is expected that serious problems in finding interested investors for the land, will 
not be faced. 
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From remediation to long-term monitoring -  
The concept of key monitoring points at WISMUT 

Elke Kreyßig, Uwe Sporbert and Sven Eulenberger  

Wismut GmbH, Jagdschänkenstr. 29, D-09117 Chemnitz, Germany  

Abstract. This paper details the approach chosen by Wismut GmbH (remediation 

of uranium ore mining legacies) to turn the existing remediation related ground-

water monitoring network into what might be described as a network of key moni-

toring points to prepare for long-term monitoring tasks. Concepts and methods as 

well as procedures are exemplified for a specific site.  

Remediation tasks of Wismut GmbH 

Wismut GmbH is a federal government owned corporation. Its mission is to reme-
diate the legacies left behind by more than 40 years of intense mining and process-
ing of uranium ores. The area of operation comprises the Free States of Saxony 
and Thuringia where a total of 1.400 kilometres of open mine workings, 311M m3 
of waste rock material and 160 M m3 of radioactive sludges had either to be de-
commissioned, stabilised or put to recultivation. The legacies left behind by ura-
nium ore mining have caused impacts to the environment, that need to be either 
eliminated by appropriate remediation measures or reduced to acceptable limits. 
The Wismut environmental remediation project is unique, even by international 
standards, in the fields of mine reclamation and environmental protection. Follow-
ing the abrupt cessation of mining operations in 1990,gradual analysis of envi-
ronmental damages and conception of remediation options were getting under way 
to meet the remediation challenge. From this time on, a continuously extending 
monitoring network was established to identify and assess pollutant dispersion 
into the environment. Major contaminant sources and proposed remedial actions 
include: 
• mines being flooded; 
• in situ rehabilitation of mine dumps involving contouring, capping, and vege-

tating, in some cases relocation;  
• in situ stabilisation of tailings ponds (tailings management areas, TMA) by the 

removal of supernatant water, dewatering, covering, and vegetating; 
• clean-up of plant areas. 
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Successful implementation of these remediation measures required the con-
struction of powerful water treatment plants to collect and treat contaminated wa-
ter, resulting by the remediation process. It contains the removal of heavy metals 
and radionuclides and the discharge of effluents to receiving streams. Water 
treatment residues are immobilised and put into safe disposal. 

Hence, rehabilitation turns out to be a very dynamic process calling for perma-
nent change also with regard to the measuring  networks required to monitor envi-
ronmental impacts. The basis requirement of this effort is to record impacts on the 
subjects of protection, e.g. soil, air, and water, both from individual objects and 
from remedial measures before, during, and after remediation. As remediation 
progresses to completion, the focus is gradually shifting to the post-remedial 
phase. 

Chronological Evolution of monitoring networks  

Starting in 1990, measuring network was put in place to identify remediation 
needs. This network evolved into long-term monitoring, using fixed monitoring 
locations and involving those measurements which are independent of remedial 
actions and which are performed according to defined methods (basic monitoring). 
A remediation related monitoring intensifies the basic monitoring temporarily. It 
results in a more dense object and process related monitoring with the goal to sur-
vey the impacts of the remedial process for the environment. Measurement and 
sampling methods are identical to those used in the basic monitoring scheme. Al-
together Wismut established and ran a water monitoring network comprising up to 
2,000 measuring stations for groundwater and nearly the same number for surface 
waters. Their specificity varies a lot among the 7 sites of Wismut GmbH. Accord-
ing to the terminology used in the Water Framework Directive, these are opera-
tor’s monitoring networks to survey point-shaped contaminant sources. 

As remediation advances to completion, there is a need to define a philosophy 
of post-remedial or long-term monitoring, respectively. Its focus should be on 
demonstrating that or how, respectively, the initial remediation objectives were 
met. With regard to the complexity and uniqueness of the remediation effort, de-
velopment and transfer of the know how for similar rehabilitation projects has 
been borne in mind. That’s why, for Wismut long-term monitoring is an indispen-
sable tool to collect data and experience to this end.  

Therefore, the concept calls strongly for a streamlining of the monitoring loca-
tions network with the objective of identifying those monitoring locations, pa-
rameters, and frequencies among the current monitoring scheme and the recorded 
hydrogeological findings, which describe essential contaminant flows at the site 
with regard to their dispersal dynamics and trend behaviour beyond the termina-
tion of the remedial action. The selected monitoring locations are to form what is 
termed the key monitoring network, onto which all further activities are to be 
based (e.g. site model, long-term monitoring). 
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 Monitoring Tasks  

screening remediation 
monitoring

long-term
monitoring

number of  measuring points , parameter , frequencies                   number of  measuring points , parameters, frequencies                   

Remediation control ,
compliance with limits

Observation of success
after remediation activities

Spot and quantification of  
pollution potential/ spreading 

before remediation ,  
creation of remediation  plan 

t

 
Fig. 1. Configuration of monitoring networks and their tasks over time 

Basic concept for the configuration of key monitoring 
networks  

As a rule, German requirements for the configuration of monitoring networks, en-
shrined in bodies of rules and regulations as well as in guidelines, are restricted to 
large-scale monitoring networks (of national dimension) and have only limited 
application to the more region-related issues concerning WISMUT sites (point-
shaped contaminant  sources). The subsequent boundary conditions were post-
ulated for the design of key monitoring networks at Wismut sites: 
1. Key monitoring networks have to ensure the long-term post-remedial surveil-

lance of basic and spatially significant impacts on groundwater by objects of 
Wismut GmbH with regard to continued assessability of dispersal dynamics 
and trend behaviour. For large-scale objects, direct object relations are recom-
mended, while smaller-scale objects having smaller, sometimes superimposing 
impacts should be considered as forming a complex.  

2. As a rule, key monitoring networks should provide data on upgradient charac-
teristics (local background data), the remaining contaminant source properties 
(characterisation of contaminant inventory) as well as on downstream charac-
terisation (quantification of contaminant release). 

3. As a rule, spatial cut-off criteria should be selected in a way to allow the source 
relation to the object/complex to be unequivocally established (object-related 
measuring points). Measuring locations with a population relation (e.g. drink-
ing water supplies) should be integrated wherever impacts on water use are to 
be considered or have to be precluded in the sense of negative evidence (person 
related measuring points). 
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4. Temporal cut-off criteria primarily result from the sources relaxation beha-
viour and from their hydrological neighbourhood (table 1). 
As a result, the remaining contaminant sources to be monitored have to be bi-

partited into: 
• on-going emissions before and after remediation with planned reduction of con-

taminant release (e.g. impacts on groundwater by seepage from mine dumps or 
pore water and seepage downgradient of a TMA stabilised in situ). 

• emission sources activated for a limited period of time (e.g. impacts on 
groundwater by rising flooding water or new erected emission points during 
remediation intended to merge formerly diffuse releases for controlled dis-
charge). 
Minimum monitoring periods are derived from the impact duration of contami-

nant sources remaining after remediation is completed. Simultaneously, a decision 
on a limit related or trend related procedure has to be made. As, for the time being, 
the era of long-term monitoring has dawned only for a limited number of remedia-
tion objects of Wismut GmbH there is need for concepts and coordination with all 
parties concerned with regard to cut-off criteria for the termination of monitoring. 
1. Parameters identified as major contaminant parameters during the remediation 

process (signature of the deposit or of the mining method, respectively) should 
be selected in the design for the key monitoring network (key or trend parame-
ters). They – along with in situ parameters – are to be designed for each sam-
pling. In addition to this and at a lower frequency, data required for general wa-
ter quality characterisation should be collected (basic parameters). 

2. The frequency of measurements/sampling at key measuring locations is to be 
adapted with regard to the intensity and dynamics of concentration changes and 
taking aquifer flow rates into account. 

Table 1. Classification according to post remediation contaminant sources with  
regard to the design of a long-term monitoring system  

Post remediation contaminant sources 
Left in place Removed 

Contaminant release is 
reduced as planned 

Contaminant release for a 
limited period activated 

Contaminant release is finished 

e.g. mine dumps capped, 
TMA stabilised in situ 

e.g. flooding of mines mine dump relocation, replace-
ment of contaminated ground at 
plant sites 

Long-term monitoring tasks 
Monitoring of contami-
nant reduction, assess-
ment of contribution to 
large-scale environ-
mental impacts 

Monitoring of admissible 
groundwater impact, 
monitoring of contami-
nant fade away 

Monitoring of contaminant 
plume of fade away 
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3. Specific measuring tasks shall be identified for the selected locations of the key 
monitoring network. 

Cutting for long-term monitoring 

With respect 
to extent

With respect 
to time

Person-
related

drinking 
water wells

Source –
related

close to 
pollution 
spot

Limit-related

governmental 
benchmarks

Trend-related

EU-WFD
(groundwater)

Examples: Examples:Examples: Examples:

 
Fig.2. Temporal and spatial cut-off criteria for the operation of a key monitoring network 

Procedure for the selection of monitoring locations  

Considering the above boundary postulates for the design of key monitoring net-
works, optimisation of groundwater monitoring networks may be based on the 
subsequent design planning: 
• hydrogeological assessment; 
• extended geostatistical methods; 
• modelling. 

At Wismut the hydrogeological assessment constitutes the basis of all further 
design specifications. It comprises the interpretation and technical evaluation of 
any information on the geological characteristics of the area of investigation, of 
available data on water quality, the structural suitability of monitoring stations, the 
analysis of critical emission pathways, the determining of redundancies, the appli-
cation of basic statistical methods as well as the final reduction to key monitoring 
locations.  

Application of these design planning approaches also implies the maintenance 
of objects or complexes of objects, respectively into which small-scale objects are 
to be consolidated.  

If available, results of contaminant transport modelling will also be consulted to 
support the configuration of key monitoring networks. The professional evaluation 
of the geological/hydrogeological and hydrochemical conditions will be per-
formed by in-house site geologists.  
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Measuring points selection criteria, depicted in figure 3, are also to be taken 
into consideration with a view to obtaining long-term measurement series provid-
ing comparable data with regard to trends. 

 

available measuring points 

• One unique assignment

• Mp in good repair

• Long-term accessible

• time series sufficiently long

• economically accepted
maintenance costs

Selection procedures

• basic geological assessment
(analysis of all information you have:
object related, environment related,
time series, correlation ... )

• Extended geostatistical
approach
(interpolation between existing mps 
-> e.g. Kriging-procedures )

• modeling 
(implicates prediction for contamined
dispersion vs. time)

  
Fig. 3. Selection criteria for measuring points 

Design processing involves the following: 
a. Interpretation of information on geological and hydrogeological conditions, in-

cluding data on groundwater quality, characterisation of upgradient groundwa-
ter flow and location of relevant groundwater discharges. 

b. Analysis of the state of repair of measurement locations identified according to 
specifications under a). 

c. Review of measurement locations selected as suitable according to specifica-
tions under b) for potential redundancies. Analysis of redundancies normally 
involves conventional statistical procedures (evaluation of time series, identifi-
cation of correlations). In addition to conventional approaches, extended geo-
statistical methods are also suited to analyse redundancies. This concerns in 
particular interpolation applications whereby statistically firm estimates are 
generated for addition to available measurement data.  
Combining the requirements specified above, figure 4 illustrates the definition 

of key measurement points. 
A convenient electronic system (ALWIS) available at Wismut allows integra-

tion of all relevant data and provides full access to data banks holding chemical 
and groundwater level data along with mapping functionality as well as geological 
and design data. Also implemented into the software application are tools for spa-
tial data interpolation. 
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 Selection for long - term monitoring    

remediation  
monitoring 

long -term 
monitoring 

Selection related to

• Key monitoring points for 
describing main discharge tracks 

- inflow
- pollution source
- down stream

• key parameters ( -> signature of 
pollution source )

• adequate observation frequency 

available volume 

• state of knowledge about pollution
source  

• state of  knowledge about pollution
spread 

• available measuring points ,  
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Fig. 4. Selection for long-term monitoring 

Configuration of a key monitoring network demonstrated 
for the Helmsdorf TMA 

Configuration of a key monitoring network is exemplified below for the 
Helmsdorf TMA rehabilitation object at the Crossen site. The Crossen site is 
located in the outskirts to the north of the township of Zwickau in the Free State of 
Saxony. Uranium ore processing installations at the site were active until 1989. 
Apart from the Dänkritz I tailings pond, the Crossen plant area, the Crossen mine 
waste dump as well as the areas operated by DFA-Logistics and Saxonian ore 
reserve supply, the Helmsdorf TMA is the most significant remediation object at 
the site. The TMA was operated from 1958 through 1989. It holds about 50 Mm3 
of tailings and covers a surface of circa 200 ha. Rehabilitation of the Helmsdorf 
TMA is implemented as dry in situ stabilisation involving removal of supernatant 
water, contouring of dam areas, and capping of the tailings surface. The main 
receiving stream of the investigation area is the Zwickauer Mulde river. At the 
western edge of the rehabilitation area, the main watershed is located by a North-
South direction, which divides discharges from TMA roughly to the Eastern part 
only. Contained by dam structures in the East, North, and West, the tailings body 
of the Helmsdorf TMA constitutes the source of contaminated seepage discharges. 
Groundwater discharge from the Helmsdorf TMA is confined to the Eastern edge 
toward the receiving stream Zwickauer Mulde river. These discharges are in the 
first place via local fault zones along valley structures running east-north-east to 
west-south-west (especially Oberrothenbach fault, Wüster Grund fault and 
Niederhohndorf fault). 



422      Elke Kreyßig, Uwe Sporbert and Sven Eulenberger 

Session III: Mine closure and remediation processes 

During the initial phase of the rehabilitation project the groundwater surveil-
lance network at the Helmsdorf TMA rehabilitation object embraced more than 
400 groundwater measuring and monitoring wells. By 2007 the number of moni-
toring locations attached to the Helmsdorf TMA has shrunk to 222. The remedia-
tion progress and the subsequent transition to post-remedial care make further op-
timisation of the number of monitoring locations imperative. As a consequence, 
relevant key monitoring locations have to be selected from the existing stock. Se-
lection of key monitoring locations was based on the hydrogeological assessment 
as described above. Focus area for the key monitoring network at the rehabilita-
tion object Helmsdorf TMA is the surveillance of tectonic faults having relevance 
as aquifer upstream and downstream of the site as well as of the contaminant 
source and its immediate geogenic subsoil. 

In the future, the upgradient groundwater flow will be monitored by a total of 
13 key measuring points located in the area of fault zones to the South, South-
west, and to a lesser degree to the West of the TMA. Surveillance of the contami-
nant source property embraces monitoring of dam structures, tailings, and the im-
mediate geogenic subsoil at the Helmsdorf TMA site. 46 key measuring locations 
are attached to this task. This currently relatively elevated number of measuring 
locations is due to the inclusion of dam stability measuring points and will un-
dergo significant down-scaling in the future. 

Downstream flow monitoring focuses on fault zones of relevance to contami-
nant release located at the Eastern edge of the Helmsdorf TMA. Measuring points 
have been assigned to major discharge patterns with due regard to their distance to 
the Helmsdorf TMA. This ensures surveillance of the close-up, transition, and far-
away ranges. Some key measuring stations in the downstream groundwater flow 
field are arrayed as groups of measuring points embracing individual locations 

pollution source 
impacting 
groundwater

Water 
shed

receiving 
stream

  
Fig. 5. Example of long-term monitoring for a tailing pond with interactions to groundwater 
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with varying filter depth intervals. 34 key measuring points were selected for 
downstream groundwater monitoring. So the key monitoring network at the 
Helmsdorf TMA embraces a total of 93 groundwater monitoring wells which al-
low to sufficiently characterise post-remedial impacts to groundwater in the area 
of the Helmsdorf TMA. Compared to 2007 their number was scaled down by 129 
units with further reductions to be expected with regard to dam stability monitor-
ing locations. The number of 93 key monitoring locations is to be achieved by the 
gradual dismantling of still existing but potentially no longer needed groundwater 
monitoring wells by the time of transition to the after-care phase. Measuring 
points and groups of measuring points are assigned to specific monitoring tasks.  
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Official supervision measurements for 
remediation and monitoring of Wismut GmbH 
in Saxony 

Thomas Heinrich, Antje Abraham and Werner Preuße 
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Altwahnsdorf 12, 01445 Radebeul, Germany 

Abstract. Official measurements are carried out in Saxony in order to supervise 

independently the actions for remediation of former uranium mining sites and the 

corresponding monitoring programs of Wismut GmbH. The state laboratories for 

environmental radioactivity (part of the Staatliche Umweltbetriebsgesellschaft 

UBG) are in charge for that supervision in the Free State of Saxony performing 

official measuring programs and comparisons in order to fulfill the legal demands. 

This paper gives a short overview of the history and exemplary findings of the 

official supervision measurements. 

Development of the official measuring programs 

Following World War II uranium mining resulted in environmental pollution and 
elevated radiation exposure in the densely populated and industrialized regions of 
the today’s free state of Saxony. According to the German unification treaty the 
GDR state ordinance on guarantee of nuclear safety and radiation protection 
(VOAS 1984) remained in force after 1990 and is since then the basis of the moni-
toring of the former uranium mining and processing sites. 

Starting in 1991, by order of the Saxon state ministry for environment and agri-
culture, the Saxon state laboratories for environmental radioactivity which became 
part of the Staatliche Umweltbetriebsgesellschaft (UBG) in 1993 is in charge for 
official surveillance of selected points of the monitoring networks which are lo-
cated in surroundings of the sites of the former uranium mining company Wismut 
GmbH. 

In September 1996 the Saxon state authority for environment and geology 
(LfUG) obliged the Wismut GmbH by official order to continue the so-called ba-
sic monitoring as a long-term monitoring. As independent state laboratory the 
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UBG is performing the official supervision of the Wismut basic monitoring pro-
gram by sampling and measuring environmental samples in parallel to those of the 
Wismut GmbH and a separate monitoring of points where emissions can affect the 
environment (immission monitoring). The basic monitoring of the Wismut GmbH 
is supplemented with a monitoring of remedial actions which is defined by per-
missions of the regulatory authority LfUG and limited in time depending on the 
remedial action. 

With implementation of the directive on emission and immission monitoring 
regarding mining (REI-Bergbau 1999), the monitoring programs of the Wismut 
GmbH and of the state authorities were modified in 1999 regarding methodical 
equivalence and comparability. 

The example “exposure pathway water” 

In order to supervise the emission monitoring at discharge points of the Wismut 
GmbH, UBG is performing control measurements of samples of Wismut GmbH as 
well as independent sampling and measurement comparisons. 

Measurement comparisons 

Starting in 1997 so-called Stichtagsbeprobungen have been established as an an-
nual intercomparison-like exercise for the specific sample type of mining related 
water where partly high saline concentration can make high demands to the labor-
atory. Here, after jointly sampling of Wismut GmbH and UBG, the sample ma-
terial is homogenized, shared and distributed between the participating laborato-
ries who are routinely measuring natural radionuclides. 

A number of analytical methods as gamma-ray spectrometry, alpha-particle 
spectrometry, liquid scintillation emanation counting, emanation counting in Lu-
cas cells, gross alpha counting of Ba(Ra)SO4-precipitate, ICP-MS, ICP-OES and 
kinetic phosphorescence analysis are applied by the participants in order to deter-
mine the main parameters uranium and radium-226. A total of up to 12 laborato-
ries of Wismut GmbH, of authorities (also other German federal states and Federal 
office for radiation protection - BfS), of companies (contractors of Wismut 
GmbH) and of further institutions are participating in these annual exercises.  

Using the findings of the 10 ??? comparisons so far since 1997, the participants 
can analyze their deviations and improve their analytical methods if necessary. In 
particular, specific reproducibility standard deviations for the analysis of the main 
parameters radium-226 and uranium can be derived from these exercises. The re-
sulting reproducibility variation coefficients are used to classify the differences, 
which show up in parallel measurements between a company under supervision 
and the supervising laboratory, as being acceptable or not. Fig.1 and Fig.2 show 
the reproducibility variation coefficients obtained in the comparison exercises 
since 1997 and those from further intercomparisons. 
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An important outcome of the continuously repeated comparison exercises and 
the conclusions drawn by the participating laboratories is the improvement of the 
quantitative agreement which is reflected by a significant decrease of the reprodu-
cibility variation coefficients during the last 10 years showing the success of this 
kind of external quality assurance. 
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Fig.1. Reproducibility variation coefficient for uranium analysis in water determined from 10 
??? interlaboratory exercises organized by UBG. The additionally included empty symbols 
stand for data from internal Wismut GmbH comparisons. 
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Fig.2. Reproducibility variation coefficients for radium-226 analysis in water determined 
from 10 ??? interlaboratory exercises organized by UBG. The additionally included empty 
symbols stand for data from official intercomparisons held by the German Federal office for 
radiation protection (BfS, see circles) and internal Wismut GmbH comparisons (squares) 
respectively. 
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The years until 2003 were characterized by reproducibility variation coeffi-
cients in the range of up to 30%. This could be attributed to the use of methods of 
different applicability for the specific kind of mining water samples which were to 
be analyzed by the participating laboratories. 

Mainly the widely used gross alpha counting of Ba(Ra)SO4-precipitate 
(DIN38404/18 1994) does not always have sufficient ruggedness against the de-
mands from mining water. The method has originally been described as a standard 
procedure for the determination of Ra-226 in water where the effect from other al-
pha particle emitting nuclides is negligible. Water from former uranium mining 
sites does not always fulfill this condition. The presence of other radium isotopes 
(Ra-223, Ra-224), which cannot be identified from a gross alpha measurement, re-
sult in an overestimation of Ra-226. Co-precipitated long-lived alpha particle 
emitters are another possible interference if being present in high excess compared 
to radium in the original sample. Here decontamination factors in the order of 103–
104 for uranium and thorium have to be considered (Goldin 1961). 

The other methods for Ra-226 determination focus on the radiation of proge-
nies of Rn-222 in radioactive equilibrium. A high selectivity because of specific 
mono-energetic gamma-rays or the noble gas properties of radon avoids interfe-
rences due to similar chemical or physical properties of other isotopes. In this 
sense gamma-ray spectrometry is based on the main gamma-ray emitters Bi-214 
and Pb-214 while alpha-particle emanation counting uses the alpha-particle emit-
ters Rn-222, Po-218 and Po-214 after appropriate separation of Rn-222. 

Using almost exclusively gamma-ray spectrometry or emanation counting for 
the determination of Ra-226 reproducibility variation coefficients around 10% 
could be achieved from 2004 on. 

Control measurements 

Within the scope of the supervising measurement programs of the state laboratory, 
measurements of aliquots of about 100 water samples per year are performed by 
UBG in parallel to those of Wismut GmbH in order to evaluate the correctness of 
the analytical results of the Wismut GmbH. 

The reproducibility variation coefficients (uranium: 10%, radium-226: 20% as 
mean from comparisons over 10 years) from the interlaboratory exercises (see 
above) are used to assess quantitatively the agreement of the results. Fig.3 (ra-
dium-226) and Fig.4 (uranium) show the comparison between the results obtained 
by UBG and by Wismut GmbH respectively. Except of a few values a high degree 
of agreement can be concluded from the figures. Outliers are discussed in detail in 
order to find the cause for such large deviation. In case of frequent and systematic 
occurrence this reveals systematic errors in the laboratory which were not detected 
by the internal quality assurance. 
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Fig.3. Comparison of aliquot results for radium-226 in water. The straight lines stand for the 
range of acceptable agreement which results from the reproducibility variation coefficient 
obtained from interlaboratory exercises. Values outside that range are considered to be not 
corresponding with a probability of 95%. 

Annual comparison 2006 - Uranium in water
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Fig.4. Comparison of aliquot results for uranium in water. The straight lines stand for the 
range of acceptable agreement which results from the reproducibility variation coefficient 
obtained from interlaboratory exercises. Values outside that range are considered to be not 
corresponding with a probability of 95%. 
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Underground in-situ mine water treatment in a 
flooded uranium mine at the WISMUT Königstein 
site - motivation, activities and outlook 
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Abstract. At the WISMUT Königstein site, uranium was mined also by acid in-

situ leaching in the underground. Since 2001, the mine is flooded. The flooding 

water (low ph value and relative high Eh values) must be collected and pumped to 

the surface were it undergoes an expensive water treatment. It is expected that 

water treatment is needed in a long-term scale. To shorten the period for conven-

tional water treatment alternatives are investigated by WISMUT. The present pa-

per is a continuation of a UMH IV contribution and describes recent results and 

activities.  

Site Characteristics 

Within the WISMUT rehabilitation project in Germany the remediation of the 
Königstein mine near Dresden is a very special case. The mine is situated in an 
ecologically sensitive and densely populated area (Fig.1). From the early sixties 
through 1990, approximately 19,000 t of uranium were produced.  
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Fig.1. View of the Königstein mine site. 

The ore body is located in the 4th sandstone aquifer, the deepest of four hy-
draulically isolated aquifers in a Cretaceous basin. The 3rd aquifer is an important 
water reservoir for the Dresden region and is environmentally and economically 
very sensitive.  

The uranium was extracted from the 4th sandstone aquifer initially using con-
ventional mining methods, but later an underground block leaching method using 
sulphuric acid (2 to 3 g/l H2SO4) was implemented. Especially due to the reac-
tions of the oxidizing sulphuric acid, the geochemical nature of the deposit was 
substantially changed, with a high level of pollution remaining within the deposit, 
mainly sulphate, heavy metals and naturally occurring radionuclides. Remaining 
pore water in the sandstone water is characterized by pH 2.0, EC 700 mV, 10 g/l 
SO4

2-, 2 - 3 mg/l Fe, 200 mg/l Zn, 200 mg/l U and 300 mg/l Al. 
Considering the existing pollution potential and the importance of the overly-

ing aquifer a concept of controlled flooding was developed. The major element of 
this approach is a control drift system which allows collection of draining 
flooding water down-gradient of the deepest part of the mine. The flooding water 
collected in this control drift system is treated and discharged to the Elbe river 
(Fig. 2). 
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Fig.2. Schematic cross section of the Königstein uranium mine and principle of the current 
flooding status. 

The concentrations of hazardous substances in the water due to natural attenua-
tion by dilution and wash-out are only slowly declining. The flooding water must 
therefore be drained, collected and pumped to the surface were it undergoes so-
phisticated and expensive water treatment. WISMUT expects that water treatment 
will be needed over a long-term period. 

Efforts to Support the Flooding Process 

To shorten the period for conventional water treatment and to comply with obli-
gations of flooding permissions alternatives are investigated by WISMUT. In the 
focus are measures to minimize the release of contaminants into the water in-situ, 
i.e. to immobilize radionuclides and heavy metals locally at the site were they are 
currently released from their source. 

Measures inside the mine workings 

Considering the specific geotechnical and technological conditions of the mine, a 
new technology to reduce contaminant potential in the source (leaching blocks) 
was developed. The application based on the injection of supersaturated BaSO4-
solutions to precipitate dissolved contaminants and to cover reactive mineral sur-
faces. This immobilization technology (direct source immobilization) has been 
applied in the southern part of the mine as part of the closure plan. From 2002 to 
2005 about 1.6 million m3 of sandstone have been treated successfully in the 
southern part of the mine with about 325,000 m3 solution (Jenk et al. 2006). 
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Current activities  

At the present time the mine is partially flooded and flooding up to 140 m above 
see level is permitted and in preparation. Access to the mine is strongly restricted 
and only possible in the control drift system in the northern part. Finally, the mine 
will be flooded completely.  

Regarding current predictions and concepts water treatment is planned to con-
tinue for a period of at least 10 years (pump by special boreholes connected to the 
control drift system). Due to pumping and natural water inflow into the flooded 
mine (4th aquifer) a convection will develop in the flooding water body from 
south to north. During this time period it is possible to influence the flooding wa-
ter body from the surface by injection using boreholes. 

Basically, an influence of the hydrochemical conditions must have a lasting ef-
fect to restore ‘close-to-pre-mining’ conditions to the extent feasible. This re-
quires that in the flooding water the redox potential must be lowered, and the pH 
value must be raised. As a consequence, it is expected that dissolved radionuc-
lides and heavy metals will be fixed inside the mine and reduced in the flooding 
water. 

In the light of results obtained from laboratory work done so far, two promis-
ing approaches are being developed further: 

A) Chemical approach: Injection of substances with the capacity to 
reduce redox potential and raise pH 

The goal of the approach consists in immobilising contaminants at their source. 
R&D done (at laboratory level) during the flooding preparation phase have dem-
onstrated that contaminant precipitation may be induced by the addition of so-
dium sulphite to the flooding water. 

Transfer of these findings to potential application in the flooded mine requires, 
as a next step, the validation of the observed effects in a scaled-up pilot test. 
Based on laboratory test data, a pertinent test concept was developed and a pilot 
plant was conceived in cooperation with WISUTEC. 

At the end of 2006, the pilot plant housed in a container with a reactor volume 
of 1.3 m3 was put in place at the Königstein site. About 10 m in length, the reac-
tor is filled with rock species that are typical of the site and with flooding water to 
imitate the mine at a reduced scale (Fig. 3). 

A first pilot test on the effect of sodium sulphite was run from March 2007 to 
February 2008. The Brandenburg University of Technology (BTU Cottbus) con-
tributes to the scientific analysis of the results. 
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Fig.3. Investigation container with reactor on site at the Königstein mine site.  

Assessments performed so far, largely confirm laboratory test results. Added 
doses of sodium sulphite react primarily by reducing the redox potential. In 
agreement with the computation results, pH was raised to ca. 4. Such pH rise is 
sufficient to precipitate iron and aluminium hydroxides. Mobilised heavy metals 
and trace elements deceleratedly migrate through the filter and are partly fixed.  

Following an initial assessment of the first test stage, an increase of the possi-
ble buffer potential by the addition of sodium hydroxide is being investigated. 
Starting in April 2008, a second test to this end is run with a combined injection 
solution (sodium sulphite – sodium hydroxide). 

B) Chemico-microbiological approach: Stimulation of autochthonous 
sulphate-reducing micro-organisms 

Funded by the Federal Ministry of Education and Research, the 3-year joint 
project was initiated in July 2006 and is implemented in conjunction with our re-
search partner Groundwater Research Institute Dresden (GFI Dresden). The 
project is supervised by a project advisory board of representatives of the scientif-
ic community and authorities of Saxony. 

The approach also aims at immobilising contaminants at their source. The ad-
dition of propagable elementary iron is intended to generate a reduction zone 
within the flooded mine and to stimulate the metabolism of autochthonous sul-
phate-reducing bacteria. This is to be used to get mineralisation processes going 
and cause the immobilisation of contaminants onto the mineral phases generated. 
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Studies on forms of contaminant binding in rock and iron hydroxide sludges in 
the mine revealed that besides oxidised contaminant species occurring incorpo-
rated into iron (hydr)oxides and in spite of oxidation there is a considerable por-
tion of contaminants occurring in reduced form. Analysis of the microbial inven-
tory of the mine has uncovered an elevated microbial diversity in the solid 
samples and the presence of sulphate-reducing bacteria. In batch tests, the meta-
bolism of autochthonous sulphate-reducer was stimulated by the addition of iron 
powder and H2/CO2. This led to the formation of sulphides and the removal of 
dissolved contaminants from the aqueous phase. Mobilisation of contaminants by 
the reductive solution of iron hydroxide sludges was not observed (Kassahun et 
al. 2007). 

Feasibility of target processes was demonstrated. Vital to these processes, sul-
phate-reducing micro-organisms were documented also in repeated sampling of 
mine rock and sludge (various substances from underground). Pelletised, iron-
containing foam glasses were developed to serve as reactive materials. They also 
have a pH buffering effect. These materials are presently being optimised and 
tested for their suitability for being placed in the flooded mine. 

Larger-scale pilot plant tests on process development and field test preparation 
are scheduled for 2008. To this end, a second investigation container will be put 
in place at the Königstein site. 

Under most favourable conditions a reduction zone will be established in the 
mine. The changed water milieu will then ensure permanently that mobilization 
of contaminants becomes minimized. 

As a next step it is planned to test the feasibility of the approaches under field 
conditions, i.e. in a very local part of the mine the milieu conditions will be bi-
ased towards pre-mining conditions. Final target of the investigations is the de-
velopment of a large-scale technology for the in situ treatment of the flooding wa-
ter in the Königstein mine. 
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An overview  
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Abstract. The closure of the former East German uranium industry performed un-

der the WISMUT project since 1990 caused, besides other remediation effects, a 

significant amendment of  the water quality of the surface waters downstream the 

remediation sites, exclusively located in the Elbe watershed. The paper presents 

the development from the emission point of view and discusses the evolution of 

the water quality in selected receiving streams, focusing on the Weiße Elster and 

Zwickauer Mulde catchments. 

Introduction 

Since 1991 WISMUT GmbH is carrying out the closure of the former East Ger-
man uranium mining industry. The WISMUT project comprises the full scope of 
environmental remediation, including the closure of five underground mines at 
Ronneburg, Schlema, Königstein, Pöhla, and Dresden-Gittersee, the stabiliation of 
tailings ponds at Seelingstädt and Crossen, the remediation of numerous waste 
rock piles, the demolition of contaminated facilities, and finally area clean-up. By 
the end of 2007 about 85 % of the remediation works have been realized, active 
remediation is expected to be completed by 2015. A recent review of the results of 
the WISMUT project has been presented elsewhere (Leupold and Paul, 2007).  

In order to handle mine waters as well as contaminated seepage and surface wa-
ters, at each of the seven individual WISMUT sites a water treatment plant is be-
ing operated. As a major outcome of the remediation activities conducted over an 
18 years period the impact of  the mining legacies to ground and surface waters 
has been substantially minimized. Until now this aspect of the WISMUT project 
has not yet been reviewed in a comprehensive manner. Therefore, this paper 
presents an overview on the remediation effects of the WISMUT project to water 
resources, describing the recent status, but also comparing it with the initial 
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conditions at the end of production in 1990. The discussion will be focused on the 
impact on surface water resources, as larger scale impacts are possible for surface 
waters only. Groundwater contamination, on the other hand, is typically restricted 
to the very local scale at the former production sites, due to hydrogeological con-
trols which prevent contaminant transport in groundwater on a larger scale, but al-
so due to remaining groundwater depression cones still existing at most of the 
former mine sites where mine flooding has not completed yet.   

Hydrological setting 

All former WISMUT production sites are located in the Elbe watershed (Fig. 1). 
Water-borne emissions are influencing the Elbe river either directly (Königstein) 
or indirectly via the Weiße Elster catchment (Seelingstädt, Ronneburg) or the 
Zwickauer Mulde watershed (Pöhla, Schlema, Crossen). The former Gittersee 
mine is currently dewatered to a small tributary of the Elbe river (Kaitzbach). Af-
ter completion of a dewatering tunnel which is recently under construction, the 
Gittersee mine waters will be finally discharged to the Elbe directly.  

All sites are humid, revealing a positive water balance. The mean annual preci-
pitation ranges from about 625 mm at Ronneburg to 1027 mm at Pöhla (uncor-
rected values, time series 1971-2000). 

Monitoring approach 

As an integral part of the remedial action the environmental impact to ground and 
surface waters is monitored in order to provide evidence of compliance with the 

 
Fig. 1. Location of the WISMUT sites in the Elbe watershed. 
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existing permits, but also to gain information about the effects of the remediation 
works to the pollution situation in ground and surface waters downstream. In order 
to achieve this goal WISMUT is operating specific networks of monitoring sta-
tions in all relevant surface water courses, as well as several hundreds of ground-
water wells to monitor ground water flow and contaminant transport. As an exam-
ple, in the Weiße Elster catchment area recently some 50 surface water measuring 
points are operated for immission monitoring, thereof eight automatic stations, de-
tecting Q, T, pH, EC and O2 continuously.  

The results of these monitoring programs are reported to the regulating authori-
ties on a regular basis. Although the environmental impact of the legacy of ura-
nium mining and milling is by far not restricted to radiation, special attention is 
dedicated to the supervision of the radioactive emissions into the environment; the 
results of the surveillance of such radioactive emissions are reported annually. Ac-
cordingly, the paper will concentrate on the water-borne radioactive emissions, 
especially on uranium. However, emissions of heavy metals, arsenic and salinity 
which are also typical contaminants of concern at several sites, will be additional-
ly discussed where relevant.  

Surface water sampling frequency is quite variable at the various monitoring 
points, according to flow rate, total contaminant concentration and the variability 
of the relevant parameters. While the most important emission points are moni-
tored on a daily or, monitoring stations with a lower importance are being oper-
ated with a monthly sampling frequency. Flow rate detection, however, is con-
tinuously at the emission points used for load calculation, flow data for the 1st 
order receiving waters (Elbe, Zwickauer Mulde, Weiße Elster) are obtained from 
official measuring gauges run by the Federal states of Thuringia and Saxony. 

Radionuclides and heavy metals were measured in surface waters from un-
strained acidified sample aliquots (called ‘original’) unless otherwise noted. For 
the Thuringian sites (Ronneburg and Seelingstädt) in 2007 the analysis of heavy 
metals was changed to the dissolved phase according to a request of the authori-
ties. Analyses were executed in WISMUT’s accredited in-house lab with varying 
detection limits. For the key parameter uranium the detection limit is 1 µg/L using 
kinetic phosphorescence analysis.   

Monitoring of the transport of radionuclides and heavy metals bound to sus-
pended matter (SPM) was initiated in the course of the commissioning of new wa-
ter treatment facilities, using sediment traps at 18 stations located upstream and 
downstream of the emission sources (6 in the Zwickauer Mulde catchment, 12 in 
the Weiße Elster watershed), based on a monthly sampling frequency. SPM heavy 
metal concentrations reported below refer to the <63 μm fraction of the sediment 
samples which were separated by wet sieving and digested in aqua regia.  

Emissions into surface watersheds 

In terms of a classification of the water-borne emissions a clear distinction has to 
be made between (a) Controlled discharge from hydraulic structures or water 
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treatment plants, which are collected and monitored for volume and quality, and 
(b) Diffuse leakage of seepage waters, generated from waste rock dumps, tailings 
ponds and contaminated areas, which remains uncollected and must be evaluated 
by immission monitoring and modeling (Schmidt and Lindner, 2005). In 2007 
WISMUT was operating 39 discharge points for water-borne emissions (con-
trolled discharges), thereof 11 based on a radiation protection permit. The most 
important discharge points are those of the seven water treatment plants (Table 1). 

The amount of mine, seepage and surface waters discharged into the surface 
water catchments downstream the former mining and milling areas and their inhe-
rent contaminant loads is a very  meaningful tool to judge the impact situation at 
the different sites, but also within entire catchment areas, or for WISMUT as a 
whole. In 1989, the last year of regular production, WISMUT’s total annual dis-
charges amounted to 32.5 Mm3 of water, containing 27.5 t of U. By 2007 these 
controlled emissions decreased to 16.5 Mm3 of water, carrying 2.4 t U. According-
ly, closure and remediation activities led to a decrease in uranium loads by more 
than 90 %. Over the same time period the Radium-226 discharge decreased even 
more dramatically, from 23.4 GBq in 1989 to 0.3 GBq in 2007. A graph docu-
menting this development for WISMUT’s total radioactive discharges has been 
presented by Schmidt and Lindner (2005) for the time series 1989/2004; the fur-
ther development until 2007 did not exhibit any significant change compared to 
2004. 

This load reduction for uranium and radium is a result of a multitude of remed-
iation activities, which are, however, dominated by the following: 
• Cessation of uranium production at the end of 1990, which resulted in the 

stop of the discharge of process waters, especially at the two large uranium 
mills at  Seelingstädt and Crossen. 

• Reduction of mine water discharge from the underground mines as a result 
of mine flooding. Fully fledged flooding was initiated as follows: 1991 at  
Schlema-Alberoda, 1992 at Pöhla, 1995 at Dresden-Gittersee, and 1997/2000 at 
Ronneburg (southern and northern mine fields). During the flood water rise, 
which happened at these four mines initially in an uncontrolled manner, the 
discharge of mine water was stopped completely, dramatically improving the 
surface water quality downstream. Flooding of the Königstein mine, which was 
started in 2001, was realized in a controlled way from the beginning, as a con-
sequence of the special site conditions at this huge underground leach mine (cf. 
Jenk et al. 2008).  

• Construction and operation of state-of-the-art water treatment plants. To 
sustainably manage and treat contaminated mine and seepage waters the con-
struction of modern water treatment plants was a crucial element of the remedi-
ation program (see Table 1). The first water treatment plant constructed after 
1990 was the facility at Helmsdorf which was commissioned in 1995. Mine wa-
ter treatment plants went in operation, according to the status of flood water 
rise, from 1995 (Pöhla) to 2006 (Ronneburg). Most facilities are currently being 
operated as lime precipitation plants, with capacities ranging from 100 m3/h at 
Gittersee to 1150 m3/h at Schlema-Alberoda. The passive treatment facility at 
Pöhla, a constructed wetland with a maximum throughput of 20 m3/h, replaced 
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a conventional treatment plant laid out for 80 m3/h since 2005. Annual water 
treatment at WISMUT’s mine sites amounts to more than 10 million m3 (2004) 
with costs on the order of Euro 15 million.   

• Area clean-up, waste rock pile and tailings pond remediation. Especially at 
Ronneburg, Aue, Seelingstädt, and Crossen contaminated seepage and tailings 
pore waters were diffusely impacting the receiving streams. The removal of su-
pernatant water from the tailings management facilities, waste rock relocation, 
cover construction on waste rock dumps and tailings dams to minimize infiltra-
tion in combination with re-vegetation, and the expansion of water collection 
facilities were measures to diminish adverse effects to ground and surface wa-
ters located downstream. 
Fig. 2 illustrates the 1989 to 2007 time series for the discharged water volumes 

and uranium loads, respectively, for each of the seven WISMUT sites individual-
ly. It becomes obvious that the development of discharges is clearly dependent on 
the progress of the remediation activities, but also from the hydrological condi-
tions, directly affecting the water volumes discharged (e.g. dry periods in the early 
and late 1990s, wet periods 1995/1996, in 2002 and 2007). At Ronneburg the dis-
charged volumes decreased sharply in 1998 as a result of the start of mine flood-
ing. At the Schlema-Alberoda site uranium loads also decreased significantly in 
the course of mine flooding since 1991, interrupted by a peak in 1996/1997 as a 
result of mine water discharge necessary to prevent acute risks for the ongoing 
closure works in the underground mine. The graphs for Seelingstädt and Crossen 
are more steady, related to the ongoing progress according to the ‘dry remediation 
approach’. The Königstein uranium discharge dropped dramatically since 2001 
due to the commissioning of a modern HDS lime precipitation plant. 

Table 1. WISMUT’s water treatment plants, status 2007.  

Site Type 
of feed 
water 

Max.      
capacity 
[m3/h] 

Commis-
sioning  

Uranium 
in feed 
water 
(2007) 

Uranium 
discharge 

limit  

Uranium 
discharge 

2007   
annual 
average 

Uranium 
load, 

permitted 

Uranium 
load    

2007 dis-
charge  

    [mg/L] [mg/L] [mg/L] [kg/a] [kg/a] 
Schlema M 1150 1999/ 2001b 2.6 0.5c 0.14 5300 831 
Königstein M 650 2001 13 0.5c/0.3d 0.019 1708 78 
Gittersee a M 100 1997 0.08 - 0.08 - - 
Ronneburg M,U 500 2006 0.2 0.3c/0.1d 0.052 547 239 
Helmsdorf S 250 1995 6.0 0.5c 0.14 950 164 
Seelingstädt S 300 2001 1.3 0.5c/0.3d 0.082 788 174 
Pöhla e M 20 2005 0.02 0.2c 0.02 35 2 

M=Mine water, U=Surface water, S=Supernatant and seepage water,  a Treatment of the 
Gittersee mine water does not account for uranium, b Water treatment plant units 1 and 2, 
respectively, c maximum concentration, d annual average concentration, e constructed wet-
land, which replaced a conventional treatment plant operated from 1995-2004, facility is 
operated for the removal of As, Fe, and Ra-226 
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Fig. 2.. Annual water-borne discharges per remediation site, 1989-2007. a) Water volume, 
b) uranium loads  

Table 2. Uranium discharges by watershed, selected years from the  1989-2007 time series  

 
Weiße Elster with Pleiße

[kg/a]
Zwickauer Mulde

[kg/a]

Elbe 
 

[kg/a] 
1989 15,620 10,030 1,840 
1990 12,008 10,130 2,730 
1993 3,296 2,847 960 
1997 2,929 11,820 1,586 
2000 403 2,175 1,553 
2003 221 2,873 33 
2006 217 2,142 46 
2007 413 2,637 78 
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Table 2 summarizes the uranium loads discharged by watershed for selected 
years of the 1989/2007 time series. The biggest remediation effect can be demon-
strated for the Weiße Elster/ Pleiße system, where the uranium loads decreased 
from 15.6 t in 1989 down to 0.4 t in 2007. Compared to that the emissions into the 
Zwickauer Mulde watershed remained on a higher level, with annual loads be-
tween 2 and 3 t dominated by the Schlema site. 

Impact on receiving streams 

Water-borne impacts from the WISMUT mining and milling sites were most se-
vere for smaller tributaries, but also detectable at the 1st order receiving waters of 
Elbe, Zwickauer Mulde and Weiße Elster, although to a different degree. Recent-
ly, the direct impact to the Elbe river due to emissions from Königstein/Gittersee 
is on a very low level, mainly due to the river’s high flow rates (MQ1976-2000 at 
Schöna 312 m3/s), but also caused by the efficiency of water treatment at Königs-
tein and the relative insignificance of the emissions from Dresden-Gittersee. So, 
even downstream Königstein no significant WISMUT-impact is detectable with 
recent uranium concentrations of <1 μg/L. 

In contrast to that, WISMUT-borne emissions are still persistent both in the 
Zwickauer Mulde with a focus on uranium and arsenic (Schneider and Reincke, 
2005), and in the Weiße Elster, here mostly concerning uranium, sulfate and hard-
ness.  

 
Fig. 3. Important emission points and monitoring stations at the Ronneburg and Seelingstädt 
sites in the Weiße Elster watershed. E-307 Discharge point of the Seelingstädt Water Treat-
ment Plant, e-623 Discharge point of the Seelingstädt Water Treatment Plant  
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Weiße Elster watershed 

The impact to the Weiße Elster river caused by WISMUT is primarily related to 
the river’s middle reaches, between the towns of Berga and Gera (see Fig. 3). The 
rivers average flow rate in the area of concern can be characterized by the station 
at Gera-Langenberg located close to monitoring station e-419 (see Fig.3), which is 
15.4 m3/s (MQ1956-2000).  

Emissions from the former production sites at Seelingstädt and Ronneburg are 
drained by four small creeks tributary to the Weiße Elster river: Culmitzsch, Fuch-
sbach,  Wipse and Gessenbach (see Fig. 3). At the Ronneburg site a smaller part of 
the mine waters was formerly discharged to the Sprotte system, which is tributary 
to the Pleiße river, reaching the Weiße Elster far downstream in the urban area of 
Leipzig (Fig. 1). The water-borne mass transport from the Ronneburg mine field 
which will be discussed below in more detail is entirely captured by three moni-
toring stations: e-437  with a catchment area AE of 12.3 km2, e-416 (AE = 18.9 
km2), s-609 (AE = 118.3 km2). 

Table 3 summarizes water quality data for four main monitoring stations along 
the Weiße Elster river: E-312 (upstream Seelingstädt), E-321 (downstream See-
lingstädt), e-423 (downstream Wipse confluence), and e-419 (downstream the en-
tire WISMUT area). The data demonstrate, that the water quality of the river has 
improved significantly since 1990 at any of the stations impacted by WISMUT. 
Uranium concentrations dropped considerably, the concentration increase for ura-
nium between E-312 and e-419 has shrunk to 3 μg/L. Sulfate and hardness, which 

Table 3. Indicative surface water quality data for monitoring stations at the Weiße Elster 
River, time series 1990-2007, Median values. SO4 in mg/L, hardness (H) in °dH, U and 
heavy metals in μg/L.   

  E-312 (upstream Seelingstädt site)  E-321 (downstream Seelingstädt site) 
Year SO4 H U Ni Cu Zn As SO4 H U Ni Cu Zn As 
1991 125 8.9  nd nd nd nd <8 385 13.2 nd nd nd nd nd 
1993 115 9.2 <50 91 68 117 <8 316 14.6 <50 20 76 94 <8 
1997 100 9.5 3 nd nd nd 1 174 12.2 16 nd nd nd 2 
2000 91 8.9 2 5.5 <5 53 2 190 12.4 8 <5 <5 68 3 
2003 140 9.6 3 <5 <5 15 1.4 170 12.2 8 <5 <5 16 <1 
2006 104 8.0 2 <5 <5 17 <1 151 10.3 7 <5 <5 <10 <1 
2007 81 7.3 1 <5 <5 <10 <1 116 9.4 5 <5 <5 <10 1.4 

 
 e-423 (downstream Wipse creek)  e-419 (downstream Ronneburg site) 
Year SO4 H U Ni Cu Zn As SO4 H U Ni Cu Zn As 
1990 333 17.2 320b nd nd nd nd 365 18.5 320a,b nd nd nd nd 
1993 243 15.6 10 26 15 318 nd 252 18.8 300b 39 15 457 nd 
1997 210 15.2 13 20 nd 110 nd 250 17.1 15 23 nd 68 nd 
2000 164 11.7 4 24 <5 53 nd 112 11.9 5 11 <5 57 nd 
2003 169 12.9 6.5 <5 <5 30 nd 239 16.3 8 <5 <5 30 nd 
2006 157 11.0 2.5 6 <5 17 1.1 179 11.8 4 <5 <5 23 1 
2007 134 10.6 4 <5 <5 12 1.6 137 11.5 4 <20 <20 14 1 
a value for 1992; b U determined with ICP-OES 
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are limited at e-423 (450 mg/L, 19°dH), have dropped by 2007 to about 40-60 % 
of the 1990 values. 

Compared to that, the results of the SPM investigations documented in Table 4 
do not reveal a very clear overall trend for all monitoring stations since the start of 
the investigations in 2001/02. In the Weiße Elster river the values at the upstream 
station E-312 are more or less constant, with a certain variation for uranium. This 
is in general agreement with the findings of Czegka et al (2005). Concentrations 
for Cu, Ni, Zn, and Cd at the downstream station e-419 show a clear decline, whe-
reas U and As contents do not. Quality standards according to the ThürWRRLVO 
(2004) for As (40 mg/kg), Cu (160 mg/kg) and Zn (800 mg/kg) which have been 
defined as a measure for the ‘Good ecological status’ according to the EC Water 
Framework Directive (EC-WFD), are recently met in the Weiße Elster river. Re-
cent sediment data for s-609 (Sprotte) confirm a very low contamination level for 
all elements measured, uranium concentrations in the sediment are close to geo-
genic background, which is between 3-4 μg/L in the Weiße Elster and Pleiße wa-
tersheds (Czegka et al. 2005).   

Although the comparison of the uranium concentrations between E-312 and e-
419 does not provide evidence of a significant enrichment trend within the 
WISMUT area, the SPM data for e-437 (Wipse) and e-416 (Gessenbach) demon-
strate that both creeks are still significant uranium and heavy metal carriers. How-
ever, both creeks are recently revealing a clear uranium decline, the Gessenbach as 
a result of the waste rock relocation and area clean-up in its catchment, the Wipse 
mainly due to the continuous discharge of treated mine water from the Ronneburg 
water treatment plant since late 2006.  

To further demonstrate the tremendous improvement of the water quality of the 
receiving waters of the Ronneburg mine field since 1990, the uranium concentra-
tions in the surface waters of Gessenbach, Wipse and Sprotte are summarized in 

Table 4. Uranium and heavy metal concentration bound to suspended matter (SPM) in the 
Weiße Elster River and its tributaries dewatering the Ronneburg mine site. Time series 
2002-2007, Annual mean values based on monthly sampling, fraction < 63 μm, in mg/kg. 

  E-312 (upstream Seelingstädt) e-419 (downstream Ronneburg) 
Year U As Cu Ni Zn Cd U As Cu Ni Zn Cd 
2002 a 11 27 85 94 782 3.1 15 22 101 92 1277 4.6 
2003 25 29 99 89 788 3.6 31 24 104 90 1276 4.5 
2004 13 22 107 90 791 3.0 15 29 117 94 1250 4.4 
2005 11 22 100 89 887 nd 8.4 21 95 85 1059 nd 
2006 18 18 74 74 551 nd 10 19 76 68 802 nd 
2007 27 20 79 70 688 2.4 65 27 68 59 463 1.3 

 
 e-437 (Wipse) e-416 (Gessenbach)  s-609 (Sprotte) 
Year U As Cu Ni Zn Cd U As Cu Ni Zn Cd U As Cu Ni Zn Cd 
2002a 120 92 985 211 406 2.6 68 19 582 364 1329 7.4 4.5 15 29 49 176 0.5 
2003 99 239 621 246 467 2.8 72 28 434 347 1135 5.9 4.0 17 35 42 194 0.5 
2004 214 600 1401 216 595 2.9 163 40 1036 411 1376 8.6 3.3 19 40 44 230 0.9 
2005 173 420 1133 278 673 nd 70 47 620 321 801 nd 2.8 19 32 41 186 nd 
2006 81 224 589 213 425 nd 55 41 302 202 487 nd 3.6 17 31 39 178 nd 
2007 85 51 337 136 285 1.8 42 24 161 84 279 1.7 5.6 17 34 38 278 1.0 
a September 2001-August 2002  
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Fig. 4 for the time period between 1990 and 2007. At the end of production in 
1990 Wipse and Sprotte were mainly impacted by the discharge of mine waters 
from the Ronneburg underground mine, which were only treated by simple aera-
tion and sedimentation, mainly to remove dissolved iron. Total mine water dis-
charge averaged to >1000 m3/h for the whole mining district. For the time period 
between 1992 and 1997, mine water discharge to the Wipse creek amounted to 
about 800 m3/h, carrying 2.4 g/L of SO4, 1.25 mg/L of Ni, 0.6 mg/L of Zn, and 
0.3 mg/L of U (average values, cf. Paul et al. 2005). After initiation of the flood-
ing process at Ronneburg’s southern mine fields in 1998 surface water quality im-
proved abruptly, accompanied by a drop of the uranium concentrations by one or-
der of magnitude. Since 2006 treated mine water is being discharged to the Wipse 
creek with a volume of up to 500 m3/h, which, however, is not traceable in the 
uranium concentration graph due to the effectiveness of water treatment (Table 1).  

The former impact affecting the Sprotte also decreased dramatically, most sig-
nificantly after complete cessation of the mine water discharge from the Beer-
walde and Drosen mine fields in 2000. Meanwhile, uranium concentrations in the 
Sprotte creek at monitoring station s-609 reached 4 μg/L, also benefiting from the 
much higher natural flow rates compared to Wipse and Gessenbach (catchment 
area 118.3 km2, 2007 average flow: 0.26 m3/s).  

In contrast to Wipse and Sprotte, the contamination of the Gessenbach was 
originally caused by diffuse influx of seepage waters from different waste rock 
dumps and a seepage water reservoir. After waste rock relocation between 1991 
and 2002 and the ongoing remediation activities in the Gessenbach catchment 
uranium concentrations dropped significantly, roughly by one order of magnitude. 

Zwickauer Mulde catchment 

Since remaining emissions from Pöhla are marginal, the WISMUT-related impact 
to the Zwickauer Mulde is dominated by the Schlema and Crossen sites. The mean 
flow rate of the Zwickauer Mulde’s middle reaches can be assessed using the data 
from Zwickau-Pölbitz (located upstream Crossen) with 13.6 m3/s (MQ1976-2000).  

Table 5 summarizes water quality data for four monitoring stations along the 
Mulde river referring to upstream Schlema (m-131), downstream Schlema (m-
111), upstream Crossen (M-201), and downstream Crossen (M-205). As for the 
Weiße Elster a decreasing trend of the impact related to the WISMUT sites can be 
clearly demonstrated over time. Recent uranium and arsenic contents downstream 
the two sites are 8 μg/L and 6 μg/L, respectively (2007, median values), which 
corresponds to a decrease by 80 % for uranium and 60% for arsenic since 1993. 
The comparison with the corresponding stations upstream is nevertheless docu-
menting a persistent impact, for uranium at both sites, for arsenic at Schlema only.  
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Table 5. Indicative water quality data for Monitoring stations at the Zwickauer Mulde, time 
series 1990-2007, Median values. SO4 in mg/L, hardness (H) in °dH, U and heavy metals in 
μg/L.  

 m-131 (upstream Schlema)  m-111 (downstream Schlema) 
Year SO4 H U Ni Cu Zn As  SO4 H U Ni Cu Zn As 
1993 48 5.0 4 63 16 93 8  65 6.3 19 53 12 84 15 
1997 50 3.6 2 24 5 60 7  75 5.6 63 20 7 63 21 
2000 60 3.7 2 13 5 54 8  94 6.0 10 10 6 38 16 
2003 64 3.8 3 14 13 74 11  102 6.8 15 11 11 58 18 
2006 42 4.0 2 22 <5 52 7  81 6.4 10 16 <5 38 13 
2007 38 3.4 2 14 <5 52 6  54 4.7 8 6 <5 35 9 

 
 M-201 (upstream Crossen)  M-205 (downstream Crossen) 
Year SO4 H U Ni Cu Zn As SO4 H U Ni Cu Zn As 
1993 83 6.8 28 124 152 160 18 82 7.3 43 89 196 163 15 
1997 83 7.4 37 8 5 70 16 112 7.9 40 6 <5 80 16 
2000 73 6.4 6 10 6 79 13 96 6.7 10 12 9 94 11 
2003 116 nd 15 7 <5 56 11 124 nd 18 6 <5 66 10 
2006 82 nd 8 9 <5 36 9 92 nd 10 9 <5 37 8 
2007 52 5.0 6 7 <5 36 6 61 5.6 8 6 <5 36 6 
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Fig.4.  Uranium concentrations in the second order receiving streams dewatering the Ronne-
burg mining area (Wipse, Gessenbach, Sprotte). Time series 1989-2007. Annual median val-
ue, 25 and 75 percentile. U was analyzed as U-dissolved (until 1999, according to demands 
from REI Bergbau 1993) and U-original (since 1996/1999), respectively.
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The uranium and arsenic contents of the suspended matter documented in Table 
6 confirm a significant arsenic enrichment at Schlema, which is, however, mostly 
attributed to the emissions from the abandoned Schneeberg mine, the most impor-
tant arsenic emitter within the entire Zwickauer Mulde watershed, but being not in 
responsibility of WISMUT (cf. Meyer et al. 2008). The Crossen reach, in contrast, 
acts as an arsenic sink, which is also the case for the entire longitudinal profile 
from m-131 to M-205. The relevant quality standard for As (40 mg/kg) is, howev-
er, considerably overrun already upstream the WISMUT area, due to significant 
emissions from abandoned mine sites and historical smelters in the upper Erzge-
birge mountains. Since a general downward trend is lacking, the attainability of 
the ‘Good ecological status’ for the Zwickauer Mulde is more than questionable 
for the foreseeable future due to the arsenic fluxes from the entire catchment area 
regardless of the development of any other component.  

Uranium shows a significant increase from upstream to downstream stations, 
whereas the distance between m-111 and M-201 acts as a sink. The total increase 
is dominated by the Schlema site, since 90 % of WISMUT’s uranium discharge to 
the Zwickauer Mulde river is originated from here according to the discharge sta-
tistics of the last ten years. Significant influxes from upstream are, however, also 
present for uranium, documented by the values at m-131. 

The impact situation at smaller tributaries in the Mulde catchment has im-
proved considerably. In 2007 the lower reaches of Schlemabach, Silberbach and 
Alberodabach at the Schlema site as well as of Luchsbach and Pöhlwasser at 
Pöhla did not reveal any significant contamination due to WISMUT objects. At 
Crossen, a residual impact to the Zinnbach and the Oberrothenbach creek is still 
existing due to diffuse seepage from the Helmsdorf and Dänkritz tailings man-
agement areas, which is expected to decline further as a result of the ongoing re-
mediation activities.   

Table 6. Uranium and arsenic concentration bound to suspended matter (SPM) in the 
Zwickauer Mulde. Time series 2002-2007, annual mean values based on monthly sampling, 
< 63 μm fraction. SF 1a, 4, 20, 21 = sediment traps located close to the monitoring stations. 

 SF 1a/ m-131 SF 4/ m-111 SF 20/ M-201 SF 21/M-205 
Year U 

[mg/kg] 
As 

[mg/kg] 
U 

[mg/kg] 
As 

[mg/kg] 
U 

[mg/kg] 
As 

[mg/kg] 
U 

[mg/kg] 
As 

[mg/kg] 
2002 40 189 122 203 67 178 80 138 
2003 32 375 90 322 65 178 88 178 
2004 33 213 80 256 51 151 66 150 
2005 33 237 83 258 43 160 52 155 
2006 35 258 82 277 52 147 55 121 
2007 32 200 98 206 63 168 73 144 
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Conclusions 

The remediation activities under the WISMUT project caused substantial im-
provements in the water quality of the Weiße Elster and Zwickauer Mulde rivers 
downstream the WISMUT areas including the corresponding tributaries are, based 
on declining emissions since 1990. Although water management regimes were 
constant over a couple of years, certain changes are to be expected in the course of 
the finalization of mine flooding in Ronneburg, Dresden-Gittersee, and Königs-
tein. However, water treatment will be necessary at all sites for decades to assure 
the quality status reached.  

The commissioning of an additional water treatment facility for the seepage 
waters of waste rock dump 371 at Schlema, which is planned for 2009, will further 
decrease the uranium emissions  to the Zwickauer Mulde. 

Environmental quality standards for the aquatic phase of the surface water as 
published in 2006 (proposal for a Directive of the European Parliament and of the 
Council on environmental quality standards in the field of water policy and 
amending Directive 2000/60/EC) contain in case of heavy metals goal concentra-
tions, e.g. for Ni (20 µg/L). Comparing these with current water quality data for 
the Weiße Elster and Zwickauer Mulde rivers it can be concluded that the residual 
impact from the WISMUT legacies will not prevent target achievement. However, 
potential standards for other relevant parameters especially for uranium are still 
under discussion.  

Critical parameter concentrations in the suspended matter, which are of relev-
ance to reach the ‘Good ecological status’ according to the EC-WFD (e.g. Zn, Ni, 
As) are recently met in the Weiße Elster river downstream the WISMUT area. For 
the Zwickauer Mulde the same is not likely to happen in the foreseeable future, 
due to the constantly high arsenic influxes from the entire catchment area. There-
fore, the management of arsenic fluxes in the Mulde watershed must further be 
addressed with high priority.   
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Abstract. At all the French uranium mines where it made radiological surveys, the 

CRIIRAD laboratory discovered situations of environmental contamination and a 

lack of proper protection of the inhabitants against health risks due to ionizing rad-

iation. Radiological problems are not only to be addressed during mining or mil-

ling operations but also on the longer term after mine closure.  

Uranium and its by-products 

All natural uranium isotopes (238U, 234U, 235U) are radioactive. The most com-
mon isotope, 238U, decays naturally into a succession of 13 other radioactive nuc-
lides. All are metals (thorium 230, radium 226, lead 210, polonium 210, etc) ex-
cept one, radon 222, which is a radioactive gas. 

Uranium and its decay products emit various ionizing radiation such as alpha 
and beta particles and gamma radiation. 

The Earth’s crust has a typical 238U activity of about 40 Becquerels per kilo-
gram (Bq/kg). Since the creation of the Earth, this level of radiation has decreased 
by two-fold because 238U half-life is very long and equal to the age of the planet 
earth (4.5 billion years). 

This presence of natural uranium in the Earth crust, and therefore in numerous 
building materials made out of natural minerals, is the main source of exposure of 
mankind to ionizing radiation.  

This is especially due to the diffusion of radon gas from the soil and materials 
containing uranium- and its accumulation in the air inside buildings and dwellings. 
This radiological hazard is now well documented and International (The Interna-
tional Commission on Radiological Protection, ICRP) and European (Euratom) 
regulations determine recommendations and action levels in order to lower radon 
concentration inside buildings and reduce cancer risks.  

The health impacts of ionizing radiation even at low doses include the increase 
of various types of cancers, genomic instability, life-shortening and negative im-
pacts on all the body functions. 
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Radiological situation before extraction 

The activities of uranium ores have an important variability. Typical ore with a 
uranium content of 0.2 % has a 238U activity of about 25,000 Bq/kg. The total ac-
tivity, including all the 238U by-products and the 235U decay chain will therefore 
exceed 360,000 Bq/kg. Such material should be managed with a great deal of cau-
tion due to the risks of exposure to ionizing radiation. 

As long as the ore remains buried underground - the depth being a few tens and 
even a few hundreds of meters - the radiation levels at the surface of the earth re-
main low and usually have the same order of magnitude as of typical natural radia-
tion levels. Except in places where the ore reaches the ground surface (typically a 
few square meters), the protection offered by the soil is usually sufficient to re-
duce the risks for the people living in the area.  

Indeed, alpha and low energy beta particles are stopped by a thin layer of soil 
(much less than 1 cm.). Even penetrating gamma radiation does not cross a layer 
of soil of a few meters.  

Regarding the radiological characteristics of air and water, the situation is more 
complex. Nevertheless before mining activities most of the radon gas remains 
trapped inside the soil. Because of its short half-life (3.8 days) a lot of the gas 
atoms will disintegrate inside the soil during their migration before reaching the 
biosphere.  

The amount of nuclides in underground water may remain low if the minerals 
containing uranium are trapped in unpermeable layers.  

Radiological situation during uranium extraction 

The radiological situation is reversed as soon as the uranium extraction begins. 
There are many reasons for this. 

Radioactive dust is transferred to the atmosphere by mining operations, extrac-
tion and crushing of ore, uranium milling, management of waste rocks and tail-
ings. This has to be emphasized because some of the nuclides contained in the 
uranium decay chains (such has thorium 230) are very radiotoxic when inhaled. 
For example, when inhaled, a given activity of actinium 227 (part of the 235U de-
cay chain) gives a radiation dose 5 times higher than the same activity of pluto-
nium 238 (Euratom 1996). 

Radon gas is transferred to the atmosphere by the vents of the mines and by dif-
fusion from radioactive rocks and tailings (Chareyron and Castanier 1994). 

Surface and / or underground water is contaminated by uranium and its by 
products. Some of them are very radiotoxic when ingested (Chareyron and Cas-
tanier 1994). Lead 210 and polonium 210 for example are among the most radi-
otoxic elements. When ingested, a given activity of polonium 210 gives a radia-
tion dose 4.8 times higher than the same activity of plutonium 239 (Euratom 
1996). 
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Huge amounts of waste rocks, with activities exceeding the normal activity of 
the earth crust by one to two orders of magnitude are dispersed into the environ-
ment and may be used for landfill, road construction or even building (Chareyron 
2002b). 

Huge amounts of radioactive tailings (with typical total activities exceeding 
100,000 and even 500,000 Bq/kg) are generated and stored without proper con-
finement (Chareyron and Castanier 1994). 

Long term contamination after mines closure 

Even decades after the shut down of uranium mines and mills, the radioactive con-
tamination of the environment will remain. This is due to the fact that 238U half 
life is very long (4.5 billion years).  

But even the tailings from the mills - whose uranium content is lower than the 
initial uranium concentration in the ore - will remain radioactive on the long term. 
They contain all the radioactive metals included in the uranium decay chain which 
have not been extracted in the mill, especially thorium 230 and radium 226 whose 
half lives are 75,000 years and 1,600 years respectively. 

This long term impact will occur in many ways. Some examples are given be-
low, based on studies performed by the CRIIRAD laboratory since 1992 in France 
(and Niger). 

Transfer of radionuclides to the aquatic environment 

Accumulation of radioactive metals in sediments and plants of rivers, ponds, and 
lakes by contaminated waters from former mines (and also tailing deposits, 

Table 1. Radioactivity of sediments upstream and downstream Saint-Pierre a mine (year 
2003, 2004, 2006). 

Sample type Sample  
Location 

Year Uranium 238 
(Bq/kg dry) 

Radium 226 
(Bq/kg dry) 

Lead 210 
(Bq/kg dry) 

Sediment  Brook,  
upstream 

2006 76 77 123 

Sediment  Ditch. near 
Lake,  
downstream 

2003 49,900 1,191 1,387 

Sediment  Ditch. near 
Lake 

2006 144,000 430 2,150 

Sediment  Lake,  
downstream 

2004 126,000 735 3,533 

a Saint Pierre mine is located in Cantal (France). Uranium extraction took place from 1956 
to 1985. The mining companies were SCUMRA, then Total Compagnie Minière. The site is 
now under COGEMA-AREVA’s responsibility (Chareyron 2004, 2005a; Chareyron and 
Constantin Blanc 2007). 
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uncovered waste rock deposits, etc.) is a problem that is not yet properly addressed 
by the companies. 

The CRIIRAD laboratory discovered that sediments, aquatic plants and soil 
from river banks downstream former uranium mines have such a contamination 
that they deserve in many cases the terminology: “radioactive waste” (238U activ-
ity or the activity of some of its by-products were exceeding 10,000 Bq/kg). 

Some results are summarized in tables above (Table 1) and below (Tables 2 
to 4). 

As shown in the table above (Table 2) the accumulation of uranium and or ra-
dium downstream uranium mines is usually more intense for surface soil sampled 
from the river shore than for river sediments (one order of magnitude in this ex-
ample). 

Bioaccumulation of radioactive metals can be extremely high in the biota. In 
some cases, the contamination of aquatic plants by radium 226 downstream ura-
nium mines can exceed 100,000 Bq/kg dry (Table 3). This shows that the mine 
water treatment system is not operating properly. 

The problem of bioaccumulation is usually not taken into consideration by the 
companies nor the administrations in charge of environmental monitoring and 
regulatory control. 

It should be noted as well that radioactive metals are transported far away from 
the mines. At Les Bois Noirs mine, uranium accumulation in sediments is still 54 
times above background value 12 km downstream the mine (Table 2). Uranium 

Table 2. Radioactivity of sediments and soil upstream and downstream Les Bois Noirs b 
uranium mine (year 1996, 2001 and 2006). 

Sample type Sample  
Location 

Year Uranium 238 
(Bq/kg dry) 

Radium 226 
(Bq/kg dry) 

Lead 210 
(Bq/kg dry) 

Sediments River,  
upstream 

1996 87 85 109 

Marshy soil downstream 
tailings pond 

2001 7,900 18,400 7,500 

Sediments River, 25 m 
downstream 
water dis-
charge 

2001 510 770 390 

Soil River shore 
25 m down-
stream dis-
charge 

2001 5,900 10,600 4,100 

Deep sedi-
ment (20/30 
cm) 

Dam, 12 km 
downstream 

1996 4,048 1,928 1,613 

Sediment Dam, 12 km 
downstream 

2006 4,700 1,630 1,680 

b Les Bois Noirs mine is located in the Loire department (France). Uranium has been ex-
tracted there from 1955 to 1980 by the CEA and then COGEMA-AREVA. (Chareyron 
2002b, Chareyron 2008b). 
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and radium accumulation in aquatic plants are 4 to 6 times above background val-
ue 30 km downstream the discharge pipe from the mine (Table 3). 

Table 3. Radioactivity of aquatic plants upstream and downstream Les Bois Noirs b ura-
nium mine (Year 2001 and 2006) 

Sample type Sample  
Location 

Year Uranium 238 
(Bq/kg dry) 

Radium 226 
(Bq/kg dry) 

Lead 210 
(Bq/kg dry) 

Fontinales River,  
upstream 

2001 109 144 323 

Fontinales Drain  
downstream 
tailings pond 

2001 32,400 113 1,250 

Fontinales River, 25 m 
downstream 
the discharge 
pipe 

2001 9,000 93,600 1,430 

Fontinales River 1.5 km 
downstream  

2001 3,500 37,800 600 

Fontinales River, 9 km 
downstream 

2001 1,900 5,500 480 

Fontinales River, 30 km 
downstream 

2001 450 990 210 

Fontinales Inside dis-
charge pipe  

2006 3,400 143,000 6,000 

Fontinales River < 1 km 
downstream  

2006 10,200 147,000 2,400 

Table 4. Radioactivity of sediments and soil upstream and downstream (PDL) Puy de 
l’Agec and (BZN) Bellezaned uranium mines (year 1993, 2004). 

Sample / 
Mine 

Sample  
Location 

Year Uranium 238 
(Bq/kg dry) 

Radium 226 
(Bq/kg dry) 

Lead 210 
(Bq/kg dry) 

Sediment River, 
upstream 

1993 73 60 68 

Sediment / 
PDL 

River,  
downstream 

1993 13,470 28,740 7,282 

Sediment / 
BZN 

River,  
downstream 

1993 36,167 1,971 1,928 

Sediment / 
BZN 

River, 1.5 m 
downstream 

2004 63,000 13,400 2,770 

cPuy de l’Age mine is located in the department of Haute-Vienne (Limousin, France). The 
mine has been reclaimed by COGEMA-AREVA in 1993 (Chareyron and Castanier, 1994). 
dBellezane mine is located in the department of Haute-Vienne (Limousin, France). Uranium 
has been extracted from 1975 to 1992 by COGEMA-AREVA (Chareyron and Castanier, 
1994, Chareyron 2006). 
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Dispersal of radioactive minerals 

At many places, radioactive minerals from the mines are kept by local people or 
former workers unaware of the radiological hazards which are, in some cases, very 
significant. 

For example, the CRIIRAD laboratory discovered in France that an inhabitant 
living near Les Bois Noir former uranium mine was keeping a sample of waste 
rock with a dose rate of 1 milliSievert per hour at the surface of the stone (Charey-
ron, 2002a). This figure is about 5,000 times above local background level.  

The gamma doserate was 18.3 microSievert per hour at a distance of one meter. 
Staying at a distance of 1 meter during only 10 minutes per day will lead to ex-
ceeding the annual maximum permissible dose for members of the public i.e. 
1 milliSievert per year (Euratom, 1996). 

Dispersal of radioactive waste rocks and radon gas accumulation 

Re-use of radioactive waste rocks for landfill has been in some areas a common 
practice. CRIIRAD demonstrated that several places near a French uranium mine 
were contaminated including the car park of a restaurant, the yard of a farm, sev-
eral sawmill buildings, kilometres of path and roads, etc. (Chareyron 2002b). 

In one case, a sawmill building had been built several decades ago directly on 
the radioactive waste rocks taken at the mine. Due to gamma radiation and radon 
gas accumulation, the radiation dose inside the building could exceed the annual 
maximum permissible dose for members of the public by a factor exceeding 20. 
The mining company had therefore to pay during year 2003, for the evacuation of 
8,000 m3 of radioactive waste rock from the sawmill back to the former open pit 
(Chareyron 2002b). 

Dispersal of contaminated scrap metal 

Dispersal and re-use of contaminated scrap metal from the mines or mills has also 
been a common practice.  

During 2003, the CRIIRAD laboratory discovered in Niger that radioactive 
scrap metal was sold in Arlit city. One piece was a pipe from the uranium mill. It 
was sold without previous decontamination and the 226Ra activity of the crust in-
side the pipe exceeded 200,000 Bq/kg. Such a practice cannot be justified. 

The mining company COGEMA (now known as AREVA) stated that before 
1999, no radiation limit was used for scrap metal recycling. Later, a dose limit of 1 
microGray per hour at a distance of 50 cm had been applied. Such a limit is much 
too high. If someone uses such metallic pieces inside his house – which is com-
mon in African countries –staying 3 hours per day at a distance of 50 cm will lead 
to exceed the annual maximum permissible dose for members of the public. (Cha-
reyron 2003, 2005b). 
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At present, discussions are still going on with the mining company, local 
NGO’s and the administration, in order to decide whether radioactive rocks used 
at other places will or will not be evacuated (ski resort house, garage of a citizen, 
etc.). 

Radioactive material have been detected again in 2007 inside private houses or 
at scrap merchants (Chareyron 2008a). 

Problems posed by the disposal of tailings 

The disposal of radioactive tailings and their control on the long term, has not re-
ceived yet satisfying solutions, taking into consideration their activity, radiotoxici-
ty and long half-lives. Some examples from France (where about 50 million tons 
of tailings are stored) and Niger are given below. 

In France 1.5 million tons of tailings have been dumped in a former open pit 
(Bellezane mine) but the CRIIRAD laboratory discovered that the finest fraction 
of the radioactive material could reach the underground galleries underneath the 
pit. Furthermore, the mine water treatment plant was not efficient enough to pre-
vent the contamination of the river and meadows downstream (Chareyron and 
Castanier 1994, Chareyron 2006).  

In Niger, more than 20 million tons of radioactive tailings are stored in the open 
air, near SOMAÏR and COMINAK mills, a few kilometers away from the cities of 
ARLIT and AKOKAN (about 70,000 inhabitants). Radon gas and radioactive dust 
can be scattered away by the powerfull winds of the desert (Chareyron 2003, 
2005b, 2008a). 

Conclusion 

At all the French uranium mines where it made radiological surveys, the 
CRIIRAD laboratory discovered situations of environmental contamination and a 
lack of proper protection of the inhabitants against health risks due to ionizing rad-
iation.  

This is due to the lack of proper regulations, a poor awareness of the radiologi-
cal hazards associated with uranium and its by products, insufficient monitoring 
practices, the lack of controls by the local and national administration, etc.  

When the mines are shut down, the radioactive waste remains, and it seems that 
the costs for managing this radioactive legacy will have to be largely supported by 
the society, not the companies.  

If such a situation occurs in a so-called “developed country” one should fear 
what could actually happen in other parts of the world. The preliminary mission 
made by CRIIRAD to Niger confirmed this fear. In Gabon, the improvement of 
the conditions in which tailings are disposed is being paid for by the European 
Community and not by the mining company. The former workers and local 
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population do not benefit any more from medical care and they receive no com-
pensation when they become sick, years and decades after the mine shut down. 
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concentration in ground and surface waters 
encountered at uranium ore mining and 
processing sites  
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Abstract.  With a view to licensing procedures and stakeholder consultations and 

in particular to discussions with locals living near former uranium mining sites, it 

is absolutely essential to apply/follow a science-based and generally accepted 

course of action when it comes to evaluate uranium (levels) in water. This paper 

depicts the evaluation process as performed in Germany and how it was applied to 

the environmental remediation of legacies left behind by former uranium ore min-

ing of Wismut. 

Introduction 

Specialist literature as well as guidelines and recommendations issued by national 
and international agencies rate chemo-toxic risks to human health emanating from 
uranium in water higher than the corresponding radiological risks. Public percep-
tion, however, is in the first place dominated by the possible radiation hazard due 
to uranium in water. It is therefore imperative to assess incorporation via the 
aquatic pathway of uranium on the basis of scientifically substantiated risks to 
human health. Such assessment also implies harmonised and generally accepted 
exposure pathway analyses. These analyses, in turn, provide a valuable tool when 
it comes to justify and optimise remediation decisions based on measured or pre-
dicted uranium concentrations in ground or surface waters. 
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Radiological assessment basis  

Basically, there are two approaches to assess radionuclides in the environment: 
a) a limit or reference value related approach, and 
b) a dose-related approach. 

In the limit or reference value related approach, measured or predicted concen-
trations are being compared to corresponding limits or reference level values as 
prescribed in federal acts, recommendations or regulatory notices of approval. 
Limits for nuclide discharge to receiving streams (e.g. maximum concentration 
limits in discharge water or approved maximum loads for discharge via the aquatic 
pathway) also provide feasible assessment bases. The value related approach is 
easy to handle and efficiently applicable to discussions with concerned people 
(stakeholders). This approach draws its justification from the proper definition of 
limit and reference values based on generic exposure assessments.  

The dose-related assessment approach is based on an exposure pathway analy-
sis. It finds application in complex exposure situations, whenever there is a prob-
able exceeding of reference or limit values calling for decisions on justification 
and optimisation of intervention measures. Figure 1 exemplifies the exposure 
pathways to be analysed on principle for contamination of a surface water body: 

 

Fig.1. Schematic of an exposure pathway analysis for radionuclides in surface waters. 

Limits and reference values for uranium in water 

At present, there is no legislative provision in Germany to legally stipulate, from a 
radiological point of view, maximum allowable concentrations of uranium nuc-
lides in water, except if one defines the Groundwater Ordinance (BMU 1997) as a 
regulation on “zero values” for anthropogenically induced uranium concentrations, 
because this ordinance prohibits the discharge into groundwater of carcinogenic 
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substances, thereby also of radioactivity. Unlike in some countries in Europe and 
overseas, there are also no limit values for uranium nuclides in drinking water. 
The German Drinking Water Ordinance evaluates radionuclides in drinking water 
by applying the reference level for the effective dose of 0.1 mSv/a (BMU 2001). 
From that, secondary reference values may be derived on the basis of an exposure 
pathway analysis (cf. section 2.2) 

Technically, uranium levels in waters at sites remediated by WISMUT might 
be assessed by using a recommendation on the maximum allowable concentration 
of uranium in drinking water issued by the German Commission on Radiological 
Protection in 1992 (SSK 1992) and the Nuclear Safety and Radiological Protec-
tion Ordinance VOAS of the former GDR (SAAS 1984) which is still in effect. 
The appropriate limit and reference value data are compiled in Table 1. While the 
recommendation of the Commission on Radiological Protection has found rare 
application in licensing procedures, VOAS, in contrast, is still being applied to the 
licensing of discharge limits. 

Dose related assessment approach for uranium in water 

Adopted in 1999 by the German Federal Ministry for the Environment, Nature 
Conservation and Nuclear Safety, the “Calculation Bases for the Determination of 
Radiation Exposure due to Mining-caused Environmental Radioactivity” (Calcula-
tion Bases Mining CBM-99) provide a recognised assessment basis for elevated 
uranium concentrations in waters at mining site locations (BMU 1999). The as-
sessment is not limited to uranium but also extends to / includes all other naturally 
occurring radionuclides of the U and Th decay series having dose relevance. In es-
sence, the Calculation Bases Mining provide guidance on how to implement an 
exposure pathway analysis, whereby the following parameters are being provided: 
• definition of exposure pathways to be considered; 
• consumption rates (age-dependent): the subsequent age-groups are being con-

sidered: “< 1a”‚ “1-2a”, “2-7a”, “7-12a”, “12-17a” and “adults”; 
• dose coefficients for the incorporation of radionuclides (also age-dependent); 

Table 1. Limit and reference values as defined by VOAS and the SSK recommendation. 

VOAS 1984 SSK 92 
Nuclide / 
element 

Maximum concentration 
limit for discharge to re-
ceiving streams  

Nuclide / 
element 

Reference value of permissible 
concentration in drinking water 
at mining sites 

Unat       0.16 mg/l Unat        7  Bq/l (0.3 mg/l)b 
U-238a       5 Bq/l  Effective dose reference level for 

drinking water  U-234       4 Bq/l  
U-235       5 Bq/l          0.5 mSv p. a. 

a    Provided that there are nuclide mixtures, the summation formula is to be used. 
b   Assuming the existence of a radioactive equilibrium between U-238 and U-234 as well   
as of a natural isotopic ratio (U-235 : U-238 = 0.7 % by weight). 
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• transfer factors for radionuclides, e.g. for the subsequent transitions: water  
plant when irrigated; water  livestock watering; plant/livestock  human or-
ganism when consuming food [age-dependent), etc. (cf. Fig. 1); as well as 

• generic background values for naturally occurring radionuclides in waters. 
The Calculation Bases Mining CBM-99 are intended to determine the effective 

dose to a reference person at the most adverse point of impact. Basically, this im-
plies a conservative assessment approach. However, taking site-specific conditions 
(whenever possible, use of measured nuclide concentrations versus modelling re-
sults, consideration of local consumption habits, elimination of low-realistic expo-
sure pathways, consideration of site-specific background levels) into account will 
allow to calculate sufficiently realistic values for doses to the population at mining 
locations. As a result of the exposure pathway analysis, the established effective 
doses are compared to the reference level of 1 mSv/a, and then serve as a bench-
mark for the assessment of liabilities left behind by uranium ore mining. Under the 
WISMUT environmental rehabilitation project this reference level serves as a cri-
terion in the decision-making on remediation actions. 

Assessment results 

Generic considerations 

In an initial step, all potential effective doses to a standard reference person caused 
by uranium via the aquatic pathway are being calculated pursuant to CBM-99 (cf. 
Table 2). The consideration starts from the assumption that the person in case con-
sumes 100 percent drinking water contaminated by former mining activities as 
well as 25 percent of local foodstuff  contaminated via the aquatic pathway. The 

Table 2. Annual effective dose to a reference person via the aquatic pathway according to 
CBM-99 from an uranium concentration in water of 1 mg/l. 

Exposure pathway Age-group-specific effective dose [mSv/a] 
< 1a 1-2 a 2-7 a 7 -12 a 12 -17a Adult 

Drinking water consumption (DW) 0.487 0.312 0.210 0.266 0.352 0.410 
Fish consumption (Fi) 0.002 0.005 0.003 0.004 0.004 0.004 
Meat consumption (Me) 0.002 0.002 0.005 0.005 0.006 0.005 
Dairy products consumption (Di) 0.022 0.028 0.019 0.017 0.017 0.009 
Leafy vegetable consumption (L) 0.025 0.018 0.014 0.015 0.018 0.014 
Fruit/vegetable consumption (F) 0.166 0.121 0.124 0.109 0.104 0.055 
Potatoes consumption (P) 0.166 0.078 0.059 0.061 0.060 0.040 
Cereal products consumption (C)  0.066 0.058 0.105 0.105 0.121 0.080 
Consumption of mother milk or 
milk powder related products pre-
pared with the water (MM_MP) 

 1.027a - - - - - 

Total 1.963 0.622 0.539 0.582 0.682 0.617 
a here: dose from the consumption of “milk powder (related) products MP” 
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data in Table 2 are in addition based on the assumption that uranium concentration 
in water equals 1 mg/l. Background levels were not considered. Equilibrium be-
tween U-234 and U-238 as well as a natural ratio of uranium isotopes were as-
sumed (i.e., 12.2 mBq/l U-234 and U-238, respectively; 0.55 mBq/l U-235). 

As a matter of principle, it has to be noted that uranium nuclides U-234 and 
U-238 dissolved in waters tend not to be in radioactive equilibrium (sometimes, 
increases of U-234 versus U-238 by a few percent up to a factor of 2 have been 
observed). Therefore, the radiological assessment of Unat with the assumption of a 
radiological equilibrium between U-234 and U-238 is an approximation. The third 
uranium nuclide to be considered is U-235, for which an activity ratio of 0.045 is 
assumed to U-238 (corresponds to a natural isotopic ratio of 0.7 percent by 
weight). One has also to consider that in addition to uranium nuclides other nu-
clides of the uranium decay series may just as well contribute to the effective dose 
via the aquatic pathway at uranium mining sites. Such nuclides are primarily Th-
230, Ra-226, Pb-210 and Po-210 of the U-238 series and Pa-231 as well as Ac-
227 of the U-235 series. Given the lower solubility of the elements, these nuclides 
are normally present in water in significant lower concentrations. However, given 
their dose coefficients (denotes the effective dose build-up for each incorporated 
radionuclide; unit = Sv/Bq) which are partly in orders of magnitude greater than 
for U-238, these nuclides must not be left unconsidered in an exposure pathway 
analysis. The outcome of this is that the entire nuclide vector must be well-
understood to perform the radiological assessment of the aquatic pathway at ura-
nium mining sites. By way of example, Table 3 lists nuclide vectors for contami-
nated waters in the neighbourhood of uranium mining legacies left behind by 
WISMUT. Effective doses based on these nuclide vectors are listed in Table 4. 

With regard to the data contained in Table 4 it should be noted that the effective 
doses were for the most part calculated very conservatively, i.e. more elevated 
than occurring in reality. The reason for this is that all exposure scenarios as well 
as standard consumption rates for a reference person were considered according to 
CBM-99. Such an approach is totally unrealistic in terms of an effluent from a wa-
ter treatment plant which is directly discharged to a major receiving stream where 
it is immediately diluted and hence no longer available for use in accordance with 
standard scenarios defined by CBM-99. 

Exposure evaluation with a view to using locally contaminated groundwater in 
the neighbourhood of a flooded uranium mine is also a bit out of touch with reality 
as such waters are not being used for the time being and will have to be subject to 
use restrictions in the future. It might be argued however, that the “concept of us-
able aquifer” being currently under discussion in Germany is to be integrated into 
a revision of the Calculation Bases Mining. Under this concept, groundwater is to 
be evaluated by the assumption of a fictitious well from which water is used for all 
standard scenarios according to CBM-99. Such an approach makes sense to dem-
onstrate the degree of groundwater contamination. Though, in the mind of the au-
thors of this paper, such approach is not suited to serve as a remediation objective 
and even less to perform optimisation analyses for a “pre-existing situation”. This 
should only be done on the basis of realistic water use scenarios. 
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Finally, it should be noted with regard to data in Table 4 that generic back-
ground levels of naturally occurring radionuclides generically assumed for Ger-
many (acc. to the Calculation Bases Mining CBM-99) were being taken into con-
sideration for their calculation. In uranium mining regions natural background 
levels are more elevated which reduces the mining-related dose contribution. 

Consideration closer to reality 

More realistic dose values may be obtained on the basis of a site-specific consid-
eration with due regard to actual exposure scenarios. The case study below starts 
from a fully determined (i.e. measured) nuclide vector for contaminated surface 
waters (Lerchenbach creek) in the neighbourhood of the Trünzig TMA. The 

Table 3. Exemplary nuclide vectors V in waters contaminated by WISMUT uranium min-
ing operations.  

Activity concentration in water [Bq/l] 

U-238 U-234 Th-230 Ra-226 Po-210 Pb-210 U-235 Pa-231 Ac-227 
Groundwater in the surroundings of a flooded uranium mine in Schlema [VMINE] 
19,1 19,0 0,06 < 0,073 0,045 0,02 0,886 <0,05 0,042 

Seepage from a mine dump in Schlema [VDUMP] 
2,4 2,46 0,006 0,006 0,002 0,008 0,11 0,007 0,006 

Effluent from the water treatment plant in Seelingstädt [VWTP] 
1,55 2,0 < 0,15 <0,008 0,003 <0,025 0,071 n.d.b <0,01 

Contaminated surface water near the tailings management area Dänkritz [VTMA] 
15,6 15,0 < 0,22 0,12 n.d.a <0,025 0,72 n.d.b <0,01 

a  not determined, Po-210 concentration set to be equal to that of Pb-210 
b  not determined, Pa-231 concentration set to be equal to that of  Ac-227 

Table 4. Conservatively calculated doses to locals via the aquatic pathway at WISMUT 
mining sites (all aquatic exposure pathways, consideration of generic background values 
acc. to CBM-99). 

Nuclide 
vector 

Age-related effective annual dose [mSv/a]* 

< 1a 1 -2 a 2 -7 a 7 -12 a 12 -17a Adult 
VMINE 3,94 1,20 1,0 1,1 1,21 1,09 
VDUMP 0,45 0,13 0,11 0,12 0,14 0,13 
VWTP 0,56  0,13 0,11 0,12 0,14 0,13 
VTMA 3,05 0,93 0,78 0,84 1,0 0,87 
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application of a typical background nuclide vector measured on site (cf. Table 5) 
gets the assessment one step further toward “close to reality”. 

The subsequent non-precludable scenarios were considered: 
• consumption of creek water as drinking water and use of the water for prepara-

tion of milk powder-related baby food (up to 100 % use made of contaminated 
water);  

• fish from the creek, crop irrigation / livestock watering with creel water; locally 
produced food represents 25 percent of foodstuff consumption. 
The figures below represent corresponding dose values for the population. In 

addition to the effective dose to all age-groups (cf. Fig. 2), focus for the  critical 
exposure group infant “< 1a” and the age group “12-17a”  is on contributions from 
individual exposure pathways (cf. Fig. 3). Figure 4 shows the nuclide specific con-
tribution to the exposure for the age group “12-17 a”  for the exposure pathway 
“drinking water consumption” and “consumption of field and garden products”. 

Table 5. Nuclide vector VTRÜNZIG and associated site-specific background nuclide vector 
VBGRD, as well as generic background vector VBGRDgen acc. to CBM-99 

Activity concentration in water [Bq/l] 

Nuclide 
vector 

U-238 U-234 Th-230 Ra-226 Po-210 Pb-210 U-235 Pa-231 Ac-227 

VTRÜNZIG 5,2 6,1 0,17 0,02 0,025 0,024 0,24 0,015 0,015 

VBGRD 0,17 0,17 <0,01 <0,01 <0,005 <0,005 0,01 <0,001 <0,001 

VBGRDgen 0,02 0,02 0,002 0,02 0,002 0,005 0,001 0,001 0,001 
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Fig.2. Non-precludable effective dose via the aquatic pathway to locals in the surroundings 
of the tailings management area Trünzig.  



466      Peter Schmidt and Thomas Lindner 

Session III: Mine closure and remediation processes 

331

30 16

1368

0 14

293

698

388

165188
21

0
200

400
600
800

1000
1200

1400
1600

DW Fi MM_MP CFPV D_M Total

Exposure pathway

E
ff

ec
tiv

e 
D

os
e 

 [µ
S

v/
a]

< 1a 12 - 17 a

 
Fig.3. Contributions of individual exposure pathways for the age groups “< 1a” and “12-
17a”, exposure via the aquatic pathway in the surroundings of a tailings management area 
(DW – drinking water; Fi – fish consumption; MM_MP – mother milk or consumption of 
milk powder-related products prepared with the water, CFPV – consumption of cere-
als/fruits/potatoes/vegetable; D_M  - consumption of dairy and meat products. 
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Fig.4. Nuclide specific contributions to effective dose to age groups “12 -17a” (DW - 
drinking water,  CFPV – consumption of cereals/fruits/potatoes/vegetable). 
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Conclusions 

The conclusions below may be derived both from the illustrated results and from a 
host of exposure pathway analyses that have been performed so far under the 
WISMUT rehabilitation project with regard to the aquatic pathway: 
1. An exposure pathway analysis is essential to a comprehensive radiological as-

sessment of uranium in ground and surface waters. This implies the application 
of appropriate calculation bases to yield consistent and close to reality analysis 
findings.  

2. Adopted by the Federal Ministry of the Environment in 1999, the Calculation 
Bases Mining CBM-99 have proven their worth as a mature tool for a consis-
tent, scientifically substantiated and accepted assessment of radionuclides in 
waters at mining sites. 

3. At WISMUT sites in East Germany, exceedance of the 1 mSv criterion by ex-
posure via the aquatic pathway is ascertained almost exclusively for the age 
group “< 1a”, whereas the lesser realistic, but not entirely precludable exposure 
pathway “use of contaminated drinking water for baby food preparation” con-
stitutes the critical factor for that exceedance. 

4. Due to different solubility of chemical elements in water nuclides as a rule are 
in a radioactive disequilibrium. The outcome of this is that the entire nuclide 
vector must be well-understood to perform the radiological assessment of the 
aquatic pathway at uranium mining sites.  

5. In the neighbourhood of tailings management areas and of chemical uranium 
processing sites, exposure via the aquatic pathway is chiefly dominated by the 
nuclides U-234 and U-238 due to the solubility of uranium in water. Nuclide 
vectors in seepage or mine waters with elevated concentrations of Ra-226 
and/or Ra-228 as well as of their daughter nuclides may result in exposures 
where other radionuclides in addition to those of uranium are significant dose 
contributors. 
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Abstract. Since the early investigations after the German reunification it is well 

known, that the floodplains of the Rivers Zwickauer Mulde and Vereinigte Mulde 

are highly contaminated with natural radionuclides as a consequence of the former 

uranium mining and milling activities in Saxony. In 2007 a project was launched 

in order to investigate the radionuclide contents in farmed land of the Mulde River 

floodplains. Based on results of former investigations as well as GIS-dissection of 

maps with agricultural areas and flooding areas with flooding frequency, 22 sites 

have been selected for this study. On these areas systematic sampling of soil will 

be carried out. The received data of contamination should be radioecologically 

analysed and the resulting radiation exposure to members of the public due to in-

gestion of the field crops cultivated in these areas should be estimated. In this con-

tribution first results of the study will be presented. 

Introduction 

Since the early investigations after the German reunification associated with the 
„radiological brown fields land register” (Altlastenkataster) it is well known, that 
the floodplains of the Mulde River system are highly contaminated with natural 
radionuclides as a consequence of the former uranium mining and milling activi-
ties in Saxony (Ettenhuber and Gehrcke 2001). In spite of extensive research 
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projects, particularly after the August-2002 inundation event, still are missing pub-
lications of representative data for natural radionuclides in the agriculturally used 
areas affected by the Mulde Rivers (Geller et al. 2004). Therefore, the Free State 
of Saxony launched a project in 2007 to investigate the radionuclide contents in 
farmed land of the Mulde Rivers’ floodplains. 

A main goal of this investigation is to determine representative values for the 
contamination of agriculturally used floodplains of the Zwickauer Mulde and the 
Vereinigte Mulde Rivers with natural radionuclides. Later, the received data for 
the specific activities of these nuclides will be radioecologically analyzed, and 
there will be estimated the resulting radiation exposure to members of the public 
due to ingestion of the field crops from these areas. 

In a first step was performed a literature review and a GIS-dissection of maps 
with agricultural areas and flooding areas taking into account flooding frequency, 
and former investigations. As a result of this analysis had been selected 22 agricul-
turally used sites for this study. On these areas will be carried out this summer sys-
tematic sampling of soil. Additionally, at two sites soil profiles will be investi-
gated. As far as the radioactive disequilibria allow, the results of this study will be 
used to assess the radionuclide balances in the soil profiles, too. 

In the following sections, the first results of this study as well as the methodol-
ogy of the planned field-investigations will be discussed. 

Literature review 

As a first step of the investigation a literature review was carried out in order to 
summarize the previous knowledge of radionuclide concentrations in farmed land 
of the Mulde Rivers floodplains. The focus of this review was to describe the geo-
genic and anthropogenic influences to the soils of the investigation areas, especial-
ly from the use of phosphate-fertilizers. 

The most important study regarding the geogenic background was the side-
project “radionuclides in sediments and alluvial soils” of the radiological brown 
fields land register carried out from 1994 to 1995 (GRS 1996). In this study was 
carried out a statistic evaluation of the river floodplains influenced and non-
influenced by the former uranium-mining. The median values for the specific ac-
tivities in no-influenced alluvial soils can be quoted as 70 Bq kg–1 U-238, 75 Bq 
kg–1 Ra-226, 51 Bq kg–1 Pb-210 and 55 Bq kg–1 Po-210. Agriculturally uses parts 
of river-floodplains had not been taken into account, and not discriminated respec-
tively in that study. 

In the last years the topic “uranium in agriculturally used soils” was very 
present in the public discussion, so that the German radiation protection agency 
(BfS) together with the federal institute for risk assessment (BfR) in 2007 pub-
lished a study concerning the risk assessment for consumers (BfR and BfS 2007). 
Conclusion of this study was that there is no evidence today in Germany for harm-
ful influences of uranium towards public health from the use of phosphate-
fertilizers. On the other hand, the uranium discharged to agriculturally used soils 
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was very high in the past in some regions of Germany, reaching 9–18 g ha–1 per 
year, but today it is still decreasing (BfR and BfS 2007). A consequence of this 
discharge could be the increase of the uranium background-value in soils of 
0,08 % to 0,16 % per year, relating to a mean geogenic background value of 3,3 
mg kg–1 (40 Bq kg–1). The uranium concentrations in mineral phosphate-
fertilizers, which are used in Saxony today, can reach mean values from 104 to 
177 mg kg–1 dry weight, depending on their origin (Dittrich and Klose 2008). In 
the period 1945–1990 during the former German Democratic Republic, were used 
only phosphate-fertilizers with very low Uranium concentrations (10–28 mg kg–1 
dry weight, origin from the Soviet Union.) Therefore, the influence to the back-
ground-values of uranium in agriculturally used soils in Saxony is expected to be 
negligible; anyway it has to be considered in the evaluation of this study. 

Investigation area 

The river Mulde is a left-hand tributary of the Elbe in Saxony/ Germany. It’s two 
headwaters Freiberger Mulde and Zwickauer Mulde confluence near the town 
Colditz and creates the Vereinigte Mulde. It is well known from several studies 
(e.g. GRS 1996) that the sediments of the Zwickauer Mulde and of Vereinigte 
Mulde are affected by the former uranium mining and milling in Saxony. In order 
to assess the radioecogical relevance of these contaminations, a study has been 
launched to investigate the sediments of agriculturally used areas of the flood-
plains of the Zwickauer Mulde and the Vereinigte Mulde). 

The knowledge of the radionuclide distribution in the river Mulde allows some 
conclusions regarding possible phenomena of radionuclide input into the arable 
land are: 
• In the dissolved form uranium occurred in high concentrations during the active 

mining and uranium ores processing in the catchment area of the Zwickauer 
Mulde (Friedrich 1991). Therefore, it was transferred to the arable land via the 
infiltration of water during inundation events. Due to this input it may be rela-
tively mobile and easily transferred into the groundwater but also into the 
plants. Consequently, the transfer factor soil – plant of uranium may be higher 
than in “common” soils.  

• In the particulate matter and river sediments the uranium is also enriched, vs. 
Ra-226 and Pb-210. In this form, the radionuclides are deposited during flood 
events and accumulate at the surface of unploughed grassland areas. On 
ploughed fields these nuclides are mixed and consequently diluted by plough-
ing.  
Additional effects, like fertilizer use, capillary rising of groundwater and the 

temporal changes of river water quality make the system rather complex and re-
quire more data for assessments. The study described in this paper is focussed on 
one aspect only and intends to collect data on radionuclide distribution pattern in 
soils.  
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Against the background of the phenomena described above, the investigation 
area (see Fig. 1) is divided into sections with similar properties (downstream): 
1 Aue to Mosel     Zwickauer Mulde 
2 Mosel to Penig    Zwickauer Mulde 
3 Penig to river mouth of Freiberger Mulde Zwickauer Mulde 
4 River mouth of Freiberger Mulde to Nerchau Vereinigte Mulde 
5 Nerchau to Eilenburg    Vereinigte Mulde 
6 Eilenburg to boundary of Saxony   Vereinigte Mulde 

As a first step the available information was used to identify those areas, which 
are expected to be contaminated on an enhanced level.  

GIS supported pre assessment of sampling areas 

In order to identify suitable sampling areas for a systematic investigation of con-
tamination patterns, a GIS supported analysis of the available data was conducted.  

As data base for agriculturally used areas was used the land register of the 
Saxon Regional Office for Agriculture (Sächsische Landesanstalt für Landwirt-
schaft).  

The intensity of influences by the river is assumed directly related to the flood 
recurrence period. The corresponding data were gained from Saxon State Office 

 
Fig.1. Investigation area at the Zwickauer Mulde and Vereinigte Mulde with its division in-
to 6 sections (Saxony) 
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for Environment and Geology (Sächsisches Landesamt für Umwelt und Geologie). 
The data on frequency, water depth at flood event, retention duration and flow ve-
locity has been evaluated. For further considerations only such areas were se-
lected, which have a flooding depth between 0.5–2 m in a flood event by a flood 
recurrence period of 5–20 years. 

With the GIS data model layers of agriculture area and altitudes of flooding 
depth between 0.5–2 m were intersected. The received areas are utilized as grass-
lands (83 %), cropland (15 %) and other culture (2 %), which could be assessed as 
potentially contaminated.  

Areas less than 1 hectare have been excluded from further examination. Could 
be identified a total number of 280 potentially contaminated areas above 1 hectare. 
These areas cover 1900 hectare, about 75 % of them are grassland (cf. pic.2).  

Further selections were carried out in compliance with choice of preferential 
sedimentation areas (slip-off slop, meander, and bayou) and equal distribution in 
the 6 sections of the investigation area.  

Preliminarily were selected 50 potentially suitable sampling areas. Picture 3 
shows the sampling areas and the potentially contaminated areas. 

The results of this GIS supported pre-assessment will be used not only for the 
selection of sampling areas but also for the transfer of the later results to a more 
general view. 

Number of potentially contaminated areas  > 10 000m²

224

49

4 3

grassland
cropland
wood
pond / swamp

 
Fig.2. Number of potentially contaminated areas (> 1 hectare) in the investigation area 
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Fig.3. Sampling areas and potentially contaminated areas 

Specification of sampling areas 

Sampling areas were chosen using data on radionuclide contents from published 
results of former investigations.  

The following data sources have been used:  
1. Results of airborne radiation measurements (aero-gamma-spektrometry) 

Specific activities above 16 mg kg–1 uranium were found in section 5 of the 
investigation area. 

2. Investigation of alluvial soils (GRS 1996) 
Alluvial soils were investigated in 1996. Specific activities up to 1400 Bq kg–1 
U-238 and 1100 Bq kg–1 Ra-226 were found in section 2 of the investigation 
area. 

3. Atlas of  Soils of Saxony (LfUG 2007) 
It is useful to get a general idea of uranium and thorium content of subsoil and 
topsoil in Saxony. 

4. Investigation of river sediments (Michel et al. 2005), (Beuge et al. 1999) 
River sediments in the investigation area have specific activities up to 
1000 Bq kg–1 U-238 and 250 Bq kg–1 Ra-226. 

Cropland

Grassland 

Potentially contaminated 
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The final selection of sampling areas had to take into account the legal con-
straints of accessibility of the land and was carried out by personal inspections of 
the pre-selected areas. 

Field Enquiry, Sampling and Analytics 

The final investigation program includes 22 sampling areas close to the rivers of 
Zwickauer Mulde and Vereinigte Mulde.  

Predominantly, agricultural croplands are chosen because of the direct human 
food intake potentially resulting from these areas. Among these, the areas culti-
vated with wheat, barley, corn and rape are preferred due to their particular radio-
logical relevance. Extended areas cultivated with further relevant crops like root 
vegetable have not been found in the floodplains. 

From the radioecological point of view the grasslands are related to the human 
exposure via the pathways grass-cow-milk-human or grass-cow-meat-human. 
Ploughing does not disturb sedimentation and soil development.  

Average samples of surface soil are collected from the 22 sampling areas. In 
accordance with the actual “German guidelines for the calculation of radiation ex-
posure due to radioactivity from mining activities” (Berechnungsgrundlage Berg-
bau, BMU 1999), samplings of grassland soils are carried out in depths of 0–10 
cm, and sampling of agricultural croplands in depths of 0–30 cm. One average 
sample of surface soil consists of at least 20 incremental samples. The measure-
ments of dose rate are documented on every sampling point.  

2 sampling areas are specified for detailed investigations based on results of 
average samples of soil (1 wheat field and 1 grassland). Surveying and mapping of 
dose rate will be carried out. The conditions of sedimentation will be checked by 
manual drilling (1 m). Small pits will be excavated (1 m) for sampling of soils in 
diverse depths. Further characteristics of pedology (soil texture, soil type, col-
our...) will be surveyed using the “German Soil science mapping instruction” (Bo-
denkundliche Kartieranleitung). The density of soils will be determinated. 

Sampling takes part in June of 2008 (grassland and maize) and in August of 
2008 (corn and rape). All soil samples will be measured by gamma-spectroscopy. 
Activity concentrations of the relevant radionuclides will be investigated. Addi-
tionally, Cs-137 and Th-230 will be measured.  

Table 1. Sampling areas and land use 

crop Number of sampling areas Number of soil samples 
Wheat 7 14 
Barley 5 10 
Maize 3 6 
Rape 2 4 
Grassland 5 10 
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Conclusion and outlook 

At the conference are presented interim results. Exposure calculations will be car-
ried out with the measurements of dose rate and activity concentration. Additional 
possible paths of exposure are included, which will be checked during the sam-
pling (garden plots, play ground). 
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Abstract. The radiation environment is caused (Tien-Shan mountains) by natural 

factors and industries activity on extraction and processing of uranium raw ma-

terial on the territory of republic. After closing and conservation of uranium mines 

and mine factories there was a plenty of radioactive wastes and tailing dumps on 

the territory of the Kyrgyz Republic. They are exposed to destruction under the 

impacts of anthropogenic and natural factors. There is a distribution of radioactive 

substances on an environment which represents danger to health of the population 

and to a gene pool as a whole. The given area is located in ecologically adverse 

zone as inhabitants of this region are exposed both to daily and to potential eco-

logical risk. 

Introduction 

Investigation and operation of uranium deposits was made from the middle of 40th 
years, and to the end of 70th years, the extraction of nuclear fuel has been already 
stopped on the territory of Kyrgyz Republic (fig.1.). For this time the part of ura-
nium deposits has been utilized, and other part has been inhibited. The mountain 
dumps of radioactive wastes had been formed during prospecting, searching and 
developing industrial and mountain works on uranium sites (mines (shaft), cuts of 
career). Owing to operation of uranium deposits, enrichments of uranium raw ma-
terial have arisen sediment bowls and tailing dams with the big contents of ura-
nium, thorium and other radioactive elements with a lump more than 34 million 
tons (fig.2.; Hamby & Tynybekov., 1999). 
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Our work purpose was to carry out researching the radiation background of 
southern coastal areas of Lake Issyk-Kul. 

The research sites were a coastal zone of Lake Issyk-Kul and settlements. For 
the achievement of the purpose the following problems had been put: 
• To carry out the measurements of a radiation background of researching areas 

with definition of coordinate characteristics and revealing the ecological condi-
tion degree of the territory; 
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Fig.1.  Uranium tailings in the Kyrgyz Republic. 
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Fig.2. Total amount of uranium tailings in Kyrgyzstan 
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• To investigate the soil structure of researching region on the contents of ra-
dioactive elements along the rivers and settlements. 

• To present the received results as radioecological maps. 
The sites of conducted investigation located in southern coastal area of Lake Is-

syk-Kul including 7 settlements and 5 rivers (fig.3). in Djety-Oguz and Ton dis-
tricts. It was studded natural radiation background of locality, as well as defined 
content of radioactive elements: Thorium (Th), Radium (Ra). 2000 measurements 
were maid and 400 probes were selected.     

Soil probe selection and preparation of them for analyzing according to com-
mon accepted method: the probes were selected with envelope method to expect 
every work which represents a part of soil, which typical for layer of this soil type. 
In case of controlling the soil pollution of Kadji-Sai tailing dump; the probe areas 
were outlined along the vectors “wind rose”. It was withdrawing 5 probe points of 
each probe area. Common probe mass of one area was consisting of no more 1 kg. 
All taken probe were transported in glass container (the weight is 200 grams) until 
process of analyzing. After probes delivery at laboratory we separated big clods of 
soil with pistil, cleaning up from the roots, insects, stones, glasses ect. and sifted 
through sieve with 1 millimeter of hole diameter.          

Analysis of soil probe was conducted in radiometric laboratory of Physics Insti-
tute, National Academy of Science, Kyrgyz Republic using maintenance of scintil-
lation gamma spectrometer.  

This device is aim at measurements activity and concentrations of radioactive 
isotopes, which are decaying with accompany gamma radiation and allow defining 

 

 
35//19 – index of internal and external radiation (mcR/hour)  

 
Fig.3. The targets of conducted investigation in southern coastal area of Issyk-Kul lake. 
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content of gamma active radionuclides. It was defining the quantity radioactive 
elements.  The common picture of radioactive element (thorium, radium) which 
content inside of soil in this region was defined under the analyzing results and 
other data were worked out.  

Distribution and processing of obtained data were conducted using personal 
computer and special softwares. 

Also selective measurements of radiation level inside of dwellings in different 
settlements of Issyk-Kul province were conducted. The selection of investigating 
houses was casual character, though trying to cover both relatively new and old 
buildings. (Table1) shows radiation level indices of inside and sort of dwellings 
including the measurements conducting daytime in fall-summer period.  Minimum 
content of radon was marked due to often ventilation in air of the dwelling. There-

Table 1. Radiation background indices of inside dwellings in different places of Issyk-Kul 
region. 

Coordinates Locality Sort of building Radiation back-
ground 

Latitude Longitude  
 

 
 

Inside Outside 

42.73903 77,9764 Ton, northern part 
of Kuturgu village 
(v)., reserve   

Brick building without 
roof  

18.3Е-05  

42.15849 77,14992 State farm «Ton» New breeze block 
house 

2.75Е-05 3.15Е-05 

42.15849 77,14992 State farm «Ton» New pise building 3.48Е-05 2.89Е-05 
42.206078 77,685500 Nearby Kuturga 

v. 
Brick building 2.14Е-05 1.83Е-05 

42.206816 77,683890 Ak-Terek v. New house 2.40Е-05 2.49Е-05 
42.152013 77,037504 Nearby Ak-Terek 

v. 
Fisherman house 2.30Е-05 1.806-05 

  Bokombaev . House (yard) 2.20Е-05 2,25Е-05 
  Tort-Kul v. New house 3.00Е-05 2.10Е-05 
42.115 76,997 « New pise building 3.50Е-05 1.906-05 
42.115 76,997 « Pise building 3.10Е-05 2.00Е-05 
  « Brick building 3.20Е-05 2.00Е-05 
  « Two floor house 3.00Е-05  
42.148 77,175 Kadji-Sai v. Old school 1.60Е-05 1.90Е-05 
42.4573 76,1859 Bokombaev v. Old school  2.00Е-05 
42.5772 76,6386 “Shahter” summer 

resort 
Building  1.50Е-05  

42.681 77,219 Balykchy town Brick building 2.50Е-05 1.80Е-05 
42.487 78,336 Kosh-Kel v Pise building with ce-

ment base   
2.10Е-05 1.50Е-05 

42.488 78,3364 Nearby Karakol 
town 

Pise building 2.10Е-05 1.30Е-05 

42.487 78,336 Karakol town University building 2.80Е-05 1.80Е-05 
42.468 78,3364 « Wooden house 6.00Е-05 1.80Е-05 
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fore radiological survey of radiation background was conducted inside of dwelling 
including coordinate characteristics for longitude and latitude, date and time mea-
suring as well as sort of buildings in coastal area of Lake Issyk-Kul. 

Methods 

The technique of measurement represented simultaneous removal of coordinate 
values of a site from the help of satellite device GPSR and measurement of a ra-
diating background by exponometer-detector Eberline. During expeditions the pa-
rameters of a radiating background were saved in the memory of exponometer-
detector. The satellite device automatically fixed with regular frequency a longi-
tude and latitude of a deposit, and also kept these data in the memory. 

The places with the increased indications of a radioactivity were determined 
which were located at the beach near Dzhenish and Tosor villages, a territory of 
shop №7 near Ton village and tailing near Kadji-Sai village as well.  

The increasing of γ-background up to130 mcR/h was revealed on southern 
coast of Lake Issyk-Kul, on separate sites of the beach in the area of Dzhenish vil-
lage as well as near Tosor village in same gulf Ak-Chii makes index-103 mcR/h. 
These anomalies are due to output of poorly radioactive engender which contains 
thorium and radium elements that are the products of uranium disintegration.  

One of such representing danger tailing is located on southern part of Issyk-Kul 
hollow, on the coast of Lake Issyk-Kul in a lower reaches of the river Kadji-Sai 
(fig.4.). From the north it is limited to the coast of Lake Issyk-Kul, and from the 
south - the second lakeside ridge of Terskei Ala-Too. It is in Ton area of Issyk-Kul 
region. The area of a deposit concerns to high-mountainous, an absolute elevation 
mark of Lake Issyk-Kul is 1608,8м, actually marks of deposits and working set-
tlements are within the limits of 1700-1850 m, in 1,5 km to the east from Kadji-
Sai village in a dry valley. 

Kadji-Sai area is the former uranium mine which is settling down near to the of 
lake Issyk-Kul, had been worked since 1949-1967, it was buried nearby to Kadji-
Sai settlement, 2,5 km from the lake Issyk-Kul. About 400 thousand m3 tailing 
waste products are stored in Kadji-Sai area and tailing area2  is 10 thousand m2, 
and on other data the volume of tailing weight makes3 150 thousand m3. 

Tailing dams contain uranium waste products. Capacity of an exposition doze 
of radiation scale varies from 30-1500 mcR/h. Tailing dams consist of two parts; 
one half is built up by economic constructions of an electrotechnical factory, and 
on other part is located gold dump, creating additional loading tailing dam.  

Ashes in dam were small. There was only the ash in waste products. 
Any work were not carried out after collapse of the USSR on maintenance of 

safety and recultivation of tailing practically, that has considerably strengthened 
the threat on an ecological condition. The constructions have been destroyed and 

                                                           
2 data given by Torgoev I.A. in 1994 
3 Momunaliev S.M. 1996 
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drainage channels were covered with slime in connection with the absence of 
means for repair and regenerative works as well. 

The impact of natural and anthropogenic factors on 
condition of tailing dams 

The mine is close to the Lake Issyk-Kul; there is a possibility of danger for lake 
infection with radioactive waste products.  

Now Kadji-Sai tailing and a protective dam are under the natural and anthropo-
genic impacts, and there is a process of tailing destruction. Mine in Kadji-Sai area 
is exposed to washout, high waters and landslides which result in carrying out of 
radioactive materials on the surface that is one of potential polluters of the south-
ern coast of Lake Issyk-Kul.   

 In 1997 the sites were found out 2-3 meters wide and of 200-300 meters length 
with a radio-activity up to 300 mcR/h. Storm rains in 1998 also considerably dam-
aged an isolated layer and the tailing dam in Kadji-Sai area is 1,5 km from the 
coast of the lake, therefore  the radiating background on its separate sites  has also 
appreciably increased that had caused the alarm of country public and the nature 
protection organizations (Tynybekov 2001). 
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Fig.4. Kadji-Sai uranium tailing dam 
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The unique constraining structure on a site is the dam below. The main thing is 
tailing dump as the protective dam possesses low stability. The washout of tailing 
dam will lead to radioactive, chemical pollution of the big water areas of Lake Is-
syk-Kul. Strengthening of protective dams and construction of new water-currents 
can be solving a problem only insignificantly. 

Ecological risks 

Analytical research for susceptibility of radioactive tailings to natural risk was car-
ried out. In our case, we considered the Ton area, where tailing dam in Kadji-Sai 
area is located. The given area is located in ecologically adverse zone as inhabi-
tants of this region are exposed both to daily and to potential risk (Tynybekov 
2001). Satellite images of the Kadji-Sai village and Djilu-Bulak mining territory 
(it is Google source; fig.5). 

Concerning natural process; a valley of the river Tone differs by freshet and 
mud stream danger. there are 3 lakes (Tuiyk-Tor, Keltor, Korumdy) in it upper al-
titude which are glacial lakes of outburst-danger. The probability of their outburst 
is increased with global warming of climate; it was received as a result of research 
that on Tien-Shan had maximum warming by 0.60degree. Per one year it is 
marked in average to a mountain zone of internal Tien-Shan, minimal is on 

 
Fig. 5. Satellite images of the Kadji-Sai village and Djilu-Bulak mining territory (Google 
source) 
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0.20degree to a high-mountainous zone. The greatest warming is during winter-
spring months (1.10-0.80) and least in July in a high-mountainous zone - 
0.10degree. For a congelation, Tien-Shan the negative greatest effect in a similar 
situation renders use in temperature in autumn-spring months on 0.50degree, i.e. 
cause of increase within the period of thawing for 30-40 days that conducts to es-
sential acceleration of thawing of glaciers. 

Outburst of lakes may cause high waters along a way of the river the charge is 
up to 2335 m2/sec. It is dangerous to the population living near the channel and 
near the rivers. In a zone of destruction alter the outburst of these lakes we find 
area near the shore - a part of the Kadji-Sai village. The general area of mudstream 
danger sites in Ton region makes 0.16 km , with the population more than 200 
people. As a result of calculation of a seismic danger degree of Djeti-Ogyz and 
Ton areas, more seismically dangerous is Ton region. There are 7 settlements 
(Kadji-Sai, Bokonbaevo and etc.) and 3170 buildings where 22 thousand people 
live in a zone of 8-ball seismicity in the Ton area.  

Local residents search for nonferrous metals do carry out excavation in a ra-
dioactive burial ground. Artificial destruction of shielding layer of tailings may re-
sult of increasing a radiation background. It is possible, that in non-shielded layer 
of tailing the polluted water and underlying rocks or coastal sites filtered. There is 
a threat of radiating infection due to a small outflow of uranium waste products 
from collapsing radioactive tailings. In our case the dangers of the impact of ura-
nium tailings on an environment in a zone is great at occurrence of ecological fail-
ure or an accident as the protective dam has low stability. Washout of tailings will 
become a result of radioactive and chemical pollution of large territories which 
may include rivers, arable land, settlements and a coastal zone of the Lake Issyk-
Kul. The storm rains in 1998 had strongly damaged isolation layer and a dam of 
the tailing in 1.5 km from the coast of the lake. The radiation background on sepa-
rate sites has noticeably elevated (Tynybekov 2004). 

According to the medical statistics of the Kyrgyz Republic, the death rate for 
malignant tumors in the Kyrgyz Republic amounts to 61.7% of deaths for the en-
tire population. However, in the Issyk-Kul region the rate is 81.6 out of 100 pa-
tients, a rate of more than 1.5 times higher than for the general population in the 
Republic.  Among the malignant diseases recorded in the Issyk-Kul region the 
most recorded cause of death is stomach cancer (10%), second is lung cancer 
(8.6%), third is malignant tumors of lymphatic system (3.9%).  

For people living on the southern coast of Issyk-Kul in the Dzhety-Oguz dis-
trict (78.5 %) and in Karakol town (86.2 %) the death rate among the population 
exceeds the data for the general Issyk-Kul region (62.9 %), and exceeds the rate 
for all of the Kyrgyz Republic (61.7 %). 

In the Issyk-Kul basin drilling into natural water resources taps into warm wa-
ter containing normal levels of radon. Large settlements along the shores of the 
lake and popular recreational resorts have been established. For decades local vil-
lagers and guests at Issyk-Kul many health resorts have bathed in this warm water 
believing it to be healthful for them (Tynybekov et al. 2007). 
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Results of radiological researches   

For finding-out a real radiological situation of the region and studying the section 
with increased radiation, in 1997-2000 the researches were carried out in Issyk-
Kul region under the grant of INTAS (the European Union) and CRDF (USA).  

As a result of research it has been found out, that the average data of levels γ- 
radiation are within the limits of natural radiating background (NRB) in most part 
of the investigated territory, the γ-background does not exceed 20-25 mcR/h, only 
the increased levels of radiation have been fixed in some local sites.  

During scientific-researching works was conducting several expedition on 
southern coastal section of Issyk-Kul lake while were measuring radiation back-
ground and selected water and soil probs. Obtained measurement results of locali-
ty were analyzed including coordinate characteristics and map was drawn up for 
these data, which visually demonstrated common radio-ecological situation in re-
searching areas and locality nearby rivers mouth inflowing lake (fig. 6-7). 

The selected measurements of gamma background was made inside of dwelling 
in different settlements of Issyk-Kul province while implementing the investiga-
tion were conducted. The analyzing result showed a significant difference of ex-
posure dose of inside of studding settlements. On fig.3 represents average indices 
of inside and outside radiation and difference in their levels. The analyzing result 
showed significant difference of radioactivity level inside of dwelling. 

It was defined locality with high radioactivity volumes, which is in the territory 
of former producing lot No.7 nearby Ton village. The high radioactivity level in 
different places was interpreted with higher content of radioactive element of tho-
rium. 

The results of fulfilled work showed that on investigated territory common out-
side radiation is in standard limit, but inside radiation level exceed the natural 
standard in several times.    
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Fig.6. Thorium content in water of south coast of Issyk-Kul Lake (mg/g). 
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There is the necessity to conduct detailed further investigation to find out rea-
sons high contents of radon in air of dwellings, an ecological risk investigation as 
well.   
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Fig.7. Indication of radiation level near the shop No.7 and tailing dumps   



Natural occurring uranium nanoparticles 
and the implication in bioremediation 
of surface mine waters 

Martin Mkandawire1and E. Gert Dudel2 

Dresden University of Technology, D-01069 Dresden 

1 Institute of Materials Science 
2 Institute of General Ecology & Environmental Protection, Tharandt 

Abstract. We investigated the fractionation of mobile uranium in surface water 

from an abandoned uranium-mining site in eastern Germany. The water samples 

were sequentially ultra-filtrated to fractionate uranium into different sizes and de-

lineate the colloidal and nanoparticle from dissolve U phases. The results revealed 

that only 20% of total dissolved uranium filtrates were lower than five kDa (i.e. 

ca. 1-3 nm). Between 30-40% of the total mobile U were either associated with 

colloids or exist as nanoparticles. Among others, biotic activities contribute sig-

nificantly to the formation of colloidal or nanoparticle U. Thus, we discuss the 

implication of natural occurring colloidal and nanoparticle U on bioremediation 

technology. 

Introduction 

The immobilization of uranium from the water pathway benefits from reduction 
from U (VI) to U (IV). The latter is less soluble than the former as a result and re-
duction result into formation of uranium precipitates that are presumed immobile. 
The reduction of U (VI) to U (IV) is one of the major processes in aquatic biore-
mediation of uranium by microorganisms, such as metal-reducing bacteria (Suzuki 
et al., 2005). The bacteria from the families Geobacteraceae and Desulfovibriona-
ceae induced redox-transformations from U (VI) to insoluble U (IV) phase and 
precipitate iron sulphides (Suzuki et al., 2002). However, the U (IV) precipitates 
predominately exist as nanoparticles uraninite (UO2) (Fredrickson et al., 2000; 
Wielinga et al., 2000). Further, UO2 species also form abiotically when U (VI) is 
reduced by Fe (II)-oxides (Dodge et al., 2002). Furthermore, bio-immobilised 
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U (VI) species are associates with organic colloids especially in form of particu-
late and dissolve organic mater, iron, and silicon containing colloids. Colloids are 
defined to be between 1 and 1000 nm, while nanoparticles are between 1 and 100 
nm in size (Nowack and Bucheli, 2007). Usually, all filtrates through 0,45µm are 
soluble fraction per definitionem. A new definition is of truly soluble fraction is 
imerging as all between 2 nm. 

A few studies have shown that colloids are quite mobile in the aquatic system 
(Guo et al., 2001; Kottelat et al., 2008; Nowack and Bucheli, 2007). This revela-
tion bring a number of question on use of redox-transform from U(VI) to an inso-
luble U(IV) phase as a mean of immobilising uranium from the water pathway. 
The questions that rise include does transformation to U (IV) species also adsorp-
tion of U on particulate organic matter real mean reduced uranium mobility and 
reduced ecotoxicity risk? Further, what is the effectiveness of bioremediation of 
uranium in aquatic system as well as what are limits of using bio-transformation 
of U (VI) to U (IV) as a main bioremediation process? Disregarding re-oxidation 
of the solid-phase products for the moment, one issue of great concern for the sta-
bility of the product is how unreduced aqueous U (VI) interacts with the precipi-
tating nanoparticles. There are also indications that solid-phase of U (IV) precipi-
tate and organic matter contained large fraction of unreduced U (VI). Hence, the 
colloids may have transport-facilitating effects on immobile U (IV) and transport-
impeding effects on mobile U (VI) (Zänker et al., 2007).  

The partitioning of U between dissolved and colloidal phases affects its geo-
chemical behaviour. The variability in the partitioning of U to the colloidal frac-
tion depends on specific water chemistry parameters, U concentrations and com-
position or concentration of organic matter. Generally, the aquatic colloids, 
including organic biopolymers and inorganic nanoparticles, are abundant in natu-
ral waters, and play a crucial role in regulating the speciation, bioavailability, and 
mobility in aquatic environments (Guo et al., 2007). In view of this, we investi-
gated the behaviour of dissolved uranium in a tailing pond of a former uranium 
mine site in Vogtland, eastern Germany where enhanced natural attenuation is fa-
cilitated through the association of microorganisms with aquatic macrophyte. The 
objective of this study was to quantify the colloidal U and consequently assess 
their mobility in surface mine water.  

Material and methods 

Mine water sampling 

The water used for fractionation of uranium was sampled from two sampling 
points at wetland ponds of the Shaft 362 of abandoned uranium mine at Me-
chelgrün close to Neuensalz, Revier Zobes (Vogtland) in south-west of federal 
state of Saxony in eastern Germany. Immediately after collection, samples were 
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filtered through a pre-cleaned 1.2 μm pore glass-fibre filter into pre-washed con-
tainers. Then, the filtered water samples were transportation to laboratory for ura-
nium fractionation to different sizes using ultrafiltration. The samples were han-
dled according to DIN standards for handling heavy metal contaminated water. 

Sequential ultrafiltration 

Figure 1 summarises the steps in the ultrafiltration procedure used in the study. At 
least 5 L of pre-filtered mine water samples were ultrafiltered on a 0.2 µm mem-
brane within 24 h of collection. The ultrafiltration was conducted at high pressure 
with ultrafiltration membranes with size or molecular weight cut-off of 450 nm, 
200 nm, 100 kDa (25 nm), 30 kDa (10 nm) and 5 kDa (1–3 nm).  

Fig. 1. The sequential ultrafiltration procedure used in the study as per modification from 
Guo et al. (2001) 

The permeate flow rates were about 55.6 ml s−1 for the 200 nm, 100 and 20 kDa 
membranes and 7.0 ml s−1 for the 5 kDa membrane. Before use, each ultrafilter 
membrane was soaked in nanopure water overnight and precleaned by ultrafilter-
ing of nanopure water before sample processing. From the onset of the experiment 
to its conclusion, 20 ml of the permeate were sampled for analysis of uranium, 
other metals and organic carbon after each ultrafiltration step. The ultrafiltration 
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procedure used in the current study was modified from Eyrolle and Charmasson 
(2001) and Guo et al. (2007) 

Analysis 

Filtered water samples on 1.2 µm, 0.45 µm and 0.2 µm, permeates from each ul-
trafiltration step were analysed for organic carbon, heavy metals and uranium. The 
samples were then analysed for multi-element using Inductive Coupled Plasma-
Mass Spectrography (ICP-MS ELEMENTAL PQ2 VG +, London. England). To-
tal and dissolved organic carbon (TOC and DOC) in the water sampled were de-
termined with FORMACS HT TOC/TN Analyser (Scalar, Breda, the Nether-
lands). The measurements were conducted according to DIN EN 1484 (1997) 
Further, Scanning Electron Microscope coupled with EDX (SEM Carl Zeiss, Jena) 
function was used to characterise the colloid population on the retentants on filter 
membranes. All reagents in the study were of analytical grade (Suprapur, Merck 
GmbH Darmstadt, Germany). 

Results and discussion 

Physicochemical properties of the mine water 

To ensure representative samples, selected physicochemical parameters of the 
mine waters were measured during each field sampling. The Eh, pH, conductivity, 
temperature, iron and dissolved oxygen concentrations recorded at the two sam-
pling points in the tailing ponds are presented in table 1. The quantity of mobile 
nanoparticles in surface depended strongly on solution chemistry, including pH, 
ionic strength, and anions. The maximum particle release occurred at the lowest 
ionic strength condition, while alkaline pH favours particle release. In general, the 
colloidal U concentrations decreased with increasing conductivity. Therefore, the 
pH and conductivity measured in the surface mine water favoured slightly the re-
lease of colloids and formation of nanoparticles in the water. 

Table 1. Selected physicochemical properties of the mine water during the sampling in the 
tailing pond at the abandoned uranium mine Neuensalz/Mechelgrün (Vogtland). SP1 was a 
spring on the tailing dam while SP2 was right in the swamp below. 

Parameter Sampling point 
SP 1 SP 2 

pH 6.8 ± 0.2 7.7 ± 0.5 
Conductivity 326 μS cm−1 763.4 ± 185.3 μS cm−1 
Eh 326.7 ± 32.5 mV 230.75 ± 24.8 mV 
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Partitions of the uranium 

The concentrations of U in the permeate solutions sampled after every step of ul-
trafiltration, shows that there is considerable and significant reduction in the con-
centration as the sequential filtration narrows down low molecular weight, also 
presumed in size (Fig. 2). This can be attributed to retention of the bigger particles 
on the filtration membrane. The result shows that highest retention of uranium 
were on the 30 kDa, which represented the retention of uranium particles size big-
ger than 10 nm. This suggests that the uranium must be associated with colloidal 
particles. The second highest retention was followed by 5 kDa, which represents 
particle fraction size between 1 and 3 nm. However, this the actual retained par-
ticle had sizes between 1 and 10 nm. The amounts of organic carbon, heavy metals 
and uranium measured in permeate of below 2 nm (i.e. 5 kDa) ultrafiltration are 
the truly dissolved fractions. Those measured between 2–100 nm are nanopar-
ticles, while some of measure within this range extending to 450 nm is colloidal.  

The mean colloidal U percentage calculated from concentration differences be-
tween initial solution and the permeate solution, reveals that nanoparticle and col-
loidal U accounted for ca. 30-40% of the total dissolved U in the mine waters with 
increasing trends in the lower parts of the pond. Apparently, only 23.6±6% is the 
truly dissolved fractions in the mine waters. It is likely that the complexation of U 
with DOM rather than with carbonate, which gives the complex a higher ratio of 
charge to radius, could cause the lower retention and thus the higher permeation of 
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Fig. 2. Uranium fractionation in permeates through membranes of different sizes obtained 
in sequential ultrafiltration of the mine water. The values of permeate through 
1200 nm-pore membrane represents uranium associated with sizes between 450 and 1200 
nm; permeate through 450 nm-pore membrane, sizes between 200 and 450 nm; permeate 
through 200 nm-pore membrane, sizes between 25 and 200 nm; permeates through 10 siz-
es between, are 10 to 25 nm big; and through 1-3 nm-pore, between 1 and 10 nm big. The 
values from 1-3 to 25 nm are calibration of relative size to corresponding weights in kDa. 
All values are mean of four repeated measurements and the bars are standard deviations. 
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colloidal U (Eyrolle and Charmasson, 2001). Association of dissolved U with col-
loidal macromolecules (e.g. DOM) and nanoparticles is relatively high. Probably, 
some fraction of dissolved U may have been classified mistakenly as colloidal due 
to anionic retention by the ultrafiltration membranes (see discussion below). Nev-
ertheless, the formation of uraninite as well as adsorption of dissolved U on organ-
ic macromolecules (e.g., humic acids) or inorganic nanoparticles (e.g., iron 
oxides) occurs largely in surface mine water environments. 

Association of U with other chemical partitions 

The relationship of permeate concentration of uranium with other chemical frac-
tions shows that uranium associated highest with the organic carbon particles, fol-
lowed by iron and silicon containing colloids, then aluminium and calcium con-
taining colloids containing (data not shown). The higher colloidal U fractions in 
the waters seem to result from complexation of U with natural organic matter. The 
micrographs of the colloids associated with uranium and separated by a 0.2 µm-
pore membrane are shown in Fig 3. The EDX analysis of colloidal particles and 
crystal showed high iron containing followed by calcium and silicon. The EDX 
procedure could not show the organic colloids properly because of carbon coating 
used as a procedure on SEM. 

Thus, the observed association indicates circumstantially that majority of the 
uranium nanoparticles and colloids had biogenic origin really?, inorganic c is also 
possible?. Generally, when the DOC concentration generally decreases and the 
speciation of U is affected significantly by lower DOC concentrations (Guo et al., 
2001; Guo et al., 2007; Yoshioka et al., 2007). Decreased DOC concentration and 
changes in U speciation result in a progressively lower colloidal U fraction. 

   
Fig. 3. SEM graphics of crystals and colloidal particles of the retentant on the 0.2 µm-pore 
filter membrane during the sequential ultrafiltration. The EDX results (not shown) reveal 
high association of the crystal with uranium 
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Limits and reality of the partitioning using ultrafiltration 

The results show that the retention of uranium during ultrafiltration is relatively 
high. On one hand, the higher values suggest that uranium was either mostly ad-
sorbed to colloids or present as nanoparticles. On the other hand, modelling with 
PhreeqC predicted that major inorganic and organic complexed U species include 
uranyl carbonato species, such as (UO2)(CO3)2

2−, (UO2)(CO3)3
4−, uranyl phos-

phate, and uranyl fulvates and humates in the surface mine waters. Further, dis-
solved U species in pure inorganic solutions largely exist as anionic complexes 
(Guo et al., 2007).These speciation predictions imply that there is a high proba-
bility of over estimated the colloidal U fractions, when ultrafiltration issued be-
cause of the retention of negatively charged ionic complexes and species.  

A few studies have confirmed that presence of negatively charged uranium spe-
cies in water during ultrafiltration, which results in a higher rejection rate or larger 
retention of dissolved U by ultrafiltration membranes (Guo et al., 2001; Guo et al., 
2007). Thus, there is necessity to confirm the current results using other methods 
like estimation of the colloidal fractions that are retained regardless of being 
smaller then the pores with constant permeability models (Guo et al., 2007). 
Therefore, much as this study show high retention of colloidal and nanoparticle 
uranium, there should be caution when interpreting colloidal U results from con-
ventional sequential ultrafiltration approach. 

Implication of colloidal and nanoparticle uranium on bioremediation 

A few dissimilatory metal-reducing microorganisms reduce uranium from soluble 
U (VI) to insoluble U (IV) concurrently with NO3

–, Fe3+, and SO4
2– especially in 

shallow water sediment in surface mine water (Behrends and Van Cappellen, 
2005; Fredrickson et al., 2000; Lovley et al., 1993). The U (IV) species mostly ex-

   
Fig. 4. SEM micrographs of 0.2 µm-pore membrane illustrating that the membrane retained 
even smaller particles than the pore size. 
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ists as UO2 nanoparticles (Kumar et al., 2003), which can flow easily with water 
stream. The soluble U (VI) persists in subsurface environments because of insuffi-
cient electron donors to consume dissolved oxygen and stimulate the activity 
anaerobic respiration of dissimilatory metal-reducing microorganisms (Hofmann 
et al., 2003; Zänker et al., 2007). Thus, U (VI) is reduced concurrently with Fe3+ 
and prior to reduction of SO4

2-. The other source of uranium nanoparticles in sur-
face mine water is the reduction of aqueous U (VI) by Fe (II). The reaction occurs 
rapidly in the presence of surfaces, possibly because of changes in the redox po-
tential due to surface complexation. The connection between redox centres is 
through the crystal lattice (Basnakova et al., 1998; Kelly et al., 2003). The control 
on the U (VI)-Fe (II) redox reaction is the ability of a two-electron transfer to oc-
cur during a single U (VI) complexation reaction (Kohler et al., 1996). Thus, the 
presence of both inorganic and organic colloids in the water facilitates these 
processes. Therefore, the uranium nanoparticles and uranium associated with col-
loids formed in during bio-reduction has important implications for uranium reac-
tivity, fate and effects (Riotte et al., 2003). On the other hand, these tiny particles 
can be transported with water in environment. Hence, bio-precipitation of uranium 
through bio-reduction of U (VI) to U (IV) informs of insoluble uraninite cannot be 
presumed immobile. Likewise, bio-colloidal uranium is still mobile and can be 
transported from contaminated to uncontaminated sites with the flowing water. 

Conclusion 

While U dominant and soluble  in neutral and alkaline water in form of U carbo-
natre complexes …The significant retention of uranium on the membranes sug-
gests the existence of natural uranium nanoparticles and colloids in surface waters 
in abandoned uranium mines. While uranium in natural waters is very soluble and 
highly mobile as U(VI), the current results suggests that colloidal and nanopar-
ticles uranium do also contribute significantly to uranium mobility in the mine sur-
face water. The results have implication on remediation. The bioremediation of 
uranium by metal-reducing bacteria involves microbial-induced redox-
transformations from U (VI) to an insoluble U (IV) phase, which exists predomi-
nately as nanoparticles of UO2. Further, solid-phase U (IV) precipitate actually 
contained a large fraction of unreduced U (VI). Furthermore, uranium is adsorbed 
on bio-colloids. The uranium nanoparticles are likely to be mobile and they can be 
easily transported as flocculation in the aquatic environment. Therefore, this is 
new realisation a challenge to bioremediation of uranium because insoluble urani-
nite likewise uranium adsorbed on bio-colloids can be immobile. 
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Abstract. Uranium containing effluents generated in research laboratories at the 

South Africa Nuclear Energy Corporation (NECSA) was deemed as low level 

waste and due to the quantities was stored in containers. These waste typically in-

cluded solvents from analytical laboratories, from fuel reprocessing research and 

enrichment operations. 

In 2005, the policy on the management of radioactive waste in South Africa 

(DME, 2005) forced the treatment of these effluents as a long term solution. Op-

tions that were considered included: development of long-term storage containers, 

reprocessing/purification of the effluent or the encapsulation for disposal in a geo-

logical repository.  

The purpose of the research is to evaluate the possibility of recovering uranium 

from the different historical uranium contaminated effluent (acidic, alkaline, or-

ganic, surfactants, detergents etc.) with newly developed ion exchange materials 

for final disposal. Research results will be presented regarding the recovering of 

uranium from these “troublesome” waste streams. 
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mining area of South Africa 

Frank Winde 

North West University, School of Environmental Sciences and Development,  
Private Bag X6001, Potchefstroom, 2520, Republic of South Africa 

Abstract. Associated with a karst spring which drains a large system of intercon-

nected dolomitic aquifers the studied peatland is the single most important water 

source for a downstream municipality. Owing to the reported ability of peat to re-

move U and other heavy metals from polluted waters it is anticipated that the 

GMB peatland may potentially serve as a natural buffer between polluting mines 

upstream and downstream users. Based on long-term water quality trends, real-

time observations and geochemical data indications for U-pollution at the peatland 

are presented and associated sources, pathways and transport mechanisms dis-

cussed.  

Introduction 

Peat consists of partially decomposed wetland plants accumulating in waterlogged 
environments where complete mineralization cannot be achieved. With 99% of all 
known peat deposits being located in humid regions of the northern hemisphere 
peat in southern Africa is a generally scarce resource. This is particular true for the 
semiarid interior plateau of South Africa where the studied peatland is located. 
The peatland owes its existence mainly to a strong perennial discharge of ground-
water from the Gerhard Minnebron (GMB) Eye (spring) and can thus be classified 
as a karst fen. The water is mainly used by local farmers and feeds into the water 
supply system of Potchefstroom with some 300.000 people.  

The GMB eye is one of the lowest lying outflow points of an extensive system 
of interlinked dolomitic karst aquifers (called ‘compartments’) a number of which 
is severely impacted on by deep level gold mining operations. Apart from large-
scale dewatering of three of the compartments which lowered the groundwater ta-
ble by up to 1000m in places this also includes pollution of dolomitic groundwater 
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through filling caves and sinkholes connected to the aquifer with uraniferous tail-
ings, discharging polluted effluents into the Wonderfonteinspruit (WFS) as main 
drainage of the dolomites as well as through significant volumes of seepage flow-
ing from tailings deposits directly into the underlying karst aquifer. While the pos-
sibility of mining-related water pollution of the GMB spring has been discussed in 
previous studies, the actual extent, exact sources as well as pathways and mecha-
nisms are still largely unknown (Wolmarans 1978, Grundling 2002, Bredenkamp 
2007). 

Using C14-based age determination fairly consistent accumulation rates of 
around 0,3mm/a were found with the oldest sample at 4,5m depth dating back al-
most 11.800 years. Since 1993 an estimated 60% of the peat has been extracted 
from the wetland mainly for mushroom production (casing substrate) and as en-
hancer for horticultural soil. In view of the rapid destruction of a potentially bene-
ficial resource the Department of Water Affairs and Forestry (DWAF) commis-
sioned a study to assess associated environmental impacts (Winde 2007).  

Of particular interests in this regard is a potential function of peat to buffer pos-
sible mining-borne pollution through its widely reported ability to remove U and 
other contaminants from the water phase (Owen and Otton 1995; Brown et al. 
2000, Ringquist and Oeborn 2001, Ringquist et al. 2001, Coggins et al. 2005, Van 
Roy et al. 2006). Such buffer function could be vital in a possible (worst case) 
post-mining scenario where the GMB eye is expected to be one of only three karst 
springs through which large volumes of highly contaminated mine water may sur-
face from a vast system of flooded underground mine voids (Winde et al. 2006).  

In this paper first results of the study are presented including a brief characteri-
sation of the hydrogeological setting of the GMB peatland and potential U-loads 
affecting the associated karst aquifer. Based on this indications for U-pollutions as 
found in previous studies are presented and compared to own findings. The latter 
include a preliminary quantification of the total contribution of the peatland sys-
tem to the downstream water supply system, geochemical data and in-situ obser-
vations of hydrodynamic processes including responses to events such as heavy 
rainfall. 

Hydrological and hydrogeological conditions 

The GBM eye together with the upper and lower Turffontein eyes is one of three 
major outflow points of dolomitic groundwater from a large karst aquifer called 
‘Boskop-Turffontein Compartment’ (BTC). This compartment is the largest and 
lowest lying one in a succession of several others located further up in the Won-
derfonteinspruit (WFS) catchment. Separated from each other by near impervious, 
north-south trending syenite and dolorite dykes these compartments used to feed 
large volumes of dolomitic groundwater via so-called eyes (karst springs) into the 
WFS as reflected in its Afrikaans name (‘Miraculous Fountain Stream’). Originat-
ing south of the sub-continental divide near Krugersdorp the 90km-long WFS runs 
over approx. 80km across several dolomitic compartments to finally join the upper 
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Mooi River. The GMB peatland however falls outside the (surface) catchment of 
the WFS and feeds via an unnamed stream (here called GMB-stream) also in to 
the upper Mooi river, some 4km upstream of Boskop Dam as main reservoir for 
the water supply of some 300.000 people of the Potchefstroom municipality 
(Fig. 1).  

Most of the groundwater is stored in the upper 40-100 m of the outcropping 
Malmani dolomite in what is termed the ‘cavernous zone’. This zone consists of a 
network of caves and cavities interconnected by solutions slots, underground 
channels and fractures totalling a storage capacity which exceeds that of the full 
Vaal Dam (as second largest dam in SA) by several times. The 2,6 bn years old 
dolomite has been subject to exceptionally extensive karstification resulting in the 
five longest caves in southern Africa being in the WFS catchment  and a number 
of eyes (karst springs) which are amongst the strongest in the southern hemisphere 
(Swart et al. 2003a and b).  

Owing to large volumes of dolomitic groundwater pushing into underlying 
mine workings deep level gold mines soon embarked on the ‘dewatering’ of 
dolomitic compartments in order to reduce the excessive costs for pumping the 
water from depths of up to 3km back to surface. Dewatering was effected by 
pumping out more water from the receiving mine void than the karst aquifer could 
naturally be recharged lowering the groundwater table by up to 1000m in places. 
Consequences of the large-scale dewatering included the drying up of four springs 
with a total discharge of approximately 135 Ml/d as well as irrigation boreholes as 
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predicted but also some unforeseen effects such as the wide-spread occurrence of 
sinkholes and dolines often with disastrous effects on people’s live and infrastruc-
ture (Swart et al. 2003 b). During an above average wet period in the mid 1970s 
many sinkholes had formed right in the stream channel of the WFS diverting large 
volumes of stream water directly into the underlying mine void partly defeating 
the original purpose of dewatering. In order to counteract the increased recharge in 
1977 the stream was diverted into a 32 km-long pipeline carrying the water across 
the three dewatered compartments (Venterspost, Bank and Oberholzer) to the non-
dewatered BTC. From here on the WFS runs for the last 35km or so in its original 
stream bed (Fig. 1).  

Currently gold mines pump approximately 113 Ml/d back into the WFS while 
using some of the abstracted groundwater for internal purposes such as tailings 
disposal.  

Apart from severe impacts on the surface water system through the drying up of 
springs, diversion of stream flow and changing natural runoff characteristic, deep 
level gold mining also irreversibly changed the hydrogeological system by mining 
through the dykes.  

With more than 43km of tunnels, through fares etc. running through dykes min-
ing hydraulically linked previously separate compartments (derived from Swart et 
al. 2003a). This also applies to the full (non-watered) BTC which is now con-
nected to three dewatered compartments upstream forming one single Mega-
compartment’. In a future rewatering scenario this results in the final water level 
being controlled by the elevation of the lowest lying springs i.e. the two Turffon-
tein eyes, the GMB eye and possibly some smaller eyes near Boskop dam. With 
the GMB spring being the largest low lying spring it will form a major decant 
point for polluted mine water, which after the cessation of mining and subsequent 
rewatering, will emanate from the vast network of flooded mine voids. While the 
three springs together currently yield a total of approx. 80 Ml/d (of which close to 
80% come from the GMB eye) this could well rise to over 200 Ml/d. Judged by 
the extreme poor water quality of water decanting from the flooded mine void in 
the head water region of the WFS where pH values <2 and U-concentrations of 16 
mg/l have been measured, such concentrated outflow could have catastrophic con-
sequences for downstream water users and the environment (Winde et al. 2006).  

Analyses of recent satellite imagery have revealed that the WFS over past few 
years did not reach the Mooi River but dried up some 12-16 km upstream of the 
confluence. Entering the BTC with an average flow rate in the region of >100 
Ml/d it is suspected that most of the stream water is lost to the underground karst 
aquifer in from of so-called ‘bed loss’ recharging the BTC (losses through evapo-
ration are assumed to be counterbalanced by sewage effluent discharge from sev-
eral municipalities such as Carletonville, Khutsong and Welverdiend). 

It was further established that the GMB spring is not the only source of water 
for the downstream peatland but that artesian groundwater discharge in the upper 
part of the wetland through sub-aquatic springs and diffuse seeps also contributes 
significantly. With approximately 100 Ml/d this contribution is of same order of 
magnitude as the actual spring flow rendering the GMB peatland system the single 
most important water source for Potchefstroom (Winde 2007).  
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In view of the relatively high levels of U-pollution detected in the WFS catch-
ment (IWQS 1999, Wade et al. 2002, Coetzee et al. 2002, Du Toit 2006, Barthel 
2007, Coetzee et al. 2006) such filter function may be of importance under current 
conditions. Under the extreme conditions of the above-mentioned worst case re-
watering scenario, however, it is questionable whether the remaining peat deposits 
at GMB could retain any significant amount of the large contaminant load, which 
in the case of U alone could initially amount to approximately 1000 kg/d (100 
Ml/d at 10 mg U/ l). Given the very limited hydraulic conductivity of peat it is 
also questionable whether volumes totalling >200 Ml/d could effectively filter 
through peat in the first place.  

Uranium pollution: extent, sources and pathways  

The Wonderfonteinspruit 

U in the WFS area mainly originates from mined gold reefs (ore bodies) where it 
is associated with Au. Owing to above average U-grades compared to other (also 
low grade) ore bodies in SA many gold mines in the West Rand and Far West 
Rand also produced U as a by-product. Recently local gold mines receives com-
peting offers from various national and international interest groups participating 
in the current U-renaissance to rework their tailings dams and extracting U. While 
uraniferous slimes dams (as tailings deposits are called in SA) were generally seen 
as an environmental liability in the past with not much reference to the actual U-
levels being made, they are now perceived as assets highlighting their above-
average U-grades (Hill 2007, 2008 a and b).  

This coincides with mining related U-pollution in the WFS catchment receiving 
extraordinary media attention often sensationalizing alleged health effects on resi-
dents, downstream water users, animals and crops. While effects of U-pollution on 
health are still largely un-quantified and mainly based on anecdotal and circums-
tantial evidence sound scientific evidence exists for the significantly elevated le-
vels of U especially in aquatic environment of the WFS catchment (Faanhof et al. 
1995, Kempster et al., 1996, IWQS 1999, Wade et al. 2002, Coetzee et al. 2006, 
Du Toit 2006, Barthel 2007).  

An overview of U concentrations as found in a screening survey is shown in 
Fig. 2. 
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In case of bed loss from the WFS constituting a major water source for the BTC 
the possibility of associated U-pollution of the receiving aquifer is a major con-
cern. In the most comprehensive study to date in terms of water analyses, weekly 
water samples (later monthly) were taken over a period of a full year at several 
point along the WFS. Maximum U-concentration detected in stream water of the 
WFS ranged from >400µg/l in the head water region (C2H152) to >200 µg/l in the 
lower WFS (C2H157) (Fig. 1). U-concentrations in mine effluents, as a major U-
source reached up to 2600 µg/l (IWQS 1999). A survey conducted as part of the 
project between August 2007 and March 2008 confirmed that little has changed 
regarding the overall patterns of water contamination along the WFS (Fig. 2).  

Owing to the diversion of approx. 30 Ml/d of highly polluted decant water from 
the flooded mine void of the West Rand goldfield (also known as ‘Western Ba-
sin’) into the WFS (after treatment) U-levels in the head water region recently rose 
again resulting in an estimated 1400 kg U/a (60µg/l at 65Ml/d) being exported 
via the 1m-pipeline directly onto the BTC (based on data from Dorling 2008). 
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Fig. 2: Uranium concentrations in water and sediment samples taken during screening sur-
veys conducted between August 2007 and March 2008 (map base: Google Earth, 
14.6.2008) 
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Compared to a load of approx. 500 kg/a in 1997 (31,4 µg/l at 45Ml/d) this is an 
increase of some 900 kg U/a (IWQS 1999). The contribution from decant water is 
in addition to U originating from mining residues that cover a large proportion of 
the head water catchment.  

Right where the WFS starts flowing on the BTC its receives a second major U-
input in form of mines effluents from the Driefontein gold mine adding another 
1200 kg U/ a (estimated based on average U-concentration of 126 µg/l in 1997 as 
per IWQS 1999 and an exceptionally low discharge of only 26 Ml/d in this year). 
Based on the normal discharge of some 50Ml/d the associated U load is well over 
2300 kg/d.  

The last direct U-input into the WFS is received via two canals from the Bly-
vooruitzicht and Doornfontein GM area discharging mine effluents as well as 
stormwater run off. The latter frequently also carries considerable amounts of 
eroded tailings material. Based on 2008 data this area adds some 400 kg/a to the 
total load of the stream (120 µg/l at 10Ml/d). Counting only the U-input associated 
with the direct discharge from the three major mining areas mentioned the WFS 
receives over 4t of dissolved U per annum.  

In view of the recent discovery that most of the time the stream flow does not 
reach the Mooi River it can be concluded that all of the received U must either be 
stored in the fluvial systems (i.e. immobilized in aquatic sediments and floodplain 
soils etc.) or be diverted into the karst aquifer underlying the stream bed or both. 
Several sampling programmes recently conducted in the lower WFS indicated that 
significant amounts of U indeed accumulated in fluvial sediments especially in 
dams downstream of Welverdiend (Fig. 1). With close to 1000ppm U such sedi-
ments by now display higher U-levels than the mined ore and the tailings as origi-
nal sources of the U-pollution. Winde (2006 b) discusses a number of site-specific 
mechanisms enabling shallow farm dams to remove dissolved U from stream wa-
ter more effectively than other parts of the stream resulting in above average 
sediment contamination. Sediments in the Coetzee dam downstream of Welverdi-
end contain an estimated 6t of U (based on data in Coetzee et al. 2002). Compared 
to the estimated load it received over the past 40 years of its existence (some 64t, 
100 µg/l at 44 Ml/d) this constitute approx. 9% of the total U-influx. Owing to site 
specific peculiarities it is likely that this rate of U-immobilisation is exceptionally 
high compared to other parts of the fluvial system. With most of the >100Ml/d of 
the WFS stream flow gradually disappearing into the cavernous dolomite it can 
thus be estimated that some 90% of the U-load also enter the BTC aquifer (i.e. 
10% are retained in sediments). This would result in close to 2200 kg of dissolved 
U polluting the dolomitic groundwater of the BCT.  

Boskop-Turffontein Compartment – Gerhard Minnebron peatland 

With an est. 400km² of surface catchment area the three mentioned eyes in the 
BTC have an appreciable potential to dilute U-inputs from the WFS (Winde 
2007). 
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However, data for the Turffontein eyes, which are the closest to the WFS chan-
nel system and thus most likely to be affected first, suggest that U-levels are tem-
porarily elevated to 10-20 times the natural background level reaching maxima of 
up to 7 µg/l (average 0,9µg/l; n=31; IWQS 1999). Moreover, in our screening sur-
vey it was found that the U-concentrations steadily increase downstream of the 
eye from 1µg/l to 2,1µg/l possibly through contributions of groundwater diffusely 
exfiltrating in the lower lying parts of the stream channel near the confluence with 
the Mooi River. U-concentration measured in a weekly monitoring program of the 
Blyvooruitzicht GM for the period February 2003 to March 2006 displays signifi-
cantly higher U-levels fluctuating from 1 to 172 µg/l. On average the groundwa-
ter-fed stream in this part of the BTC contained 13 µg/l (n=105) (Blyvooruitzicht 
GM 2008). With 18,7 µg/l an even higher U-level was measured in 1997 at the 
nearby station C2H161 (at Muiskraal bridge, Fig. 2) in 1997 (IWQS 1999). This 
constitutes an estimated U-load of >200 kg U/ a (est. flow rate of 30 Ml/d) , equal-
ing some 5% of the estimated load the BTC receives further upstream through 
seepage from the WFS. The wide range of U-levels at this point fluctuating be-
tween 2,9 and 104 µg/l could be indicative of an event-driven pollution regime. 
This is supported by most U-peaks occurring during the rainfall season (Fig. 3)  

In the absence of flow data U-concentration in the different stream components 
can used to assess mixing ratios. With 1,6 µg/ l U in stream water after the conflu-
ence with the Mooi River the contribution of water from the WFS catchment is 
close to 75% of the total flow in the combined stream (at the time of sampling) 
and this despite the fact the WFS dried up well above the Turffontein springs. It is 
therefore likely that in the confluence area additional groundwater discharge from 
the BCT occurs which increases stream flow in the lower Mooi River. Such dis-
charge of groundwater is also suggested by satellite imagery showing significantly 
darker wetlands commonly associated with inundated areas (Winde 2007). 

C2H161 WFS at Muiskraal br.
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Fig. 3: Dynamic of U-concentration of exfiltrating groundwater in the lower WFS 
(Muiskraal bridge, DWAF measuring point C2H161; Data source: IWQS 1999) 
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Originating from the oxidation of sulphides in mined reefs sulfate is commonly 
used as an indicator for mining-related impacts. With sulfate being dominant in 
many mining-impacted waters close relations exist between sulfate concentrations 
and EC. However, relying only on the EC might be misleading in instances where 
decreasing sulfate levels are compensated by other salts from alternative sources. 
Using therefore the proportion of sulfates on the total concentration of dissolved 
solids (TDS) Fig. 4 indicates continued deterioration of water quality at the upper 
Turffontein eye at least since 1979 (when the monitoring started) with a first peak 
in 1967. From the mid 1980s, however, water quality started to improve.  

Higher levels of mining-borne pollution in the past may have been associated 
with higher levels of U-pollution as well. A possible means of indirectly detecting 
such historic pollution peaks is the analyses of sediments which act as geochemi-
cal memory of the river. More importantly though it needs to be analysed what the 
actual reason for the improvement is as this could help to identify exact sources 
and pathways of U-pollution. It has also been suggested that the commissioning 
and decommissioning of a nearby slimes dam at the Doornfontein GM coincides 
with the deterioration and improvement respectively of the spring water (Stoch L 
2007 pers. communication). Should this be correct it could provide an opportunity 
to not only identify sources of U-pollution other than the WFS (i.e. individual 
slimes dams in this case) but also alternative underground pathways within the 
karst system.  

In this context it is important to note that slimes dams in the area are frequently 
covered with a greenish-yellowish crust which in case of a SD at Blyvooruitzicht 
contained 588 ppm U. Readily dissolvable on contact with water these crusts are a 
major U-source for polluting surface run off from slimes dams. In view of the fact 
that drainage lines downstream of the Doornfontein slimes dams are dotted with 
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Fig. 4: Changes in the proportion of sulfate at the Turffontein upper eye as indication of 
mining-related impacts on groundwater quality in the BTC 
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open sinkholes a rapid transport of highly polluted stormwater via sinkholes di-
rectly into the underlying karst aquifer is possible.  

At the GMB eye a similar tendency of the water quality is discernable albeit at 
a generally lower level. Weekly monitoring data from DWAF covering some 40 
years suggest that the sulfate proportion at the GMB eye steadily increased indi-
cating increasing impacts of pollution from upstream mining (Fig. 5).  

Wolmarans (1984) suggested in this context that seepage from the polluted 
WFS forms a pollution plume below the stream bed which gradually mixes with 
underlying groundwater on its way towards the lower lying GMB eye (even 
though this falls outside the surface catchment of the stream). Owing to the asso-
ciated dilution, advection and dispersion pollution levels at the GMB eye are con-
siderably lower than in the stream. Since the Turffontein eyes are located directly 
in the stream channel of the WFS such plume would naturally effect them first 
which is consistent with the fact that EC levels at GMB in 1969, i.e. 2 years after 
first pollution peaks occurred at Turffontein, still indicate pristine conditions. Ow-
ing to a gap in monitoring data it is not possible to determine when exactly water 
quality at GMB started to deteriorate. In 1979 when monitoring was re-started 
SO4-levels had already risen considerably from 3% of the TDS to well over 10% 
and continue to do so ever since. With current levels of 25% of the TDS SO4-
levels at GMB are still below the maximum of >40% reached at Turffontein eyes 
some 20 years ago (Fig. 5). At EC maxima of 75-80 mS/m (750-800 µS/cm) water 
quality is now approaching levels at the Turffontein springs. However, in contrast 
to Turffontein no clear tendency of improvement is yet discernable even though 
the increase seem to follow a logarithmic function starting to flatten out (Fig. 5). 
This could be indicative of a slow moving plume which already passed Turffontein 
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Fig. 5: Proportion of sulfate at the GMB eye as indication of mining-related impacts on 
groundwater quality in the BTC (with logarithmic trend line added) (data source: DWAF) 
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and whose centre (i.e. the most polluted part) is now approaching GMB. Should 
the trend of flattening continue it seems possible that GMB may reach the turning 
point below the maximum pollution level of Turffontein, i.e. with SO4 levels well 
below 40% of the TDS. This, in turn, would be consistent with the higher dilution 
through unpolluted groundwater at GMB which has a significant larger flow rate 
than the Turffontein eyes.  

Data from IWQS (1999) suggest that U-levels at GMB in 1997 were still most-
ly around 0,4µg/l and thus in the region of global U-background values for (dis-
charge-unweighted) freshwater (DWAF 1996). However, on at least two occa-
sions U-levels in the weekly samples increased significantly reaching a maximum 
of 2µg/l (i.e. 500% of normal U-concentration) (Fig. 6).  

While such isolated peaks could possibly be ascribed to analytical errors and 
treated as irrelevant outliers real time in-situ observations of water quality in the 
spring suggest that such peaks may indeed occur as a result of storm events in the 
area. Changes in pH and EC at the GMB eye in response to a storm event ob-
served through in-situ datalogger clearly indicate a drop in pH and a correspond-
ing rise in EC some 6d after the rain storm. Given that acid mine drainage causes 
exactly the observed changes (dropping pH due to high acidity and rising EC due 
to high salt load esp. sulphates) this could well indicate a rainfall-triggered impact 
by upstream mines. Acid rainfall which also lead to dropping pH values even in 
well-buffered dolomitic water (Winde et al. 2004) can be eliminated as cause of 
the observed response since this is accompanied by dropping EC values (quasi 
‘distilled’ rain water with low mineral content). Such rather isolated events may 
also explain the six exceptionally high EC values at GMB found in the monthly 
monitoring program (Fig. 5). 

These relative low U-concentrations at GMB are confirmed by Grundling 
(2002) reporting U-levels in grab samples of water from the GMB wetland rang-
ing from 0µg/l to 1,5µg/l (n=5) corresponding with in/ near-stream sediments (not 
peat) displaying between 4 and 40ppm U (n=3). Derived from semi-quantitative 
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Fig. 6: U concentration at the GMB eye (data: IWQS 1997) 
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ICPMS scans the sediment concentrations are likely to contain a significant ana-
lytical error. A similar range of U-levels was found by Smuts (1997) in peat from 
the GMB wetlands ranging from 5ppm (325cm below surface) to 15ppm in 4m 
depth and the maximum of 35ppm in 2,8m depth. With no clear depth gradient it 
remains unclear in how far this relates to the rather recent mine pollution given 
that peat at 4m depth formed some 11,000 years ago. In order to determine the ex-
tent to which surface and/or groundwater may move through undisturbed peat in-
situ porewater dynamics in peat are currently observed using quasi-continuous da-
talogger controlled measurements in two different transects comprising a total of 
nine boreholes.  

Longitudinal profiles of water quality parameters in the wetland revealed that 
generally the quality of water deteriorates as it flows through the wetland display-
ing considerably higher EC values at the outflow than at the eye. The total salt 
load increases by some 6t/d, while the U-concentration more than triples rising 
from 0,2 to 0,7µg/l. Owing to the drastic increase of flow associated with the dis-
covered sub-aquatic groundwater discharge in the upper reaches of the wetland the 
U-load increases by a factor of 35 (2g/d to 70g/d). With a total export of approx-
imately 26 kg U per year the peatland would contribute some 10% of the total U-
load reaching Boskop Dam (>200kg come from the Turffontein eyes area) as main 
drinking water reservoir for Potchefstroom. While this is still a relatively small 
pollution load compared to several tons of U per year found in the WFS it may in-
dicate a future problem.  

In view of the frequently reported ability of wetlands and peatlands in particu-
lar to aid the natural purification of polluted water this finding is somewhat unex-
pected. It was further found that at a number of sites poor quality groundwater en-
ters the wetland from its fringes (Fig. 2). In an un-mined area with no peat 
deposits present located between two peat mining operations shallow groundwater 
was found displaying EC values of 3000 to 6000µS/cm which even exceed EC-
levels in tailings seepage of the upstream mining area. This water also contains be-
tween 50 and 70µg/l U which rose to 230ppm after the first spring rain (Fig.2). 
Why the influx of (clean ) rainwater resulted in an increase of U in the near sur-
face part of the groundwater is not entirely clear. One possibility is the dissolution 
of salt crusts (mainly consisting of MgSO4 and some 5% of NaCl) which formed 
during the dry winter period over large areas on dry vegetation and sediment. Con-
taining 9 to 12ppm U the redissolution of these crusts may well have resulted in 
higher U-levels in near surface groundwater.  

Similar salt crusts with an increased proportion of NaCl (>30%) were found in 
the unmined part of the peatland near a groundwater puddle containing 3,2 µgU/l 
(Fig. 2). Elevated U-levels (4µg/l) were also detected in water of a pool near the 
northern bank of the upper peatland (‘willow seep pool’, Fig. 2). This fits in a 
trend of steadily increasing U-concentration in groundwater surfacing along or 
near the drainage line downstream of the Turffontein springs: 1,0 ppb (Turffontein 
upper eye) --> 1,2 ppb at Musikraal --> 2,1 ppb at Kiel --> 4 ppb at GMB willow 
seep and 3,2 ppb at GMB lower part of the wetland port 9. This again appears to be 
quite different from groundwater at the GMB eye which has on average a U-level 
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which is about ten times lower. However, with a 5-6 day delay after rain events 
similar high U-concentration sporadically occur. 

Summary and conclusion: Hydrogeological model 

Despite the sketchy data and large uncertainties a first approximation of an hydro-
geological model is attempted in order to synoptically combine available informa-
tion. The following, preliminary model therefore is more tool for further research 
than for making predictions of any kind.  

Running some 25km or so over cavernous dolomite of the BTC the WFS loses 
more than 100Ml/d on average to the underlying aquifer. Owing to U-pollution 
that originates from several gold mining areas this is associated with a U-load of 
some 4t/a affecting groundwater in the BTC as single largest resources supplying 
Potchefstroom municipality. Apart from three distinct outflow points in form of 
karst springs (Turffontein and GMB eyes) large areas of diffuse groundwater dis-
charge exist in lower lying areas around the confluence of the Mooi River and the 
WFS as well as the GMB peatland. Groundwater discharged in these low lying 
areas (i.e. deeper groundwater) displays higher U-levels than (more shallow) 
groundwater discharged at higher levels e.g. at the GMB eye. However, with a lag 
of 5-6 days intense rain events in the upstream catchment also seem to cause pol-
lution of the more shallow groundwater. With easily dissolvable and highly urani-
ferous salt crusts covering many slimes dams stormwater runoff from tailings en-
tering nearby sinkholes is a possible explanation for such event-related pollution. 
This even more since these sinkholes are located well above the stream channel of 
the WFS possibly linking to a karst system on a higher level that feeds GMB eye. 
With a distance of some 18 km and a time lag of 6 days this would require an av-
erage flow speed of some 3 km/d (3,3cm/s) which does not seem unreasonable for 
flow in an open channel karst system.  

In this context it needs to be stressed that karstification of dolomite is confined 
to the outcrop of chert-rich formations. According to Erasmus E (2008, personal 
communication) interlayered sequences of chert-rich and chert-free formations in 
a gently south dipping column possibly resulted in three to four hydraulically 
largely disconnected karst systems running more or less parallel to the WFS sepa-
rated from each other by unweathered dolomite. In such system it is conceivable 
that different sources affect different parts of the aquifers in the same compart-
ment without necessarily interacting with each other.  

Unclear however remains the origin of the highly polluted groundwater found 
at the left bank between the two peat mining operations. Owing to the extremely 
elevated EC it is unlikely that a distant mining source is responsible. Currently in-
vestigations are underway to explore in how a far on outcrop of weathered carbo-
nate could be a potential natural U-source.  

U-levels in the peat at GMB indicate above natural background levels of U in 
certain areas without displaying clear spatial patterns. So far it seems that higher 
than global average U-levels in peat (5-10ppm) are mainly of naturally origin 
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since such level were also found in peat from the upper Mooi River (Fig. 2) not 
impacted on by gold mining.  

In exceptionally wet years it was observed that the WFS reaches the confluence 
with the Mooi River. Together with water from the non-perennial du Toit Spruit 
(Fig. 2) entering the system neat the confluence this may even result in an over-
land inflow of flood water into the GMB peatland. Such inflow however is unlike-
ly to be a major source of U-pollution owing to the large dilution by unpolluted 
runoff from non-mining areas. 
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Abstract. Columns packed either with bentonite and quartz or only with quartz 

were used to investigate the sorption and desorption of U(VI) in the presence or 

absence of sulfate, carbonate, and phosphate at pH 6.5. A considerable difference 

in the breakthrough and desorption curves was revealed for columns with and 

without bentonite. With bentonite in the system considerable differences were ob-

tained with respect to the presence of the ligands sulfate, phosphate, and carbo-

nate. With sulfate a slight decline of uranium sorption was found, while phosphate 

enhanced sorption slightly. On contrary, carbonate suppresses uranium sorption to 

a high extent. Distinct differences were obtained for the desorption, however, in 

all experiments it could be shown that more uranium was desorbed than previous-

ly sorbed, indicating that the natural bentonite contained substantial amounts of 

uranium. 

Introduction 

Retardation and transport of U(VI) are initially affected by their sorp-
tion/desorption reactions at solid/solution interfaces. Among the more common 
candidates in this regard bentonite (2:1 clay mineral) is an important material for 
technical purposes. Conventional batch sorption experiments were widely per-
formed to investigate the U(VI) sorption onto clay minerals (Tsunashima 1983; 
McKinley et al. 1995; Pabalan et al. 1996; Chisholm-Brause et al. 2001; Hyun 
2001). Because batch techniques have some limitations such as breakdown of soil 
aggregates, solubilization of soil components due to soil sample agitation, and rel-
atively low solid to solution ratios, continuous column experiments were consi-
dered as an appropriate technique to study the transport of U(VI) in porous media. 
Sulfate together with carbonate and phosphate ions are important inorganic ligands 



516      Samer Bachmaf, Britta Planer-Friedrich and Broder J. Merkel 

Session IV: Uranium in Groundwater and in bedrock 

that may influence the U(VI) sorption and transport in the subsurface. Sulfate is 
often present in groundwater, particularly in the vicinity of in-situ leaching mines 
and uranium milling production sites, where sulfuric acid was utilized in the 
leaching process. Carbonate is a strong ligand at alkaline conditions controlling 
the mobility of U(VI) in groundwater significantly by the formation of uranyl-
carbonate complexes, which are weakly sorbed on many mineral surfaces (Hsi and 
Langmuir 1985; Waite et al. 1994). Phosphate is a common component in subsur-
face systems and plays an important role in governing the mobility of U(VI) 
(Payne 1996; Cheng et al. 2004, 2007). The effect of these complexing ligands on 
U(VI) sorption by bentonite during batch experiments was reported elsewhere 
(Bachmaf et al. 2008).  

In this work, we investigated the transport of U(VI) in bentonite-sand packed 
columns in the presence or absence of the above mentioned  inorganic ligands. 
Our major aim was to verify if the effects of sulfate, carbonate, and phosphate re-
ported in our previous batch systems are also true with flow through conditions.  

Materials and methods 

Materials  

The clay mineral used as the adsorbent in the column experiments was a Morocco 
bentonite IBECO, acquired from the Federal Institute for Geosciences and Natural 
Resources (BGR) in Hannover. The mineralogy of the < 2-µM clay fraction ac-
cording to powder X-ray diffraction (XRD) verified that the bentonite is mainly 
composed of montmorillonite (80.3 %) and small amounts of impurity phases such 
as plagioclase, orthoclase, cristobalite, and quartz (12.1 %, 5.5 %, 1.3 %, and 0.9 
%, respectively). Table 1 lists the chemical composition according to X-ray fluo-
rescence (XRF) analysis. No pre-treatment was conducted for the bentonite before 
the experiments to preserve its natural conditions. The quartz sand used in this 
work termed F32 was supplied from (Quarzwerke Frenchen, Germany). The sand 
has an average grain size of 0.24 mm and a specific theoretical surface area of 102 
cm2/g. XRD characterizations found 98.6±0.26% quartz and 1.4±0.26% calcite. 
The chemical analysis indicates that quartz sand contained 99.7% SiO2, 0.2% 
Al2O3, and 0.03% Fe2O3. Calcite and a small amount of iron oxides was removed 
from the sand by washing with diluted (1:10) 65% nitric acid for 24 hours, rinsing 
with deionised water, and air-drying in the laboratory.  

U(VI) stock solutions of 5·10-6 mol/L were prepared by dissolving uranyl ni-
trate hexahydrated UO2 (NO3)2.6H2O (Chemapol, Germany) in Milli-Q ultra pure 
water (18 MΩ/cm). The solutions of 0.005 molar sodium sulfate, 0.003 molar so-
dium hydrogen carbonate, and 0.003 molar sodium hydrogen phosphate were pre-
pared by dissolving Na2SO4, NaHCO3, and Na2HPO4⋅12H2O, respectively (all of 
Merck, Germany) in the appropriate volume of distilled water. A 0.005 molar 
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EDTA solution was prepared using Etheylenediaminetetraacetic acid Diaammo-
nium salt (Fluka, Germany).  The pH of input solutions was adjusted to a pH of 
6.5 with diluted NaOH or HCl and controlled by a pH glass electrode and a hand 
meter (WTW GmbH, Germany).  

For constant ionic strength a 0.01 molar sodium chloride (Merck, Darmstadt-
Germany) solution was added to all input solutions. U(VI) concentrations were 
photometrically determined by the arsenazo III method, 0.15 % (m/v) Arsenazo 
(1,8-dihydroxynaphthalene-3,6-disulphonic acid-2,7-bis[(azo2)-phenylarsonic ac-
id)] (Riedel-de-Häen, Germany), 200 mg of high-purity Zn granules (Fluka, Ger-
many), 37 % HCl (Baker, Germany), and 1g / 100 mL ascorbic acid and oxalic ac-
id (both Chemapol, Germany) were used (Meinrath et al. 1999; Savvin 1961). 

Experimental setup 

Column experiments were conducted at room temperature using a total of eight 
glass columns of 2.4 cm inner diameter, 40 cm height, glass wool filter within the 
top cap and about 0.5 cm layer of granular silica beads at the bottom, covered with 
aluminum foil. Four columns were packed with a mixture of 10% bentonite (34 g) 
and 90% treated quartz sand (300 g) resulting in an average effective porosity of 
0.2. The last four columns, used as blank columns, were filled with washed quartz 
sand only. The solutions were pumped from bottom to top at an average of about 
80 µl/min over sorption and desorption period using a high precision peristaltic 
pump with planetary drive ISMATEC IPC 24 canals (Ismatec SA, Switzerland), 
however some changes of the flow occurred during the experiments. All columns 
were pre-conditioned using respective solutions but without uranium for about 12 
h. The experiments were run for 160 days respectively the exchange of 480 pore 
volumes. After achieving breakthrough in all columns or after 72 days, uranium 

Table 1. Chemical composition of Morocco bentonite, IBECO. 

Compound/element [wt.%] 

SiO2 
TiO2 

53.2 
0.2 

Al2O3 
Fe2O3 

21.2 
2.0 

MgO 
MnO 
CaO 
Na2O 
K2O 
P2O5 
SO3 
Cl 

2.1 
0.007 
1.3 
1.95 
0.952 
0.041 
0.14 
0.002 

LOI 16.63 
LOI: loss of ignition  
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concentrations in all solutions were set to zero in order to investigate desorption. 
After 113 days, all input solutions were switched to a 0.005 molar EDTA solution. 
During the first week of both sorption and desorption experiments daily samples 
from the outlet solutions were collected. After that, three samples per week and 
column were taken. The effluents collected were immediately filtered with 0.2 µm 
cellulose acetate filters (Membrex, Germany) and analyzed for U(VI) and pH. The 
experimental setup is presented in Fig. 1. 

Since sorption onto clay minerals can be controlled by surface complexation at 
pH >6 (McKinely et al. 1995; Catalona et al. 2005) and the investigation of sur-
face complexation reactions on clay minerals was the focus of this research, the 
pH of the input solution for all columns was adjusted at pH 6.5. A higher pH was 
not recommended since then for the uranium concentrations chosen (0.005 
µmol/L) oversaturation of certain uranium minerals (such as Schoepite, 
UO2(OH)2(beta), and (UO2)3(PO4)2) was calculated by means of PHREEQC and 
the LLNL data base.  

By comparing the flow rate of the effluents in columns packed with bentonite 
and those in their blank columns, it is noteworthy that after approximately two 
weeks from starting the pumping the flow rate in the first four columns seems to 
be slower than those in the columns packed with only sand. This phenomenon 

 
Fig.1. Experimental setup of column experiments, columns 1 to 4 were packed 
with 10% bentonite and 90% quartz sand, columns 5 to 8 were packed solely 
with quartz sand. Input solutions 1 and 5 (0.01M NaCl), input solutions 2 and 
6 (0.01M NaCl+0.005M Na2SO4), input solutions 3 and 7 (0.01M 
NaCl+0.003M NaHCO3), input solutions 4 and 8 (0.01M NaCl+0.003M 
Na2HPO4), [U]=5×10-6M during the first 72 days, pH=6.5 
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could be explained by the intercalation of water molecules and U(VI) species be-
tween clay mineral layers that induces swelling in clay structure, which leads to a 
slight decrease in the permeability in the columns containing bentonite. 

Results and discussion 

A slight variation between effluent and influent pH of all the columns was ob-
served (variation < 0.5 units). It is assumed that this minor pH variation have no 
significant impact on the results. The uranium breakthrough curves for the col-
umns 1 to 4 (mixture of bentonite and quartz sand) are shown in Fig 2. Less than 
10% of Uranium makes it through the column for the first 40 days in column 1 
(uranium nitrate solution without complexing ligand) due to effective sorption. 
However, after 55 days breakthrough was complete. With sulfate as complexing 
ligand a slight decline of uranium sorption was found, while phosphate on con-
trary slightly enhanced sorption and extended the breakthrough point to 65 days. 
On contrary, carbonate suppresses uranium sorption to a high extent.  

Uranium was hardly sorbed onto bentonite in the presence of carbonate due to 
the dominance of negatively charged uranyl carbonate species UO2(CO3)2

2- at pH 

 
Fig.2. Experimental breakthrough curves of U(VI) in 0.01M NaCl (filled square) , in 0.01M 
NaCl+0.005M Na2SO4 (open triangles), in 0.01M NaCl+0.003M NaHCO3 (filled triangles), 
and in 0.01M NaCl+0.003M Na2HPO4 (crosshairs), flushed into the bentonite and washed 
sand packed columns, [U]=5×10-6M, pH=6.5. 
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6.5 according to calculated species distribution (Table 2). The UO2(CO3)2
2- com-

plex is thus assumed to be more stable than any UO2-surface complex that might 
form. To explain the minor but still significant differences in the three other varia-
tions of the experiment is more difficult. This is due to the dissent of the thermo-
dynamic data assembled in different databases resulting in partly contradictory re-
sults (table 2). Thermodynamic modeling gives little hints why we see less 
sorption for the column with sulfate since the calculated uranium speciation shows 
no difference to the pure UO2 solution (table 1). The same is true for the experi-
ment with phosphate as ligand since phosphate enhanced sorption. It can be specu-
lated that a uranyl-phosphate surface complex on montmorillonite is stronger than 
a comparable uranyl surface complex.  

This adsorption can be explained by the fact that U(VI) sorbs preferentially to 
the reactive octahedral iron surface sites Fe[(O,OH)6] over Al[(O,OH)6] surface 
sites (Catalano and Brown 2005). Our modeled and experimental observations 
suggest no precipitation of U(VI) minerals. The saturation indices of U(VI) miner-
als calculated by PHREEQC and LLNL database showed negative values and thus 
under saturation. Our previous works elucidated that U(VI) slightly tends to ad-
sorb to the surfaces of reaction vessels under alkaline conditions. Therefore, it can 
be assumed that 5% loss of U(VI) was attributed to adsorption to the surfaces of 
our experimental system and not due to its adsorption on bentonite surfaces.  

Mass balance was calculated for the columns either packed with bentonite and 
sand or only sand by calculating the amount of U(VI) adsorbed and desorbed from 

Table 2. Calculated species distribution in % for the four input solutions using PHREEQC and the data 
bases LNNL, WATEQ4F, and NEA_2007. Significant differences occur for 4 setups making it difficult to 
develop models to explain the sorption and desorption behavior 

Data bases only UO2 % SO4 % PO4 % CO3 % 

LNNL UO2(OH)2 

(UO2)2CO3(OH)3
- 

UO2OH+ 

71.2 

21.2 

3.2 

UO2(OH)2 

(UO2)2CO3(OH)3
- 

UO2OH+ 

70.1 

21.6 

3.3 

UO2PO4
- 

UO2HPO4 

UO2(OH)2 

61.0 

38.9 

0.2 

UO2(CO3)2
2- 

UO2CO3 

(UO2)2CO3(OH)3
- 

72.4 

10.5 

9.4 

WATEQ4F (UO2)3(OH)5
+ 

UO2OH+ 

UO2CO3 

72.3 

10.2 

4.4 

(UO2)3(OH)5
+ 

UO2OH+ 

UO2CO3 

70.6 

10.4 

4.3 

UO2(HPO4)2
2- 100 UO2(CO3)2

2- 

UO2CO3 

UO2(CO3)3
4- 

86.6 

9.6 

3.6 

NEA_2007 (UO2)2CO3(OH)3
- 

UO2OH+ 

UO2CO3 

(UO2)3(OH)5
+ 

UO2(OH)2 

UO2
2+ 

(UO2)4(OH)7
+ 

73.2 

5.1 

5.0 

13.0 

1.8 

0.4 

1.0 

(UO2)2CO3(OH)3
- 

UO2OH+ 

UO2CO3 

(UO2)3(OH)5
+ 

UO2(OH)2 

UO2SO4 

UO2
2+ 

72.7 

5.2 

4.9 

12.6 

1.8 

1.0 

0.5 

UO2PO4
- 

UO2HPO4 

61.0 

38.7 

UO2(CO3)2
2- 

UO2CO3 

(UO2)2CO3(OH)3
- 

UO2(CO3)3
4- 

47.4 

26.2 

18.4 

7.8 
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the columns over sorption and desorption period (table 3). It is noticeable that the 
amount of uranium desorbed from all columns was significantly higher than 
sorbed before. This is a clear indication for a significant amount of uranium 
sorbed naturally at the bentonite used. Additionally, the comparison between the 
cation exchange capacity (CEC) of bentonite (112 meq/100g) with the sorption 
capacity in the columns exhibited an apparent difference indicating that surface 
complexation of U(VI) on bentonite is three orders of magnitude below the total 
exchange capacity of bentonite.  
The breakthrough curves of U(VI) for solutions free of or containing sulfate, car-
bonate, and phosphate for the blank columns packed with washed quartz sand are 
plotted in Fig 3. In contrast to the experimental data displayed in Fig 2, insignifi-
cant retardation of uranium was exhibited for all 4 columns. After two weeks from 
starting the sorption experiment, breakthrough was achieved. However, even in 
this case carbonate is minimizing sorption to a certain extent.  
When the U(VI) concentration was set to zero in the input solution (desorption pe-
riod), almost all U(VI) sorbed was recovered from all blank columns after approx-
imately 3 weeks. Similar to the columns with bentonite two ligands used showed a 
significant impact on the desorption behavior: carbonate column recovered less 
uranium than the columns solely treated with UO2 and those with sulfate as ligand. 
On contrary from the columns containing the phosphate containing more uranium 
was recovered. EDTA as final input solution had no significant impact since most 
of the uranium had been desorbed before. Our experimental results concur with 
those by Cheng et al. (2007), who found a small reversible U(VI) sorption in col-
umn packed with pure quartz sand. 

Table 3. Mass balance for sorption and sorption capacity in the columns for the four setups. 

Columns 
Packed with 

Inlet 
solutions 

Total U 
adsorbed 
in µmol 

Total U 
desorbed 
in µmol 

sorption 
capacity in        
meq/100g 

Bentonite 
and sand 

solely U 24.3 33.2     0.14 

Bentonite 
and sand 

Sulphate 
as ligand 

21.5 25.2 0.12 

Bentonite 
and sand 

Carbonate 
as ligand 

3.1 16.4 0.01 

 Bentonite 
and sand 

Phosphate 
as ligand 

27.6 36.5 0.16 

Sand solely U 3.2 11.2      - 

Sand Sulphate 
as ligand 

2 10 - 

Sand Carbonate 
as ligand 

0.4 7.4 - 

Sand Phosphate 
as ligand 

2.3 13.4 - 
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Summary 

This work exhibited a clear difference in uranium breakthrough and desorption 
curves in columns packed with bentonite and their respective blank columns indi-
cating an effective U(VI) retardation due to surface complexation on bentonite. 
The substantial amount of uranium sorbed already on the natural bentonite induces 
an inequality in the mass balance calculated for the amount of U(VI) sorbed and 
desorbed over sorption and desorption period. The effect of ligands used on the 
U(VI) sorption/desorption revealed a similar behavior for columns free of and 
those containing bentonite. With sulfate a slight decline of uranium sorption was 
observed, while phosphate slightly enhanced sorption and delayed the break-
through peak. On contrary, carbonate suppressed U(VI) sorption significantly.  

 

 
Fig.3. Experimental breakthrough curves of U(VI) in 0.01M NaCl, in 0.01M 
NaCl+0.005M Na2SO4, in 0.01M NaCl+0.003M NaHCO3, and in 0.01M NaCl+0.003M 
Na2HPO4 flushed into the washed sand packed columns, [U]=5×10-6M, pH=6.5. 
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Uranium(VI) sorption on montmorillonite 
and bentonite: Prediction and experiments 

Cordula Nebelung and V. Brendler 

Forschungszentrum Dresden-Rossendorf, Institute of Radiochemistry, P.O. Box 
510 119, 01314 Dresden, Germany 

Abstract. The sorption characteristics of U(VI) on bentonite and montmorillonite 

were investigated in batch experiments for understanding the near-field behaviour 

in geological nuclear repositories. Sorption parameters were determined in batch 

tests. The sorption on bentonite (KWK) was studied at different dry bulk densities 

of the clay (1.3, 1.6, 1.9 g/cm3) at pH 8 for the U(VI) concentration dependence 

(10-4 to 10-9 m). The sorption on the pure mineral montmorillonite (SWy-1) in 0.1 

M NaClO4 was determined for the concentration dependence at pH 5.5, and pH 

dependence between pH 3 and 11). A scientifically founded description of sorp-

tion processes at the mineral-liquid surface is possible with the surface complexa-

tion models (SCM), the ion adsorption on surface sites as complexation reaction. 

We use the diffuse double layer model (DDL) to predict the sorption with the code 

MINTEQA2 (Version 4.03, US EPA May 2006), thermodynamic data of aqueous 

and solid species from the NEA-TDB (Guillaumont et al. 2003), the mineral cha-

racterization and the respective protolysis data (Pabalan et al. 1997) and surface 

complex constants from (Pabalan et al. 1998).  

The prediction of U(VI) sorption on montmorillonite at the pH dependence was 

very good. The modelling of the sorption on montmorillonite and bentonite versus 

U(VI) concentration shows a good agreement of measured and predicted values.  
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of uranium in soils and sediments? 
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Abstract. Natural enrichment of uranium in soils and sediments is feasible to 

study the migration and immobilisation processes of radioactive elements in the 

geological environment. The investigations covered geological, geochemical, hy-

drogeological, hydrologic and radiometric aspects. The identification of the avail-

able uranium phases and its association with sediment phases was one of the main 

interests. Main controls in soil-aquifer systems include flow rate and water quali-

ty, mineralogical composition and physico-mechanical soil properties, vegetation 

and microbiological activity. A hydrologic regime with slow flow rates and vertic-

al flow paths facilitates essential contact time between water and solid surfaces. 

Sufficient contact time (water/solid) allows for chemical retention mechanisms in 

aquifer material, in soils additionally plant associated and microbiological 

processes, e. g. bioreduction, biosorption or bioaccumulation. The latter are capa-

ble of retaining high U concentrations on the dry mass basis as frequently shown 

by laboratory investigations.  

Secondary enrichment of uranium as frequently observed in organic-rich soils and 

sediments may suggest, that biological processes are fundamental in pre-

concentration by means of uranium entrapment. Thereby pore-water depletion of 

uranium occurs, resulting in retention through plant detritus or microorganisms. At 

least when the biomass degrades or dies back, the biosorbed or bioaccumulated 
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uranium will be integrated in the soils. Hence, as remobilisation or resuspension 

are a matter of concern, mainly from laboratory studies it is concluded that ura-

nium reduction and (bio-)mineralisation of U(IV) species are crucial for conserva-

tion. However in field scale, with the help of spectroscopic, wetchemical and mi-

neralogical investigations the presence of a hexavalent immobile uranium phase 

could be proved. In applying advanced imaging methods (TEM) and microbiolog-

ical complementary studies (DNA isolation) more detailed conclusions on ura-

nium retention mechanisms can be drawn. 

 



Determination of Uranium source term 
in a Polluted Site: a multitechnique study 

Vannapha Phrommavanh1), Michaël Descostes1,2), Catherine Beaucaire1),  
Michel L. Schlegel3), Olivier Marie4), François Bonniec5) and J.P. Gaudet6) 
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6)CNRS-INPG-IRD-UJF-LTHE, BP 53, F-38041 Grenoble Cedex 09 

Abstract. This study aims at understanding a potential migration of uranium in a 

polluted calcareous peat-land. Aqueous uranium monitoring indicates a seasonal 

variation of uranium content. During winter, aqueous uranium was found to be 

mostly under the +VI oxidation state, which is potentially mobile, while it was re-

duced into less soluble U(IV) species in summer. These observations were corre-

lated with changes of the redox potential due to the activity of sulphate-reducing 

bacteria. A companion study (Phrommavanh et al., 2008 in this congress) focuses 

on the determination of the uranium aqueous speciation. Concurrently, one has to 

know the origin of the source term which is a part of the understanding of the ura-

nium mobility. Several techniques were used in order to discriminate the chemical 

form of uranium: gamma spectrometry and aqua regia extractions on soil samples, 

porous PTFE quartz cells in order to sample the aqueous fraction, SEM observa-

tions with automatic U particles detection and XANES to assess the U redox state. 

The association of these different techniques gave consistent results with an in-

creasing U content at a depth of 0.8 m. Such a localisation is explained by a redox 

front where anoxic and reducing conditions prevail. 



 

 

 
 

 

Uranium Mining

and Hydrogeology



Peculiarities of radionuclide distribution within 
rock destruction zones (by the example of the 
objects at the Semipalatinsk Test Site) 

Ella Gorbunova 

Institute for Dynamics of Geospheres, Russian Academy of Sciences, 38-1  
Leninsky prosp., Moscow, Russia, e-mail: emgorbunova@bk.ru 

Abstract. Underground nuclear explosions (UNE) at the Semipalatinsk Test Site 

(STS) produced irreversible deformations in geological environment. Field study 

of these effects allow us to ascertain the basic mechanisms of man-induced desta-

bilization of rocks, i.e. changes in physic-mechanical characteristics and filtering 

structure, hydrogeodynamical and radiation situations. 

Introduction 

During 1970 – 1980 field studies of filtering structure of UNEs at STS (Nuclear 
tests 1997) included: 
• Drilling of vertical and horizontal boreholes; 
• Geophysical borehole measurements  (in particular, gamma-ray method); 
• Interval hydrogeological testing;  
• Water and rock sampling for determination of radionuclide content. 
• The following characteristics have been determined: 
• Mechanical effects of explosions; 
• Permeability of various zones within irreversible massif deformations;  
• Distribution of radionuclides in underground water and rock massif. 

The monitoring of STS radiating situation is continuing now. The data of expe-
rimental investigations are evidence of radioactive contamination of geological 
environment within the formed man-induced zones. 
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Investigations 

Structure of a central part of underground nuclear explosion (CP UNE) has been 
investigated at some STS objects, where nuclear weapon improvement tests took 
place. Sizes of man-induced fracture zones depend not only on charge parameters, 
but also on physical-mechanical properties of involved tectonic structure (frac-
tures, stratigraphic and geological boundaries, lihtological structure of enclosing 
rocks). 

The zones of interest include a cavity, rock crush and fracture zones, induced 
fractures, split-off, and chimney. Figure 1 shows a diagram of UNE central zone 
studied in more details.  Consequences of post-explosion deformations presented 
in the massif connected with the epicentral zone of UNE are partially retraced on 
the day surface. 

Fig 1. Diagram of UNE central zone (1 – Neogene-quaternary sediments; 2 – Paleozoic 
rocks; 3 – zones of the irreversible deformations in geological environment: I – cavity, II – 
chimney,  III - rock crush, IV – fracture zone, V – induced fractures, VI – split-off; 4 – ex-
perimental borehole) 
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According to the diagram the major part of post-explosion radioactive material 
remains melted in the containment cavity. Within the crush zone rocks are trans-
formed into loose dust. Within the fracture zone rocks are destroyed to landwaste 
and rock debris. The induced fractures is characterized by renewal of natural joints 
and generation of new ones – radial split-offs intersecting in the explosion ground 
zero and concentric fractures. This zone is asymmetric with the maximum thick-
ness up the strike and the minimum one found below the cavity. The split-off zone 
is formed at the interface of materials with different acoustic impedance.  

Each zone of induced fractures is specified by individual range of alteration of 
filtration characteristics. Data of hydrogeological investigations of CP UNE allow 
us to estimate the permeability of each zone. According to implemented analysis 
of the filtration characteristics within CP UNE zones of high-permeable, 
permeable and low-permeable  rocks are defined. The filtration coefficient higher 
than 1m/day is mainly typical for the explosion cavity, the climney and rock 
shifting zones. The low-permeable rocks with filtration coefficient less than 1 
m/day are confined within outlying regions of destruction massif.  As a whole, the 
value of the filtration coefficient depends on the zone position relative to the 
central part of the explosion. 

The selected zones have asymmetrical forms due to geological structure of con-
sidered massif. The profile of permeability and fracture porosity within the 
defined zones of irrevesible deformation massif is specified  with filtration 
heterogeneity, controlling the level of the radioactive contamination of the bearing 
rocks and underground water.  

The experimental data of the radionuclide content testify radioactive pollution 
of rocks within the limits of fractured zones and, separately, in the zones of reno-
vated tectonic fractures. As a whole, the duration of existence of sealed cavity im-
pacts on dynamics of radioactive conversions and influences the representative-
ness of radionuclides in the destruction zones after cavity depressurization. The 
moment of a rock caving and formation of a chimney is a major factor, which de-
termines the nature of the radioactive contamination in all zones of induced and 
natural fractures. 

A number of radionuclides (volatile, having gas predecessors and tritium) 
which were not totally fixed in melt released out of cavity and dispersed within 
zone of man-made fracturing (Izrael and Stukin 2000). 

Laboratory investigations of samples, taken from different zones of irreversible 
deformation massif, show that the refractory radionuclides are mainly fixed within 
rock melt. Melt lens is formed in the lower part of the cavity, accounts for less 
than 5 percent of cavity volume and contains nearly 95 - 98 percent of all radio-
nuclides. The radioactivity of the explosion partition products decreases nearly 
three times during one year. The specific concentration of the refractory radionuc-
lides in the unaltered rock not far from cavity contact is six orders lower. The ra-
dionuclide compounds possessing volatiles are located nearby the explosion epi-
centre zone (125Sb, 103Ru, 106Ru). Tritium, radioactive isotopes of iodine, 
radioactive inert gases and products of radioactive disintegration (90Sr, 137Cs, 
140Ba) are presented in the distant zone.   
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Geological environment including UNE hypocenters is a natural barrier on the 
path of radionuclide migration. Field data of UNE central part demonstrate evi-
dences of geological environment contamination within man-made zones and, in 
some cases, within zones of renewal fracturing.  Enrichment of destruction zones 
and microcracks in some minerals is observed, which are characterized by high 
contain of  radioactive inert gases. The gaseous precursors of radionuclides with 
larger half-life period are characterized by deeper penetration into crystal structure 
of minerals (Ananiyeva et al. 2000). For example, 137Cs concentration in rock-
formed minerals decreases in the following sequence: biotite > magnetite > 
feldspar > quartz.  

During CP UNE progressive floodings radionuclides are  desorbed  from the 
fractured surfaces. Radionuclides with intrinsic volatilites (103Ru, 106Ru, 125Sb) and 
tritium  as well as radionuclides with volatile (gaseous) precursors on the chains of 
radioactive conversions (89Sr, 90Sr, 91Y, 137Cs, 140Ba) can migrate with underground 
water.  

Water filled up UNE Central Zone is usually weak-active (rarely – middling-
active) and contains products of long-living fission fragments and tritium (Loga-
chev 2002). The formation of halo of radioactive contamination of underground 
water is related to progressive dilution of an isolated area containing the long-
lived radionuclides. It is necessary to analyse the ratio of radionuclides in the 
rock-water system.  

The local zones with man-made damages in the underground water circulation 
were determined for the areas of UNE tests (Gorbunova 2005). Formation of de-
pression cones within the 0.3 - 0.5 km radius from the epicenter testifies to estab-
lishment of hydraulical connection between the UNE cavity and water-bearing 
horizon. This connection is indirectly confirmed by higher tritium and other 
radionuclides concentrations. 

Accordingly, allocation of sites with damaged water  circulation on the basis of 
archival and current data allow to determine the existence of potential sources of 
concealed radionuclide migration. Contour tracing of post explosive deformations 
on the day surface by different methods (reconnaissance observation of UNE epi-
centers, remote probing) serves as indirect corroboration of deep irreversible de-
formations in rock massif.  

Discussion and perspectives 

To obtain reliable information of the consequences of man-induced destabilization 
of STS resources it is necessary to arrange and conduct complex investigations of 
damaged geological environments including UNE epicenters. Data of CP UNE 
field study may be of special scientific interest and reliability as UNE radionuc-
lides are located in limited scope of geological settings.  

For these purposes we plan the following scientific, methodical and experimen-
tal studies of rock massif under UNE: 
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• classification and integration of data on permeability of destruction zones and 
radionuclide distribution within the central part of the underground nuclear ex-
plosion; 

• working out the technique for field and laboratory investigations of alterations 
of filtration characteristics of geological environment and radionuclide distribu-
tion in the zones of irreversible deformation of rock massif as a consequence of 
UNE; 

• realization of the expeditionary works to estimate destruction zone permeability 
and radioactive contamination of the geological environment at the selected ob-
jects; 

• processing of the experimental data for determination of radionuclide closing-
down safety in the destruction zones and 

• determination of the principal mechanism of the radionuclide distribution in 
rock massif and underground water after UNE to estimate probable after-effects 
of the radioactive contamination of geological environment. 
The results of the reconnaissance survey at STS revealed that a few sampling 

boreholes are still accessible for measurements (Fig.2). Higher gamma dose rates 
were recorded within wellhead areas of a few boreholes. As a whole, the density 
of the radioactive contamination is close to a background level.  

Fig.2 Photograph of the examined object at STS, Autumn 2003. 

Retrospective analysis of archival data on environmental contamination during 
UNE allow to choose the STS sites which may be interesting from the viewpoint 
of radionuclide contamination in the zones of irreversible rocks deformations. 

To determine changes in radioactive situation within CP UNE we plan to work 
out the technique of  field and laboratory sampling integration with subsequent 
analysis of representative samples of rocks and water. Radiation safety assurance 
is extremely important part of UNE field study. The field survey at defined STS 
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sites will allow to describe in details conditions of radionuclide distribution, de-
termined by man-made dislocation of geological environment under UNE. The 
main pathways of radionuclide migration will be studied in the zones of rock de-
struction in the boreholes. The field survey will  be conducted under permanent 
dosimetric monitoring of radiation situation on technical sites. 

The comparison of produced experimental data on geological environment with 
available archival data will be of the practical value. The repeated survey at the se-
lected sites allows determining the stability of the intervals of radioactive conta-
mination of the geological environment. The defined principal mechanism of ra-
dionuclide distribution within the destruction zones will be used to appraise the 
possible after-effects of radionuclide contamination of geological environment. 

Basing on comparative analysis of the radionuclide content in core samples, 
taken in specified intervals, the conversion of the radionuclides in studied destruc-
tion zones will be monitored. Pursuant to data of determination of the radioactive 
contamination of the underground water the rate of dilution of the radioactive con-
tamination halo will be determined. 

The produced data allow classifying the defined zones of irreversible mass de-
formation on the permeability level for different radionuclides. The results of the 
field investigations expand the available approaches to appraisal of radioecologi-
cal situation in UNE locations. Creation of databank on radionuclide distribution 
in UNE central part is the base for development of effective decisions related to 
rehabilitation of geological environment, contaminated due to UNEs conducted on 
the territory of STS. 

Conclusions 

UNE hypocenters and zones of irreversible rock mass deformation are related to 
potential radionuclide source. During decades the long-lived radionuclides mi-
grated in man-caused disturbed environment. Lack of methods for long-term pre-
diction on state assessment of formed zones of irreversible deformation define ex-
perimental sites as unsteady objects. The areas where UNEs have been conducted 
can be considered as test sites for long-term underground storage of special ha-
zardous radwastes.  

The data of field works of conditions of radionuclide distribution within CP 
UNE are of the particular interest for development of radioecological safety as-
pects of territory exploration, adjacent to STS. The experimental data on radionuc-
lide content allow working out the recommendations on test site territory rehabili-
tation. 

Organization and realization of complex investigations of radioactive contami-
nation of the geological environmental will promote the development of monitor-
ing of radiation-ecological situation on the objects of higher risk in case of the oc-
currence of supernumerary situations and the terrorist threat.  
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Abstract. The interaction of U(VI) with organic model ligands is examined using 

time-resolved laser-induced fluorescence spectroscopy (TRLFS) and TRLFS with 

ultrafast pulses (fs-TRLFS). As example for sulfur containing ligands benzenesul-

fonic and 4-hydroxybenzenesulfonic acid are studied. For nitrogen containing 

model ligands nicotinic and anthranilic acid are examined as a function of pH. For 

evaluating the strength of interaction complexation constants are determined. 

Introduction 

The long-term safety assessment of nuclear waste disposals requires detailed 
knowledge of the transport and interaction behavior of actinides within the tech-
nical, geotechnical and geological barriers. Humic substances (HS), ubiquitous in 
natural environments, are able to influence the migration of actinides due to their 
ability for complex and colloid formation and their redox properties. It is known, 
that especially carboxylic (e.g., Shanbhag and Choppin 1981) and phenolic hy-
droxyl groups (e.g., Pompe et al. 2000) are able to complex metal ions. In addition 
to these oxygen containing functional groups, HS also offer sulfur and nitrogen 
containing functionalities.  

In HS sulfur is available in amounts of 0 – 2% (Stevenson 1982). Regarding to 
their oxidation states, reduced sulfur (e.g. sulfides, thiols) or oxidized sulfur 
groups (e.g. sulfonates, sulfates) could be found (Solomon et al. 2003). It is 
known, that in complexation studies of HS with zinc (Xia et al. 1997) and mercury 
(Skyllberg et al. 2006) reduced sulfur groups (probable thiols) are favored to 
coordinate the metal ions.  

It is established that HS contain 2 – 6% nitrogen (Stevenson 1982), consisting 
of proteinaceous materials (e.g. peptides, amino acids), heterocyclic compounds 
(e.g. pyrimidines) and amino sugars (Schulten and Schnitzer 1998). Xia et al. dis-
covered that copper, nickel and cobalt form complexes with HS involving also 
amine functional groups (Xia et al. 1997). There are also various complexes of 
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uranium with multidentate N-donor ligands reported, where uranium is coordi-
nated via oxygen and nitrogen functional groups at the same time (Sessler et al. 
2006). The interaction of uranium(VI) with oxygen functionalities of HS is pre-
ferred against sulfur or nitrogen groups in literature. 

The aim of this work is to determine the influence of various sulfur and nitro-
gen containing functional groups on the U(VI) complexation and to evaluate their 
contribution in comparison to oxygen containing functional groups. For this, sim-
ple organic model ligands that can occur as building blocks for HS are used in the 
first instance with the objective to transfer the results to HS. As model ligands we 
used benzenesulfonic acid (BSA), 4-hydroxybenzenesulfonic acid (HBSA) as well 
as anthranilic acid (AA) and nicotinic acid (NA). Their structures are given in 
Fig.1. Depending on the prevailing physical and chemical properties of the consi-
dered ligands two different TRLFS systems were used. For example, AA shows 
typical emission spectra with a short lifetime after excitation. Thus, for the mea-
surement a fs-TRLFS system was applied. On the other hand, the complex forma-
tion studies of U(VI) with NA were performed at pH 2.5. At this pH, NA does not 
show significant luminescence emission, thus the U(VI) fluorescence was moni-
tored using TRLFS. 

Experimental 

Solutions and reagents 

Stock solutions of U(VI) perchlorate (0.1 M (UV-vis); 4.92⋅10-3 M (TRLFS)) 
were used. Ligand stock solutions of benzenesulfonic acid (Fluka), 4-
hydroxybenzenesulfonic acid (Acros Organics), nicotinic (Sigma-Aldrich) and 
anthranilic acid (Merck) were prepared freshly for each experiment. The pH val-
ues were adjusted with HClO4 and NaOH. The ionic strength was kept constant at 
0.1 M by adding a 0.2 M NaClO4 stock solution (NaClO4⋅H2O, Merck, p.A.). All 
solutions were prepared with Milli-Q-water. The experimental conditions are given 
in Table 1. 
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Fig.1. Structure of investigated sulfur (a) and nitrogen (b) containing model ligands. 
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TRLFS measurements  

TRLFS experiments were performed at a fixed U(VI) concentration as a function 
of model ligand concentration. Laser pulses at 266 nm with an average pulse ener-
gy of 300 µJ (Nd:YAG laser system, Continuum, Minilite) were used for the exci-
tation of the U(VI) luminescence. The emitted luminescence light from the initial 
and complex solutions was detected by a Jobin-Yvon iHR spectrograph. The re-
sulting spectra were measured in time-resolved mode using an ICCD camera 
(1024 pixel, Jobin-Yvon). The TRLF spectra were recorded from 371 to 674 nm 
were recorded by averaging 100 laser pulses using a gate time of 2 µs. Delay 
times varied from 65 to 10065 ns after application of the laser pulse in 100 ns in-
crements. 

fs-TRLFS measurements  

Using a pulsed Nd:YVO4 laser (Spectra Physics) with an excitation wavelength of 
266 nm and pulse energies of about 150 µJ, the emitted fluorescence of the organ-
ic ligands was collected by an intensified CCD camera system with 1376 useable 
pixels (Picostar HR, La Vision Inc.). The delay generator allows time delays be-
tween 0 and 100 ns in various steps from ps up to ns. The detailed description of 
the laser system is given in (Geipel et al. 2004). The spectra were measured at a 
gate width of 2 ns with delay times ranging from 0 to 20 ns for the experiments 
with HBSA and from 0 to 40 ns for AA. The detected wavelength ranged from 
278 to 481 nm for the studies with HBSA and from 347 to 550 nm for AA. The fs-
TRLFS experiments were carried out at constant ligand concentration as a func-
tion of U(VI) concentration at various pH values (cf. Table 1). 

Table 1. Experimental conditions. 

Model Ligand Method  c(Model Ligand) [M] c(UO2
2+) [M] pH 

BSA TRLFS  0 – 8⋅10-4 5⋅10-5 2 
 UV-vis 0 – 2⋅10-2 1⋅10-3 2 
HBSA fs-TRLFS 1⋅10-4 0 – 3⋅10-3 2.5 
NA TRLFS 0 – 8⋅10-4 5⋅10-5 2.5 
AA fs-TRLFS 1⋅10-5 0 – 3⋅10-4 1.5 – 6.5  
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Results and Discussion 

Benzenesulfonic acid 

Because the complexation experiments were performed as function of pH value, it 
is important to know at which pH value the protonated or deprotonated species ex-
ist. Literature values for the acidity constant (pKa) of BSA varied in a wide range 
from -6.56 ± 0.06 (Cerfontain et al. 1975) to 2.55 (Dean 1985). Therefore, several 
methods were applied to determine the acidity constant for BSA.  

i. Potentiometric titration experiments proved that the acidity of BSA is beyond 
the definition and working range of the pH-electrode. That means, the pKa 
must be significantly smaller than 0.  

ii. Fluorescence studies with ultrafast pulses (fs-TRLFS) showed a self-quenching 
effect of BSA, therefore the measured spectra could not be analyzed.  

iii. UV-vis spectra recorded as a function of proton concentration exhibit no isos-
bestic point, which is required for pKa-calculations.  
Thus, with the accomplished experiments no pKa for BSA could be deter-

mined. Because of this result, we based our complexation experiments upon the li-
terature value given in (Cerfontain et al. 1975), which was determined by 13C-
NMR. We postulated that at the investigated pH of 2 the sulfonic acid group is 
completely deprotonated. 

We studied the complexation behavior of BSA with U(VI) using UV-vis ab-
sorption spectroscopy. The spectrum of the free U(VI) shows no difference to the 
spectra of U(VI) in the presence of BSA. A probable reason is that there is no inte-
raction between the uranyl ion and the model ligand. This thesis was proved by 
TRLFS experiments. The spectra of the uranyl ion as a function of BSA concen-
tration at pH 2 showed a decrease of the luminescence intensity with increasing 
BSA concentration. This behavior is characteristic of static luminescence quench-
ing due to the complex formation. The luminescence decay was monoexponential 
in all samples. But the lifetime of the free uranyl ion decreased with increasing 
BSA concentration. This indicates an additional dynamic luminescence quench-
ing. With the Stern-Volmer equation the determined lifetimes could be used to 
calculate the luminescence intensities if no dynamic quenching occured. In case of 
BSA revised intensities obtained by lifetime relation did not show any decrease. 
Within the experimental uncertainties, they are constant. Therefore, no complexa-
tion constant could be calculated with the measured TRLFS spectra. In conclu-
sion, using UV-vis absorption spectroscopy and TRLFS it could be demonstrated 
that no interaction of U(VI) with the sulfonic acid group takes place. 

4-Hydroxybenzenesulfonic acid 

In this work, we used a HBSA sodium salt. Thus, the sulfonic acid group can be 
regarded as completely dissociated. With pKa2 = 8.56 ± 0.05, determined by po-
tentiometric titration and comparable to those in the literature (Bates et al. 1943, 
Zollinger et al. 1953), the hydroxyl group should not be deprotonated at the 
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investigated pH 2.5. Because HBSA shows a typical fluorescence spectrum with a 
short lifetime of about 2 ns after excitation, the complexation behavior of the li-
gand with U(VI) was studied with fs-TRLFS. The obtained fluorescence spectra 
show peak maxima at about 300 nm. HBSA also exhibits a photochemical process 
during excitation, observable by the appearance of a second peak between 360 and 
480 nm. This probably indicates an excited state energy transfer in the HBSA, 
which leads to the appearance of a second fluorescent species. During the mea-
surement the second peak does not show any change of its intensity in all samples. 
Therefore, only the first part of the spectra was analyzed. Fig.2a shows the fluo-
rescence spectra of the main peak as a function of the U(VI) concentration. The 
spectra exhibit a decrease of the fluorescence intensity of HBSA with increasing 
U(VI) concentration, which is due to complex formation. Using a modified loga-
rithmic form of the mass action law (Eq. 1) the stoichiometry of the complex and 
the stability constant were determined graphically via slope analysis.  

log ([FQx]/[F]) = x log [Q] + log K (1) 

with [FQx]    concentration of the formed complex  
[F]         concentration of the fluorophore 
[Q]  concentration of the quencher 

Fig.2b shows the validation plot for the complexation of U(VI) with HBSA. 
The intersection conforms to the formation constant log K. In all experiments a 
slope near 1 was calculated, suggesting a predominant 1:1 complex. The complex 
formation of UO2

2+
 with HBSA can be written as: 

x UO2
2+ + y HOC6H4SO3

- + z H+   ⇄   [(UO2)x(HOC6H4SO3)yHz](2x-y+z) (2) 

The complexation constants determined as average for several independent 
measurements is log K110 = 2.76 ± 0.15. That means, that in contrast to BSA, 
HBSA is able to coordinate the uranyl ion. The complex seems to be formed via 
the sulfonic acid group. We assume that the hydroxyl group has a stabilizing effect 
on the complexation. Computational modelling studies are planned to clarify the 
effect of the hydroxyl group.  
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Fig.2. (a) Fluorescence spectra of 1 x 10-4 M HBSA at pH 2.5 as a function of U(VI) concen-
tration, (b) Validation plot (slope analysis) of complexation of HBSA with U(VI). 
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Anthranilic acid 

The U(VI) complexation with anthranilic acid (AA) was studied as a function of 
pH. There are several pKa values known in the literature, for AA we used pKa1 = 
2.01 and pKa2 = 4.78 from the NIST database (Martell et al. 1998). Like other 
amino acids AA is an amphoteric compound (Wiklund and Bergman 2006). 
Therefore, the carboxylic group can occur dissociated even at low pH values. The 
spectra were recorded in a pH range from 1.5 to 6.5 to ascertain the influence of 
the amino and the carboxylic acid group on the complex formation depending on 
their grade of dissociation.  

The fluorescence emission spectrum of AA ranges from 360 to 520 nm and 
shows a peak maximum at about 405 nm. Fig.3a shows examples of the obtained 
fluorescence spectra at pH 6.5. The spectra exhibit a decrease of the fluorescence 
intensity of AA with increasing U(VI) concentration at all measured pH values. 
The fluorescence decay was monoexponential in all samples. Only at pH 4.6 a bi-
exponential decay occurred. Three different lifetimes were detected, each relatable 
to an AA species. The averaged lifetimes are τ1 = 1.17 ± 0.03 ns (AA with -NH3

+ 
and -COOH), τ2 = 2.61 ± 0.10 ns (AA with -NH2, -COOH) and τ3 = 8.61 ± 0.16 ns 
(AA with -NH2, -COO-). At pH 4.6 the two lifetimes τ2 and τ3 could be identified 
simultaneously.  

Fig.3b shows the validation plot for the complexation of U(VI) with AA. In all 
experiments log K at a slope near 1 was calculated, suggesting a predominant 1:1 
complex. The complexation constants, determined as average of several indepen-
dent measurements, are presented in Table 2. Because of the similarity of the de-
termined stability constants we assume that carboxylic groups are mainly respon-
sible for complex formation between AA and U(VI). Therefore, the complex 
formation can be written as: 

x UO2
2+ + y H2NC6H4COO- + z H+  ⇄ [(UO2)x(H2NC6H4COO)yHz](2x-y+z) (3) 

Due to the high amount of deprotonated carboxylic groups at pH 6.5 (97 %) we 
assume that the complex stability constants would not increase further with in-
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Fig.3. (a) Fluorescence spectra of 1 x 10-5 M AA at pH 6.5 as a function of U(VI) concentra-
tion, (b) Validation plot (slope analysis) of complexation of AA with U(VI) at pH 6.5. 
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creasing pH. The calculated log K = 3.34 ± 0.09 is in good agreement with the 
constant log K = 2.95 determined potentiometrically in a mixture of ethanol and 
water (Mahmoud et al. 1996). 

In the literature it can be found, that the nitrogen of the amino group does not 
seem to coordinate to U(VI) (Alcock et al. 1996). But in comparison to benzoic 
acid with log K = 2.68 ± 0.04 (Vulpius et al. 2006), which offers only a carboxylic 
group, the complexation constant of AA with U(VI) is higher, suggesting an in-
volvement of the nitrogen containing functional group in the coordination process. 
The amino group has probably a stabilizing effect on the binding of U(VI) to the 
carboxylic group, for example via non-covalent interactions between the oxygen 
atoms of the uranyl ion and the hydrogen atoms of the amino group. To find out 
whether or not the amino group itself is able to bind U(VI), complexation studies 
of U(VI) with aniline are in progress.  

Table 2. Summary of the averaged complex stability constants log β of the U(VI) complex-
es identified in this study. 

ligand pH  x y z complex species MxLyHz log β 
  1 0 0 UO2

2+  
HBSA 2.5 1 1 0 (UO2HOC6H4SO3)+ 2.76 ± 0.15 
AA 1.5  - - 
 2.5 1 1 0 (UO2H2NC6H4COO)+ 2.88 ± 0.38 
 3.5 1 1 0 (UO2H2NC6H4COO)+ 2.91 ± 0.11  
 4.6 1 1 0 (UO2H2NC6H4COO)+ 3.16 ± 0.09 
 5.6 1 1 0 (UO2H2NC6H4COO)+ 3.23 ± 0.12 
 6.5 1 1 0 (UO2H2NC6H4COO)+ 3.34 ± 0.09 
NA 2.5 1 1 0 (UO2C5H4NCOO)+ 3.83 ± 0.06 
 2.5 1 2 0 UO2(C5H4NCOO)2 7.71 ± 0.02 

Nicotinic acid 

Fig.4a shows the luminescence spectra of U(VI) as a function of the NA concen-
tration at pH 2.5. The luminescence decay was monoexponential in all samples. 
No shifts of the main emission bands were detected. We therefore conclude that 
only the free uranyl ion is present as fluorescent species in the solutions and the 
formed complex does not show any luminescence in the considered wavelength 
range. With increasing NA concentration a strong decrease of the U(VI) lumines-
cence intensity was observed.  

In analogy to HBSA and AA we performed a slope analysis using the modified 
logarithmic form of the mass action law (Eq. 1). Unlike to AA a slope of 1.32 ± 
0.10 was calculated. In Fig.4b the validation plot for the complexation of U(VI) 
with NA is shown. The data points were separated into two sections (Section 1: 
[NA] = 3 x 10-5 to 1 x 10-4 M, Section 2: [NA] = 2 x 10-4 to 5 x 10-4 M) and the 
slope of each section was calculated separately. The results indicate the formation 
of 1:2 complexes at concentrations above 1 x 10-4 M NA. We used the factor 
analysis program SPECFIT (Binstead et al. 2007) for analysis of the mixed spectra 
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and determination of the complex stability constants. For calculation we used NA 
dissociation constants of pKa1 = 2.04 and pKa2 = 4.74 reported in (Donge et al. 
1998). The complex formation of UO2

2+ with NA can be written as: 

x UO2
2+ + y C5H4NCOO- + z H+   ⇄   [(UO2)x(C5H4NCOO)yHz](2x-y+z) (4) 

The averaged complex stability constants calculated with SPECFIT of log β110 
= 3.83 ± 0.06 and log β120 = 7.71 ± 0.02 are in good agreement with constants de-
termined for the complex formation of U(VI) with picolinic acid, which is isomer 
to nicotinic acid. The formation constants for [UO2(Pic)i]2−i were found to be 
log β1 = 3.75, log β2 = 7.48 (Brandau 1970). We suggest that the uranyl ion is 
bound to the carboxylic group, like detected for U(IV) using IR spectroscopy 
(Singh and Singh 1979). In comparison to the complexation of U(VI) with AA or 
benzoic acid (Vulpius et al. 2006), the complex stability constant determined for 
the 1:1 complex of NA with U(VI) is considerably higher. Therefore, it is also 
possible that nitrogen exerts a stabilizing effect or that nitrogen could be coordi-
nated to U(VI), as already described for the complexation of U(VI) with 8-
hydroxychinoline (Ünak et al. 1993). In order to answer this question further stu-
dies will be performed. 

Conclusion 

With our spectroscopic studies we demonstrated, that U(VI) interacts with sulfur 
containing functional groups. Interestingly, we did not see any interaction of 
U(VI) with benzenesulfonic acid. In contrast, 4-hydroxybenzenesulfonic acid 
forms a complex with U(VI) at pH 2.5. Apparently, the hydroxyl group has a sta-
bilizing effect on the complexation. Anthranilic acid forms 1:1 complexes with the 
uranyl ion at pH values from 2.5 to 6.5. Unlike anthranilic acid, nicotinic acid 
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Fig. 4. (a) TRLF spectra of U(VI) (5 x 10-5 M) as a function of NA concentration at pH 2.5, 
(b) Separated slopes of the complex formation of NA with U(VI) at pH 2.5. 
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forms a 1:1 complex as well as a 1:2 complex at ligand excess of 1:20 (U:NA). In 
both complex formations we assume a predominant binding of the uranyl ion via 
the carboxylic group of the ligand. In spite of this, the nitrogen containing func-
tional groups seem to have an influence on the stability of the formed complexes. 
The specification of the stabilizing effect of the nitrogen containing groups re-
quires further studies. 

Concerning HS, it can be concluded, that uranium(VI) prefers complexation via 
carboxylic and phenolic hydroxyl groups. Uranium complex formation with the 
studied sulfur or nitrogen containing functionalities plays only an inferior role.  
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Abstract. The effects of carbonate concentration and the presence of in-situ gen-

erated iron oxide and hydroxide phases (iron oxyhydroxides) on arsenic (As), 

copper (Cu), and uranium (U) release from natural rocks were investigated under 

oxic conditions and in the pH range from 6 to 9. For this purpose non-disturbed 

batch experiments were conducted with a constant amount of each contaminant 

bearing rock/mineral and different types of water (deionised, mineral, spring, and 

tap water). For comparison parallel experiments were conducted with 0.1 M 

Na2CO3 and 0.1 M H2SO4. The favourable role of carbonate bearing minerals for 

U and Cu transport could not be confirmed by using dolomite. The presence of 

elemental iron and pyrite retards As, Cu and U solubilization. This study shows 

that using natural materials in laboratory investigations is a practical tool to inves-

tigate natural processes. 

Introduction 

Leaching tests are used by environmental scientists to help assess the ability of a 
pollutant to partition from a solid waste into surrounding aqueous phases (Meima 
and Comans 1998, Townsend et al. 2003). A laboratory test usually determines the 
leaching potential from waste materials following a pre-determined experimental 
protocol (AFNOR 1988, DIN 38414 S4, MSTM 2001, US EPA 1999). Typically, 
a leaching test involves the preparation of waste samples (e.g., particle size reduc-
tion) and leaching solution, the mixing of the samples with the solution, the filtration 



550      Chicgoua Noubactep, Angelika Schöner and M. Schubert 

Session IV: Uranium in Groundwater and in bedrock 

of the mixture, and the analysis of the extracts. Different batch leaching tests have 
been commonly used in various countries for regulatory purposes (Cappuyns and 
Swennen 2008, van der Sloot et al. 1997). All these tests use synthetic solutions 
(including dionised water) as illustrated below for three European countries. Al-
ternative leaching methods are: (i) tank tests, (ii) column tests, (iii) field tests 
(Cappuyns and Swennen 2008, Townsend et al. 2003). 

The German DIN 38414 S4 batch test is standardized for water, wastewater, 
sediment, and sludge testing. This test uses a 100-g size-reduced sample with un-
buffered dionised water using a liquid-to-solid (L/S) ratio of 10:1; the test is run 
for 24 hours while agitating. 

The French AFNOR X 31-210 batch test is standardized for granular solid min-
eral waste (AFNOR, 1988). The test is similar to the German batch test (DIN 
38414 S4) but uses a smaller particle size (less than 4 mm). 

The Dutch NEN 7349 test (NEN 1995) is a batch leaching test for granular 
wastes. This test is a serial batch test consisting of five successive extractions of 
waste material with dionised water. The test is first run at pH 4 using nitric acid at 
an L/S ratio of 20:1 for 23 hours, followed by four successive extractions with 
fresh leaching solution. 

A survey of the above-enumerated batch leaching tests shows major differences 
in the pH value, particle size, and L/S ratio. Other important factors influencing 
chemical leaching from waste material may include leaching time, complexation 
with organic (CH3COOH) or inorganic (CO3

2-/HCO3
-) chemicals, redox condi-

tions, and chemical speciation of pollutants of interest. Therefore, a number of po-
tential shortcomings of the leaching tests have been enumerated: for example (i) 
the arbitrary L/S ratio may not be representative of the actual field conditions; (ii) 
the role of kinetics is minimized as the test is performed for a standard duration; 
(iii) the pH of leaching fluid does not necessarily represent the pH of the leaching 
environment. The pH of the leachate during the test is highly dependent on the 
buffering capacity of the waste materials, which may lead to inaccurate determina-
tion of waste behavior in the environment (Cappuyns and Swennen 2008, Town-
send et al. 2003). 

In the present study, no attempt has been made to control more parameters than 
in previous works. The detailed field conditions at a contaminated site will cer-
tainly vary over the time. However, available contaminants are likely leached by 
natural waters which mostly differ in their acidity (pH value and carbonate con-
tent). Furthermore, it must be expected that the CO2 partial pressure (and thus 
HCO3

- content) below the surface may be higher than the atmospheric partial pres-
sure (Baas-Becking et al. 1960). Therefore, in the present work the attention is fo-
cused on characterizing the leaching capacity of natural waters for four inorganics 
from natural materials (minerals or rocks): arsenic (As), copper (Cu), iron (Fe) and 
uranium (U). The experiments were performed with 10 g/L solid material in 22 
mL leaching solution and under non-disturbed conditions (no agitation/stirring) 
for a duration of 14 days. The results indicate that the use of natural waters and 
natural materials may be a powerful extension of available leaching tests. 
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Materials and Methods 

Non-disturbed batch experiments were conducted. The batches consisted in adding 
22 mL of a leaching solution to 0.22 g of a contaminant-bearing rock (resulted 
mass loading 10 g/L). The leaching time was 14 days (336 hours). Further expe-
riments were conducted in tap water with contaminant-bearing rock (10 g/L) and 
three different additives (5 g/L): (i) dolomite (CaMg(CO3)2), (ii) elemental iron 
(Fe0) or (iii) pyrite (FeS2). Thus, the extent of As, Cu and U solubilization by tap 
water as influenced by carbonate minerals and iron oxyhydroxides (iron oxide and 
hydroxide) was characterized. To mimic natural conditions dionised water (DW) 
and various waters were used. Table 1 summarizes the carbonate content and si-
mulated effects. The used mineral water ([HCO3

-] = 1854 mg/L or 30.4 mM) con-
tains for instance more than 20 times more HCO3

- than the used tape water 
([HCO3

-] = 89 mg/L or 1.4 mM). Two known technical leaching solutions (0.1 M 
Na2CO3 and 0.1 M H2SO4) were used for comparison. 

The used As-bearing mineral (As-rock) originates from Otto-Stollen in Brei-
tenbrunn/Erzgebirge (Saxony, Germany). The material was selected on the basis 
of its high arsenic content. A qualitative SEM analysis shows the presence of As, 
Ca, F, Fe, O, S and Si. The average arsenic content has been determined as 80%. 
The mineral is primary an hydrothermal vein material and arsenic occurred as na-
tive arsenic and Loellingite. 

Two iron bearing minerals were used: (i) a Chalcopyrite (CuFeS2) from Ashio 
(Japan) was crushed and sieved to several fractions. This mineral was not further 
characterized. (ii) a pyrite mineral (FeS2) from the Harz mountains (Germany) 
having an elemental composition of: Fe: 40%, S: 31.4%, Si: 6.7%, Cl: 0.5%, 
C:0.15% and Ca <0.01% was used as a pH shifting reagent as well as an iron ox-
ide producer in experiments aiming at characterizing the effects of iron oxides on 
contaminant release. 

The used copper ore (Kupferschiefer) originates from Mansfeld (Germany). 
The material was crushed and sieved to several fractions. Typically, the Kupfer-
schiefer from Mansfeld content up to 2 % Cu (Mäller et al. 2008, Schreck et al. 
2005, Schubert et al. 2003, Schubert et al. 2008). 

The used uranium bearing rock was crushed and sieved. The fraction 0.250 to 
0.315 mm was used without any further pre-treatment. The rock contains around 
0.6 % U and is further composed of: 74.16 % SiO2, 0.19% TiO2; 7.42 % Al2O3, 
1.64 % Fe2O3, 0.03% MnO; 0.86 % MgO, 12.68 % CaO, 1.53 % Na2O, 1.45 % 
K2O, 0.04 % P2O5 and 0.18% SO3. 

The used dolomite mineral was crushed, sieved and the fraction 0.63 to 1.0 mm 
was used. The mineralogical composition is: SiO2: 1.2%, TiO2: 0.03%; Al2O3: 
0.4%, Fe2O3 0.6%, MgO: 20.24%, CaO: 30.94%, Na2O: 0.04%. Dolomite is a car-
bonate mineral; it is assumed that its dissolution will increase the kinetics of Cu 
and U which are known to form stable complex with carbonates. 

The used metallic iron (Fe0 carrier) is a scrap iron from MAZ (Metallaufberei-
tung Zwickau, Co.). Its elemental conditions are determined as 3.52% C, 2.12% 
Si, 0.93% Mn, 0.66% Cr, and 92.77% Fe. The materials were fractionated by 
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sieving. The fraction 1.0-2.0 mm was used without any further pre-treatment. The 
material was used as contaminant-removing agent. 

Two different sources of tap water were used: (i) TW1 from the city of Göttin-
gen (Lower Saxonia, Germany) has a composition (in mg/L) of Cl–: 7.7; NO3

–: 
10.0; SO4

2-: 37.5; HCO3
-:88.5; Na+: 7.0; K+: 1.2; Mg2+: 7.5; Ca2+: 36; and an initial 

pH 8.3. (ii) TW2 from the village of Krbeck (Lower Saxonia, Germany) has a 
composition (in mg/L) of Cl–: 9.6; NO3

–: 9.45; SO4
2-: 32.9; HCO3

-:92.5; Na+: 8.4; 
K+: 1.0; Mg2+: 7.2; Ca2+: 35; and an initial pH 7.8. 

The used spring water (SW) from the Lausebrunnen in Krebeck (administrative 
district of Göttingen) was used as proxy for natural groundwater. Its composition 
was: Cl–: 9.4; NO3

–: 9.5; SO4
2-: 70.9; HCO3

-: 95.1; Na+: 8.4; K+: 1.0; Mg2+: 5.7; 
Ca2+: 110.1; and an initial pH 7.8. 

A commercially available mineral water (MW) was used as proxy for HCO3-
rich groundwater. Its composition was: Cl–: 129; NO3

–: 0.0; SO4
2-: 37.0; HCO3

-: 
1854; Na+: 574; K+: 14.5; Mg2+: 60.5; Ca2+: 99.0; and an initial pH 6.4. 

Analysis for As, Cu and U was performed by inductively coupled plasma mass 
spectrometry (ICP-MS) at the Department of Geochemistry. Analysis for Fe was 
performed by UV-VIS spectrophotometry (using a Cary 50 from Varian). All 
chemicals used for experiments and analysis were of analytical grade. 

The pH value was measured by combination glass electrodes (WTW Co., Ger-
many). The electrodes were calibrated with five standards following a multi-point 
calibration protocol (Meinrath & Spitzer 2000) and in agreement with the new 
IUPAC recommendation (Buck et al. 2002). 

All experiments were performed in triplicates. Error bars given in the figures 
represent the standard deviation from the triplicate runs. 

Table 1. pH value, HCO3-content and simulated conditions of the used waters. 

Water Code pH [HCO3
-] mimicked conditions 

   (mg/L)  
Deionized DW 5.8 0 HCO3-poor Water  
Tap  TW1 8.3 89 Current groundwater 
Spring SW 7.6 95 Current groundwater 
Mineral MW 6.4 1854 HCO3-rich G-water 
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Fig.1. Dependence of the dissolved iron concentration on the particle size of CuFeS2. The 
values on the curve are the final pH values of the triplicates. The represented lines is not fit-
ting functions, its just joint the points to facilitate visualization. 

T W 1 T W 2 S W D W M W N a2C O 3 H 2S O 4

0

4000

8000

12000

16000

20000

24000

1 .6

11 .17 .0

4 .4

8 .38 .37 .6

[C u F e S 2] =  1 0  g /L
V  =  2 2  m L
t =  2 1  d a ys
F e S 2: 0 .6 3  - 1 .0 0  m m

iro
n 

/ [
μg

/L
]

lea ch in g  so lu tio n

 
Fig.2. Total Fe concentration as a function of the leaching solution for CuFeS2. The experi-
ments were conducted in triplicates. Error bars give standard deviations. 
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Rationale for Choice of leaching time  

A major characteristic of batch tests is the homogenization of experimental vessels 
to accelerate mass transport and shorten the time to reach a pseudo-equilibrium. In 
the present study no effort was done to accelerate mass transfer. Furthermore, the 
objective was not to achieve any steady state (pseudo-equilibrium) but rather to 
compare contaminant solubilization under different conditions. Previous studies 
(e.g., Noubactep et al. 2006) showed that while using essay tubes of about 20 mL 
capacity and tap water a leaching time of 14 days (336 hours) was sufficient to 
achieve reproducible leaching results in non-disturbed experiments. The suitability 
of this leaching time was verified in preliminary works by investigating the effect 
of material particle size on the extent of contaminant release from each material 
(including CuFeS2 – next section). The results (not shown) confirmed the well-
known trend that the smaller the particle size, the larger the extend of contaminant 
leaching from the material into the solution. This observation validates the suit-
ability of the used leaching time (14 days) for this study. 

Results and Discussion 

The solubilization extent of each contaminant after 14 days was characterised by 
its aqueous concentration. To characterize contaminant (As, Cu, U) solubilization 
from the natural materials while taking individual properties of CO3-bearing and 
Fe-bearing minerals into account, Four different experiments have been performed 
for each contaminant bearing rock: I) rock alone, II) rock + Dolomite, III) rock + 
pyrite, and IV) rock + elemental iron (system I, II, III and IV). The solubilization 
of iron from calcopyrite (CuFeS2) will be first presented. 

Iron release from calcopyrite (CuFeS2) in different waters 

The following particle size fractions (d in mm) of chalcopyrite: d ≤ 0.063, 0.063 ≤ 
d ≤ 0.125, 0.125 ≤ d ≤ 0.200, 0.200 ≤ d ≤ 0.355, 0.355 ≤ d ≤ 0.630, and 0.63 ≤ d ≤ 
1.00 were used to investigate the extent of iron release into dionised water (DW) 
as function of the particle size. The results depicted in figure 1 show clearly that 
the extend of iron release is a decreasing function of the particle size. The evolu-
tion of the final pH value (values on the experimental points – Fig.1) confirms the 
role of pyrite as pH shifting agent. Accordingly, the more reactive the fraction the 
lower the pH value and the higher the iron concentration. 

Figure 2 depicts the results of iron solubilization from chalcopyrite in different 
leaching solutions. It can be seen that for all solutions with initial pH > 7 the ex-
tend of Fe release was low and very similar. Only dionised water (DW) and 0.1 M 
H2SO4 depicted higher Fe release. This result is consistent with the pH depen-
dence of iron solubility (Rickard 2006). It is well-known that the dissolution of 
iron sulfides induces acidification (McKibben and Barnes 1986). Induced acidity 
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accelerates further mineral dissolution. The more acidic the initial pH value, the 
more intensive the mineral dissolution (DW vs. 0.1 M H2SO4). 

As, Cu and U release from natural rocks in different waters 

Figure 3 depicts the results of As, Cu and U solubilization from the corresponding 
bearing rocks in different leaching solution. Generally, the carbonate content and 
the pH value of the used solution are responsible for observed differences (Appelo 
and Postma 2005). 

Arsenic release is solely increased in 0.1 M H2SO4 (Fig 3a). This result is not 
surprising since arsenic (AsIII or AsV) is available as anions. No complex forma-
tion between carbonate and As is possible. Therefore, the repeatedly reported car-
bonate enhanced solubilization of As (e.g., Anawar et al. 2004) can only occurs 
through an indirect mechanism, e.g. concurrence for adsorption sites. 

Fig. 3 b and c show that the maximal leaching extent for Cu and U was 
achieved in H2SO4. The fact that the leaching extent was minimal in dionised wa-
ter (DW) suggests that at near neutral and basic pH values the carbonate concen-
trations is the major factor determining metal solubilization. In this regard, it is in-
teresting to note that the used mineral water ([HCO3

-] = 1854 mg/L = 30.4 mM) 
was more efficient at leaching both Cu and U than the 0.1 M Na2CO3 solutiuon 
([HCO3

-] = 100 mM). The 0.1 M Na2CO3 solution contents three times more car-
bonate than MW. Working with NaHCO3 rather than Na2CO3 could have help to 
discuss these results in more details. Nevertheless, considering the pH values of 
both leaching solution (6.4 for MW vs. 11.2 for Na2CO3) it is evident, that MW is 
more suitable for experiments targeted at investigating natural systems. Conse-
quently, instead of using technical solution largely and satisfactorily employed in 
the hydrometallurgy for instance, environmental scientists should focus their at-
tention on available natural (or natural-near) leaching solutions. 

Table 2. Total contaminant concentrations as influenced by the nature of the additive for 14 
days. In-situ generated iron oxyhydroxides (systems with Fe0 and FeS2) retarded contami-
nant release from all used rocks. Dolomite (HCO3

- producer) has no significant effect on Cu 
and U release under the experimental conditions of this work. 

Additive [As] [Cu] [U] 
 (mg/L) (μg/L) (μg/L) 
No 136 ± 2 66 ± 7 923 ± 60 
Dolomit 131 ± 1 75 ± 11 963 ± 41 
Pyrit (FeS2) 107 ± 3 58 ± 11 743 ± 24 
Iron (Fe0) 76 ± 6 48 ± 13 114 ± 32 
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Fig.3. Total contaminant concentration as a function of the leaching solution for a rock par-
ticle size of 0.630–1.00 mm. 
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Effects of carbonate and iron oxyhydroxides on contaminant release 

Table 2 summarizes the contaminant concentrations after 14 days in the investi-
gated systems (I through IV). Taking system I (rock alone) as reference, the re-
sults can be summarized as follows: 

i. elemental iron (Fe0) and pyrite (FeS2) significantly inhibit As, Cu and U release 
from natural materials. The major mechanism of release inhibition is co-
precipitation with in-situ generated iron corrosion products (Noubactep 2007). 

ii. elemental iron (Fe0) was more efficient in inhibiting contaminant release than 
pyrite (FeS2). The higher efficiency was exhibited for U (only 12 % of the 
amount release in the reference system). The relative difference of the extent of 
contaminant release by both materials varies in the same order: U > As > Cu at-
testing that the same process is responsible for contaminant removal in both 
systems, namely the co-precipitation with in-situ generated iron oxyhydroxides. 

iii. dolomite (HCO3
-) has no significant effect on Cu and U as the relative differ-

ence of the extent of contaminant release is very comparable to the percent 
standard deviation from the triplicates. 

iv. dolomite (HCO3
-) significantly inhibits As solubilization and this is likely due 

to the adsorption of solubilised As onto the surface of dolomite. 

Concluding Remarks 

The evaluation of potential risk to groundwater for a given contaminant is per-
formed via two different procedures: (i) a leaching test is performed and the con-
taminant concentration in the leachate is compared directly to applicable water 
quality standards; (ii) the theoretical concentration of a contaminant in a waste 
(mg/kg) is compared to a risk-based leaching level. The risk-based leaching level 
represents the theoretical concentration of a contaminant in a waste (mg/kg) that 
results in a leachate concentration that exceeds the applicable groundwater stan-
dard for that contaminant (Cappuyns and Swennen 2008, Townsend et al. 2003). 
As discussed above a major problem of the procedure is the use of synthetic leach-
ing solution. 

The possibility of using natural / natural-near waters has been satisfactorily ex-
plored in the present study. The results presented above suggest that column tests 
involving a continuous flow of natural waters (as leaching solution) through site 
specific waste material may be a powerful tool to investigate leaching behavior 
under representative conditions than batch tests. Although the problems inherent 
to column tests may subsist (flow channeling, clogging, biological activity) this 
approach may allow a more realistic estimation of the evaluation of potential risk 
to groundwater. It can be anticipated that data gain from such experiments will be 
more useful for modelling purposes. 
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Abstract. The effects of carbonate concentration and the presence of in-situ gen-

erated iron oxide and hydroxide phases (iron oxyhydroxides) on arsenic (As), 

copper (Cu), and uranium (U) release from natural rocks were investigated under 

oxic conditions and in the pH range from 6 to 9. For this purpose non-disturbed 

batch experiments were conducted with a constant amount of each contaminant 

bearing rock/mineral and different types of water (deionised, mineral, spring, and 

tap water). For comparison parallel experiments were conducted with 0.1 M 

Na2CO3 and 0.1 M H2SO4. The favourable role of carbonate bearing minerals for 

U and Cu transport could not be confirmed by using dolomite. The presence of 

elemental iron and pyrite retards As, Cu and U solubilization. This study shows 

that using natural materials in laboratory investigations is a practical tool to inves-

tigate natural processes. 

Introduction 

Leaching tests are used by environmental scientists to help assess the ability of a 
pollutant to partition from a solid waste into surrounding aqueous phases (Meima 
and Comans 1998, Townsend et al. 2003). A laboratory test usually determines the 
leaching potential from waste materials following a pre-determined experimental 
protocol (AFNOR 1988, DIN 38414 S4, MSTM 2001, US EPA 1999). Typically, 
a leaching test involves the preparation of waste samples (e.g., particle size reduc-
tion) and leaching solution, the mixing of the samples with the solution, the filtration 
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of the mixture, and the analysis of the extracts. Different batch leaching tests have 
been commonly used in various countries for regulatory purposes (Cappuyns and 
Swennen 2008, van der Sloot et al. 1997). All these tests use synthetic solutions 
(including dionised water) as illustrated below for three European countries. Al-
ternative leaching methods are: (i) tank tests, (ii) column tests, (iii) field tests 
(Cappuyns and Swennen 2008, Townsend et al. 2003). 

The German DIN 38414 S4 batch test is standardized for water, wastewater, 
sediment, and sludge testing. This test uses a 100-g size-reduced sample with un-
buffered dionised water using a liquid-to-solid (L/S) ratio of 10:1; the test is run 
for 24 hours while agitating. 

The French AFNOR X 31-210 batch test is standardized for granular solid min-
eral waste (AFNOR, 1988). The test is similar to the German batch test (DIN 
38414 S4) but uses a smaller particle size (less than 4 mm). 

The Dutch NEN 7349 test (NEN 1995) is a batch leaching test for granular 
wastes. This test is a serial batch test consisting of five successive extractions of 
waste material with dionised water. The test is first run at pH 4 using nitric acid at 
an L/S ratio of 20:1 for 23 hours, followed by four successive extractions with 
fresh leaching solution. 

A survey of the above-enumerated batch leaching tests shows major differences 
in the pH value, particle size, and L/S ratio. Other important factors influencing 
chemical leaching from waste material may include leaching time, complexation 
with organic (CH3COOH) or inorganic (CO3

2-/HCO3
-) chemicals, redox condi-

tions, and chemical speciation of pollutants of interest. Therefore, a number of po-
tential shortcomings of the leaching tests have been enumerated: for example (i) 
the arbitrary L/S ratio may not be representative of the actual field conditions; (ii) 
the role of kinetics is minimized as the test is performed for a standard duration; 
(iii) the pH of leaching fluid does not necessarily represent the pH of the leaching 
environment. The pH of the leachate during the test is highly dependent on the 
buffering capacity of the waste materials, which may lead to inaccurate determina-
tion of waste behavior in the environment (Cappuyns and Swennen 2008, Town-
send et al. 2003). 

In the present study, no attempt has been made to control more parameters than 
in previous works. The detailed field conditions at a contaminated site will cer-
tainly vary over the time. However, available contaminants are likely leached by 
natural waters which mostly differ in their acidity (pH value and carbonate con-
tent). Furthermore, it must be expected that the CO2 partial pressure (and thus 
HCO3

- content) below the surface may be higher than the atmospheric partial pres-
sure (Baas-Becking et al. 1960). Therefore, in the present work the attention is fo-
cused on characterizing the leaching capacity of natural waters for four inorganics 
from natural materials (minerals or rocks): arsenic (As), copper (Cu), iron (Fe) and 
uranium (U). The experiments were performed with 10 g/L solid material in 22 
mL leaching solution and under non-disturbed conditions (no agitation/stirring) 
for a duration of 14 days. The results indicate that the use of natural waters and 
natural materials may be a powerful extension of available leaching tests. 
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Materials and Methods 

Non-disturbed batch experiments were conducted. The batches consisted in adding 
22 mL of a leaching solution to 0.22 g of a contaminant-bearing rock (resulted 
mass loading 10 g/L). The leaching time was 14 days (336 hours). Further expe-
riments were conducted in tap water with contaminant-bearing rock (10 g/L) and 
three different additives (5 g/L): (i) dolomite (CaMg(CO3)2), (ii) elemental iron 
(Fe0) or (iii) pyrite (FeS2). Thus, the extent of As, Cu and U solubilization by tap 
water as influenced by carbonate minerals and iron oxyhydroxides (iron oxide and 
hydroxide) was characterized. To mimic natural conditions dionised water (DW) 
and various waters were used. Table 1 summarizes the carbonate content and si-
mulated effects. The used mineral water ([HCO3

-] = 1854 mg/L or 30.4 mM) con-
tains for instance more than 20 times more HCO3

- than the used tape water 
([HCO3

-] = 89 mg/L or 1.4 mM). Two known technical leaching solutions (0.1 M 
Na2CO3 and 0.1 M H2SO4) were used for comparison. 

The used As-bearing mineral (As-rock) originates from Otto-Stollen in Brei-
tenbrunn/Erzgebirge (Saxony, Germany). The material was selected on the basis 
of its high arsenic content. A qualitative SEM analysis shows the presence of As, 
Ca, F, Fe, O, S and Si. The average arsenic content has been determined as 80%. 
The mineral is primary an hydrothermal vein material and arsenic occurred as na-
tive arsenic and Loellingite. 

Two iron bearing minerals were used: (i) a Chalcopyrite (CuFeS2) from Ashio 
(Japan) was crushed and sieved to several fractions. This mineral was not further 
characterized. (ii) a pyrite mineral (FeS2) from the Harz mountains (Germany) 
having an elemental composition of: Fe: 40%, S: 31.4%, Si: 6.7%, Cl: 0.5%, 
C:0.15% and Ca <0.01% was used as a pH shifting reagent as well as an iron ox-
ide producer in experiments aiming at characterizing the effects of iron oxides on 
contaminant release. 

The used copper ore (Kupferschiefer) originates from Mansfeld (Germany). 
The material was crushed and sieved to several fractions. Typically, the Kupfer-
schiefer from Mansfeld content up to 2 % Cu (Mäller et al. 2008, Schreck et al. 
2005, Schubert et al. 2003, Schubert et al. 2008). 

The used uranium bearing rock was crushed and sieved. The fraction 0.250 to 
0.315 mm was used without any further pre-treatment. The rock contains around 
0.6 % U and is further composed of: 74.16 % SiO2, 0.19% TiO2; 7.42 % Al2O3, 
1.64 % Fe2O3, 0.03% MnO; 0.86 % MgO, 12.68 % CaO, 1.53 % Na2O, 1.45 % 
K2O, 0.04 % P2O5 and 0.18% SO3. 

The used dolomite mineral was crushed, sieved and the fraction 0.63 to 1.0 mm 
was used. The mineralogical composition is: SiO2: 1.2%, TiO2: 0.03%; Al2O3: 
0.4%, Fe2O3 0.6%, MgO: 20.24%, CaO: 30.94%, Na2O: 0.04%. Dolomite is a car-
bonate mineral; it is assumed that its dissolution will increase the kinetics of Cu 
and U which are known to form stable complex with carbonates. 

The used metallic iron (Fe0 carrier) is a scrap iron from MAZ (Metallaufberei-
tung Zwickau, Co.). Its elemental conditions are determined as 3.52% C, 2.12% 
Si, 0.93% Mn, 0.66% Cr, and 92.77% Fe. The materials were fractionated by 
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sieving. The fraction 1.0-2.0 mm was used without any further pre-treatment. The 
material was used as contaminant-removing agent. 

Two different sources of tap water were used: (i) TW1 from the city of Göttin-
gen (Lower Saxonia, Germany) has a composition (in mg/L) of Cl–: 7.7; NO3

–: 
10.0; SO4

2-: 37.5; HCO3
-:88.5; Na+: 7.0; K+: 1.2; Mg2+: 7.5; Ca2+: 36; and an initial 

pH 8.3. (ii) TW2 from the village of Krbeck (Lower Saxonia, Germany) has a 
composition (in mg/L) of Cl–: 9.6; NO3

–: 9.45; SO4
2-: 32.9; HCO3

-:92.5; Na+: 8.4; 
K+: 1.0; Mg2+: 7.2; Ca2+: 35; and an initial pH 7.8. 

The used spring water (SW) from the Lausebrunnen in Krebeck (administrative 
district of Göttingen) was used as proxy for natural groundwater. Its composition 
was: Cl–: 9.4; NO3

–: 9.5; SO4
2-: 70.9; HCO3

-: 95.1; Na+: 8.4; K+: 1.0; Mg2+: 5.7; 
Ca2+: 110.1; and an initial pH 7.8. 

A commercially available mineral water (MW) was used as proxy for HCO3-
rich groundwater. Its composition was: Cl–: 129; NO3

–: 0.0; SO4
2-: 37.0; HCO3

-: 
1854; Na+: 574; K+: 14.5; Mg2+: 60.5; Ca2+: 99.0; and an initial pH 6.4. 

Analysis for As, Cu and U was performed by inductively coupled plasma mass 
spectrometry (ICP-MS) at the Department of Geochemistry. Analysis for Fe was 
performed by UV-VIS spectrophotometry (using a Cary 50 from Varian). All 
chemicals used for experiments and analysis were of analytical grade. 

The pH value was measured by combination glass electrodes (WTW Co., Ger-
many). The electrodes were calibrated with five standards following a multi-point 
calibration protocol (Meinrath & Spitzer 2000) and in agreement with the new 
IUPAC recommendation (Buck et al. 2002). 

All experiments were performed in triplicates. Error bars given in the figures 
represent the standard deviation from the triplicate runs. 

Table 1. pH value, HCO3-content and simulated conditions of the used waters. 

Water Code pH [HCO3
-] mimicked conditions 

   (mg/L)  
Deionized DW 5.8 0 HCO3-poor Water  
Tap  TW1 8.3 89 Current groundwater 
Spring SW 7.6 95 Current groundwater 
Mineral MW 6.4 1854 HCO3-rich G-water 
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Fig.1. Dependence of the dissolved iron concentration on the particle size of CuFeS2. The 
values on the curve are the final pH values of the triplicates. The represented lines is not fit-
ting functions, its just joint the points to facilitate visualization. 
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Fig.2. Total Fe concentration as a function of the leaching solution for CuFeS2. The experi-
ments were conducted in triplicates. Error bars give standard deviations. 
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Rationale for Choice of leaching time  

A major characteristic of batch tests is the homogenization of experimental vessels 
to accelerate mass transport and shorten the time to reach a pseudo-equilibrium. In 
the present study no effort was done to accelerate mass transfer. Furthermore, the 
objective was not to achieve any steady state (pseudo-equilibrium) but rather to 
compare contaminant solubilization under different conditions. Previous studies 
(e.g., Noubactep et al. 2006) showed that while using essay tubes of about 20 mL 
capacity and tap water a leaching time of 14 days (336 hours) was sufficient to 
achieve reproducible leaching results in non-disturbed experiments. The suitability 
of this leaching time was verified in preliminary works by investigating the effect 
of material particle size on the extent of contaminant release from each material 
(including CuFeS2 – next section). The results (not shown) confirmed the well-
known trend that the smaller the particle size, the larger the extend of contaminant 
leaching from the material into the solution. This observation validates the suit-
ability of the used leaching time (14 days) for this study. 

Results and Discussion 

The solubilization extent of each contaminant after 14 days was characterised by 
its aqueous concentration. To characterize contaminant (As, Cu, U) solubilization 
from the natural materials while taking individual properties of CO3-bearing and 
Fe-bearing minerals into account, Four different experiments have been performed 
for each contaminant bearing rock: I) rock alone, II) rock + Dolomite, III) rock + 
pyrite, and IV) rock + elemental iron (system I, II, III and IV). The solubilization 
of iron from calcopyrite (CuFeS2) will be first presented. 

Iron release from calcopyrite (CuFeS2) in different waters 

The following particle size fractions (d in mm) of chalcopyrite: d ≤ 0.063, 0.063 ≤ 
d ≤ 0.125, 0.125 ≤ d ≤ 0.200, 0.200 ≤ d ≤ 0.355, 0.355 ≤ d ≤ 0.630, and 0.63 ≤ d ≤ 
1.00 were used to investigate the extent of iron release into dionised water (DW) 
as function of the particle size. The results depicted in figure 1 show clearly that 
the extend of iron release is a decreasing function of the particle size. The evolu-
tion of the final pH value (values on the experimental points – Fig.1) confirms the 
role of pyrite as pH shifting agent. Accordingly, the more reactive the fraction the 
lower the pH value and the higher the iron concentration. 

Figure 2 depicts the results of iron solubilization from chalcopyrite in different 
leaching solutions. It can be seen that for all solutions with initial pH > 7 the ex-
tend of Fe release was low and very similar. Only dionised water (DW) and 0.1 M 
H2SO4 depicted higher Fe release. This result is consistent with the pH depen-
dence of iron solubility (Rickard 2006). It is well-known that the dissolution of 
iron sulfides induces acidification (McKibben and Barnes 1986). Induced acidity 
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accelerates further mineral dissolution. The more acidic the initial pH value, the 
more intensive the mineral dissolution (DW vs. 0.1 M H2SO4). 

As, Cu and U release from natural rocks in different waters 

Figure 3 depicts the results of As, Cu and U solubilization from the corresponding 
bearing rocks in different leaching solution. Generally, the carbonate content and 
the pH value of the used solution are responsible for observed differences (Appelo 
and Postma 2005). 

Arsenic release is solely increased in 0.1 M H2SO4 (Fig 3a). This result is not 
surprising since arsenic (AsIII or AsV) is available as anions. No complex forma-
tion between carbonate and As is possible. Therefore, the repeatedly reported car-
bonate enhanced solubilization of As (e.g., Anawar et al. 2004) can only occurs 
through an indirect mechanism, e.g. concurrence for adsorption sites. 

Fig. 3 b and c show that the maximal leaching extent for Cu and U was 
achieved in H2SO4. The fact that the leaching extent was minimal in dionised wa-
ter (DW) suggests that at near neutral and basic pH values the carbonate concen-
trations is the major factor determining metal solubilization. In this regard, it is in-
teresting to note that the used mineral water ([HCO3

-] = 1854 mg/L = 30.4 mM) 
was more efficient at leaching both Cu and U than the 0.1 M Na2CO3 solutiuon 
([HCO3

-] = 100 mM). The 0.1 M Na2CO3 solution contents three times more car-
bonate than MW. Working with NaHCO3 rather than Na2CO3 could have help to 
discuss these results in more details. Nevertheless, considering the pH values of 
both leaching solution (6.4 for MW vs. 11.2 for Na2CO3) it is evident, that MW is 
more suitable for experiments targeted at investigating natural systems. Conse-
quently, instead of using technical solution largely and satisfactorily employed in 
the hydrometallurgy for instance, environmental scientists should focus their at-
tention on available natural (or natural-near) leaching solutions. 

Table 2. Total contaminant concentrations as influenced by the nature of the additive for 14 
days. In-situ generated iron oxyhydroxides (systems with Fe0 and FeS2) retarded contami-
nant release from all used rocks. Dolomite (HCO3

- producer) has no significant effect on Cu 
and U release under the experimental conditions of this work. 

Additive [As] [Cu] [U] 
 (mg/L) (μg/L) (μg/L) 
No 136 ± 2 66 ± 7 923 ± 60 
Dolomit 131 ± 1 75 ± 11 963 ± 41 
Pyrit (FeS2) 107 ± 3 58 ± 11 743 ± 24 
Iron (Fe0) 76 ± 6 48 ± 13 114 ± 32 
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Fig.3. Total contaminant concentration as a function of the leaching solution for a rock par-
ticle size of 0.630–1.00 mm. 
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Effects of carbonate and iron oxyhydroxides on contaminant release 

Table 2 summarizes the contaminant concentrations after 14 days in the investi-
gated systems (I through IV). Taking system I (rock alone) as reference, the re-
sults can be summarized as follows: 

i. elemental iron (Fe0) and pyrite (FeS2) significantly inhibit As, Cu and U release 
from natural materials. The major mechanism of release inhibition is co-
precipitation with in-situ generated iron corrosion products (Noubactep 2007). 

ii. elemental iron (Fe0) was more efficient in inhibiting contaminant release than 
pyrite (FeS2). The higher efficiency was exhibited for U (only 12 % of the 
amount release in the reference system). The relative difference of the extent of 
contaminant release by both materials varies in the same order: U > As > Cu at-
testing that the same process is responsible for contaminant removal in both 
systems, namely the co-precipitation with in-situ generated iron oxyhydroxides. 

iii. dolomite (HCO3
-) has no significant effect on Cu and U as the relative differ-

ence of the extent of contaminant release is very comparable to the percent 
standard deviation from the triplicates. 

iv. dolomite (HCO3
-) significantly inhibits As solubilization and this is likely due 

to the adsorption of solubilised As onto the surface of dolomite. 

Concluding Remarks 

The evaluation of potential risk to groundwater for a given contaminant is per-
formed via two different procedures: (i) a leaching test is performed and the con-
taminant concentration in the leachate is compared directly to applicable water 
quality standards; (ii) the theoretical concentration of a contaminant in a waste 
(mg/kg) is compared to a risk-based leaching level. The risk-based leaching level 
represents the theoretical concentration of a contaminant in a waste (mg/kg) that 
results in a leachate concentration that exceeds the applicable groundwater stan-
dard for that contaminant (Cappuyns and Swennen 2008, Townsend et al. 2003). 
As discussed above a major problem of the procedure is the use of synthetic leach-
ing solution. 

The possibility of using natural / natural-near waters has been satisfactorily ex-
plored in the present study. The results presented above suggest that column tests 
involving a continuous flow of natural waters (as leaching solution) through site 
specific waste material may be a powerful tool to investigate leaching behavior 
under representative conditions than batch tests. Although the problems inherent 
to column tests may subsist (flow channeling, clogging, biological activity) this 
approach may allow a more realistic estimation of the evaluation of potential risk 
to groundwater. It can be anticipated that data gain from such experiments will be 
more useful for modelling purposes. 
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Abstract. Uranium and ammonia contamination occurs in moderately saline to 

briny groundwater down-gradient of a 16-million-ton tailings pile on the west side 

of the Colorado River near Moab, Utah. Some of the water salinity was caused by 

historical leaching of the tailings, but the brine is mostly attributed to natural dis-

solution of deep evaporite sediments. It has been suggested that tailings-derived 

contaminants flow below the river and impact a wetlands preserve east of the riv-

er, but hydraulic data and density-dependent flow and transport modeling indicate 

that sub-river flow is unlikely. Moreover, water chemistry data suggest that ura-

nium and ammonia in groundwater beneath the wetlands are naturally caused and 

not derived from tailings leachate. 

Introduction 

A former uranium milling facility known as the Moab site is located on the west 
side of the Colorado River at the northwest end of Moab Valley (Fig.1) in east-
central Utah, USA. Seepage of fluids from a 16-million-ton tailings pile on the 
property has produced groundwater contaminant plumes of both uranium and 
ammonia that migrate from the pile to the river. The U.S. Department Energy 
(DOE) currently manages the site and is responsible for its cleanup. The S.M. 
Stoller Corporation (Stoller) was the DOE contractor for the site from 2002 to 
2007 and conducted the work discussed in this paper. 

The Colorado River flows from north to south across Moab Valley and sepa-
rates the Moab site from the Matheson Wetlands Preserve (wetlands preserve), 
which is a riparian area located between the river’s east bank and the City of 
Moab (Fig.1). Several hydrologic investigations have shown that the river acts as a 
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discharge site for groundwater in the region, including contaminated groundwater 
flowing eastward from the tailings pile and westward-flowing water from beneath 
the wetlands preserve. In 2003, a separate study of local groundwater chemistry 
conducted by University of Utah researchers confirmed the discharge of shallow 
groundwater to the river but also concluded that deeper, contaminated groundwa-
ter flows beneath the river from the Moab site to the wetlands preserve where it 
detrimentally affects the environment. 

This paper examines groundwater flow and transport processes in the vicinity 
of the Colorado River in Moab Valley, providing multiple lines of evidence that 
the sub-river flow suggested in the University of Utah study is unlikely. Much of 
the discussion focuses on the unique presence of very saline groundwater, includ-
ing brine, particularly near and underneath the river. Using both hydraulic data 
and a numerical model of density-dependent flow and transport, we hypothesize 
that observed salinity distributions result from saltwater upconing, which in turn 
infers that both shallow and deep subsurface water discharges to the river. We 
subsequently use chemical signature analyses to argue that the chemistry of 
groundwater beneath the wetlands preserve is solely the result of natural processes 
occurring east of the river, and that the presence of uranium and ammonia in wet-
lands groundwater is unrelated to the Moab site. 

Study Area Hydrology 

Groundwater in the Moab Valley occurs primarily in a northwest-trending alluvial 
aquifer that is bounded to the northeast and southwest by low-permeability, sedi-
mentary bedrock formations. The uppermost 4 to 5 meters (m) of alluvium on both 
sides of the river are dominated by fine-grained deposits, but sediments below this 
depth are generally coarse, consisting mostly of sands and gravels deposited by 
the river during the Pleistocene Epoch. The Paradox Formation, a Pennsylvanian-
age evaporite formation containing gypsum and halite, defines the base of the al-
luvium in the vicinity of the river. Although the exact thickness of the alluvial 
aquifer beneath the river is unknown, well drilling in the area indicates that it is 
greater than 120 m (Doelling et al. 2002). 

Regional hydrogeologic investigations by the State of Utah and the U.S. Geo-
logical Survey (Blanchard 1990; Freethey and Cordy 1991) indicate that ground-
water in both the valley alluvium and surrounding bedrock migrates toward and 
discharges to the Colorado River from both the east and west. Convergence of 
flow on the river is supported locally by measured groundwater levels in shallow 
portions of the alluvial aquifer at both the Moab site and the wetlands preserve 
(U.S. Department of Energy 2003; Gardner and Solomon 2003). Fig.1 illustrates 
observed flow directions in shallow groundwater. Depths to the top of the satu-
rated zone (water table) just west of the river at the Moab site are generally about 
3 to 4 m below ground surface (bgs), and comparable depths at the wetlands pre-
serve tend to range from 0 to 3 m bgs. 
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The chemistry of groundwater in the alluvial aquifer is noteworthy for the wide 
range of salinities exhibited on both sides of the Colorado River, with total dis-
solved solids (TDS) concentrations varying from those for freshwater (TDS < 
1,000 milligrams per liter [mg/L]) to those for brine (TDS > 35,000 mg/L). Con-
sistent patterns are observed in the spatial distribution of salinity. In shallow por-
tions of the alluvial aquifer, TDS generally increases with proximity to the river. 
At any given location on either side of the river, TDS typically increases with 
depth. At distances of about 300 to 1,000 m from the river, it is common for well 
nests in the alluvium to reveal TDS concentrations ranging from those for slightly 
saline water (TDS = 1,000 to 3,000 mg/L) (McCutcheon et al. 1993) in shallow 
groundwater to as much as 100,000 mg/L at depths of about 40 m bgs. At well 
nests located along the river’s east and west banks, it is not unusual for the TDS 
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concentration to be as large as 30,000 to 60,000 mg/L in the shallowest portion of 
the saturated zone and to increase with greater depth. 

Although the spatial distributions of TDS in groundwater are generally similar 
on respective sides of the river, salinity levels down-gradient of the tailings pile at 
the Moab site are distinguishable from those in other areas in that they show signs 
of being historically influenced by tailings leachate. In particular, moderately sa-
line (TDS = 3,000 to 10,000 mg/L) and very saline (TDS = 10,000 to 35,000 
mg/L) (McCutcheon et al. 1993) waters tend to dominate the shallow flow system 
between the east toe of the pile and the river. Such large salinities are generally 
not observed beneath the wetlands at equivalent distances and depths east of the 
river.  

Much of the hydrogeologic characterization work in the study area (U.S. De-
partment of Energy 2003, 2007) has focused on the delineation of a brine surface, 
which is defined as a surface along which TDS concentration equals 35,000 mg/L. 
From the TDS distribution patterns mentioned above, it can be deduced that the 
brine surface becomes shallower with proximity to the river and intercepts the ri-
verbed. 

The ammonia plume currently observed down-gradient of the tailings pile re-
sulted from the use of ammonia-bearing compounds in the milling processes. 
Concentrations of this contaminant in alluvial groundwater between the pile and 
the river typically range between 100 to 1,000 mg/L ammonia as nitrogen (NH3-
N) (U.S. Department of Energy 2003). Discharge of the ammonia to surface water 
near the west bank of the river poses a potential threat to the well being of endan-
gered fish species in the river. Uranium concentrations in shallow groundwater be-
tween the tailings and the river tend to vary between 0.5 to 5 mg/L.  

Concentrations of ammonia and uranium in groundwater at the wetlands pre-
serve are significantly lower than those observed in contaminated groundwater at 
the Moab site. Although some groundwater just east of the east bank of the river 
exhibits ammonia concentrations as large as 3.5 mg/L as nitrogen, NH3-N levels 
below the central part of the wetlands are typically less than 0.5 mg/L. Uranium 
concentrations in wetlands groundwater generally range from 0.0001 to 0.1 mg/L. 

The Matheson Wetlands Preserve contains a variety of vegetation types, includ-
ing willows, cottonwoods, and tamarisk. The Colorado River floods the riparian 
area on average about once every 8 to 9 years. Periodic flooding of the preserve 
and the potential for biogeochemical processes to occur within it suggest that the 
chemistry of shallow groundwater in the area is subject to considerable spatial and 
temporal variability. 

Modeling 

Under the direction of DOE, Stoller developed a conceptual hydrogeologic model 
of the study area (U.S. Department of Energy 2003) to help explain groundwater 
flow processes and observed water chemistry on both sides of the river. The model 
assumes that flow in the alluvial aquifer flow is affected by water density, which 
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varies with changes in TDS concentration, and that this density-dependent flow is 
governed by the dissolution of sediments comprising the upper part of the Paradox 
Formation. In keeping with observed convergent flow on the Colorado River in 
shallow parts of the aquifer (Fig.1), the model further assumes that flows in deeper 
portions of the aquifer, at the alluvium/Paradox Formation contact, are also gener-
ally toward the river. This means that deeper aquifer flow beneath the Moab site is 
to the east and southeast, and that comparable flow beneath the wetlands preserve 
is to the west and northwest. 

The DOE conceptual model further assumes that saltwater upconing occurs in 
the vicinity of the river, in which saline waters resulting from dissolution of Para-
dox Formation sediments migrate upward as they approach the river and eventual-
ly discharge to surface water. Such a conceptualization is analogous to the saltwa-
ter upconing that occurs when a pumping well screened above saline groundwater 
pulls the saltwater upward to elevations that it would not otherwise reach. Under 
this analogy, the river represents a well that is capable of removing the saline wa-
ter from the local environment. Fig.2 schematically shows this concept as it ap-
plies to the Moab Valley.  

The density-dependent processes in this flow system are similar to those pre-
sented by Konikow et al. (1997) as part of a study of deep-circulating groundwater 
passing over a buried salt dome and followed by upward water migration and dis-
charge to the ground surface. Such a system is characterized by a brine surface 
that has a curvilinear shape between the deep saline water source and the point of 
discharge (Fig.2), and groundwater velocities that decrease with depth, eventually 
becoming unmeasurable at some depth below the brine surface. Accordingly, 
groundwater velocities within the brine at some depth directly below the river are 
expected to be so small as to reflect no vertical or horizontal flow. 

It is noteworthy to point out that saltwater upconing to the extent that the brine 
surface intercepts the Colorado River is unique. Although this phenomenon has 
been documented in a river/aquifer system in Kansas (McElwee 1985), other stu-
dies of saline water upwelling below rivers in the southwest USA rarely show 
brine in shallow groundwater. The significant upconing in Moab Valley is not 
surprising given that the alluvial aquifer is bounded on both sides and underneath 
by low-permeability bedrock, and that the only subsurface outlet for the alluvial 
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Fig.2. Conceptual model of density-dependent groundwater flow in the study area. 
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groundwater is a small area adjacent to where the river leaves the valley on its 
south side (Fig.1). 

A numerical model of density-dependent flow and transport was developed 
(U.S. Department of Energy 2003) to evaluate the applicability of the DOE con-
ceptual model to groundwater processes occurring on the west side of the river in 
general and the Moab site in particular. The modeling was performed using the 
numerical simulator SEAWAT (Guo and Langevin 2002), which computes flow 
potential in terms of equivalent freshwater head and water density. SEAWAT 
treats TDS as the primary transport constituent and can handle multiple secondary 
constituents to ascertain the effects of salinity on their migration. 

The numerical modeling accounted for flow in a cross section that coincided 
with a flow stream-tube identified during characterization of the Moab site (U.S. 
Department of Energy 2003). The cross-sectional trace began at the northwest end 
of the site at Moab Wash (Fig.1), passed through the tailings pile in a southeast-
ward direction, and terminated at the center of the Colorado River channel. 
Processes incorporated in model simulations (Fig.3) included inflow as subsurface 
discharge from bedrock sediments upgradient of a major fault (Moab Fault) that 
bisects the site, subsurface inflow from the Moab Wash, seepage from sand zones 
on the margins of the tailings pile, and evapotranspiration from tamarisk vegeta-
tion between the pile and the river. The river was assumed to constitute a pre-
scribed head boundary, and a no-flow boundary condition was used along the 
southeast end of the simulation domain (Fig.3) to reflect flow convergence on the 
river from both the east and the west. Influx of salinity resulting from the dissolu-
tion of Paradox Formation sediments was simulated using a diffusion boundary 
condition that was applied by Konikow et al. (1997) in their representation of flow 
over salt domes. Because depth to the Paradox Formation is unknown, this diffu-
sion mechanism was invoked at a series of depths that varied with location within 
the cross-section. Beneath the up-gradient end of the tailings pile, salt diffusion 
was assumed to occur along a steep rock face (Fig.3) that first exposes the Para-
dox Formation at a depth of about 50 m bgs. From the toe of the rock face to the 
model’s southeast end, diffusion was assumed to occur from deep groundwater lo-
cated at a depth of 95 m bgs. A prescribed TDS concentration of 300,000 mg/L 
was applied to each of the boundary cells used to simulate salt diffusion from the 
Paradox Formation.   

Steady-state model runs conducted with the numerical model to account for 
pre-mining conditions proved successful for simulating the shallow groundwater 
potentiometric surface at the site and in matching the curvilinear brine surface cur-
rently seen underneath and down-gradient of the tailings pile (U.S. Department of 
Energy 2003; Peterson et al. 2004). These results indicated that most of the current 
salinity distribution in groundwater west of the river is attributable to natural 
processes. However, transient runs designed to account for historical use of the 
pile improved the model’s ability to match the current preponderance of moderate-
ly saline to very saline groundwater in the shallow subsurface between the pile 
and the river. Simulations of recent conditions at the site indicated that evapo-
transpiration from tamarisk plants comprises a large portion of groundwater out-
flow at the site, signifying that evapotranspiration at the wetlands preserve is also 
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significant. The other major outflow component, discharge to the river, was con-
fined to a few model cells located just east of the river’s west bank. Although this 
latter result was expected given that most groundwater discharge to rivers occurs 
within limited zones near their banks (Haitjema et al. 2001), the upwelling brine 
provided an additional impediment to discharge farther east of the riverbank (Pe-
terson et al. 2004). 

Alternative Conceptual Model 

Simultaneous to DOE’s conceptualization of groundwater flow in the northwest 
end of Moab Valley as being density-dependent due to saltwater upconing near the 
Colorado River, two University of Utah researchers (Gardner and Solomon 2003) 
developed a different perception of the local hydrogeology. In particular, they 
concluded that contaminants associated with historical operation of the Moab site 
migrated under the Colorado River to the Matheson Wetlands Preserve during past 
years, and probably continue to do so under current conditions. The inferred re-
percussions of such phenomena included detrimental impacts on the wetlands en-
vironment.  

The alternative model was based primarily on the interpretation of trans-river 
subsurface hydraulic gradients, measured uranium concentrations in shallow 
groundwater, and isotope data. The hydraulic gradients were derived using values 
of equivalent freshwater head at a common elevation of about 14 m below the bed 
of the Colorado River, as estimated from water level and salinity data at nine wells 
on both sides of the river and screened in brine. Gardner and Solomon (2003) used 
this information to infer that groundwater within the brine migrated under the river 
in a south-southeastward direction from the Moab site. Uranium concentrations on 
the order of 0.02 to 0.06 mg/L in the northern half of the wetlands preserve were 
interpreted as being potentially related to Moab site contamination. The researchers 
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Fig.3. Processes incorporated in the numerical cross-section model. 
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used two cross sections depicting measured oxygen isotope ratios (δ18O) in 
groundwater on both sides of the river to assert that the ratios did not comport 
with the river acting as a discharge site for all water in the alluvial aquifer. 

2006 Assessment of the Wetlands Preserve 

In 2006, Stoller conducted a new investigation of the wetlands preserve (U.S. De-
partment of Energy 2007), partly for the purpose of evaluating Gardner and Solo-
mon’s (2003) conclusions regarding sub-river flow. Using measured water levels 
from three different occasions at several wells and piezometers, this study con-
firmed that shallow groundwater beneath the wetlands generally flows in a west-
ward direction toward the Colorado River, as illustrated in Fig.1. In addition, a 
persistent shallow groundwater mound was identified in the northeastern part of 
the preserve, adjacent to the bedrock formation that bounds the alluvial aquifer on 
its northeast side. This area of elevated groundwater, which was identical to 
mounding reported earlier by Gardner and Solomon (2003), caused local ground-
water movement toward the southwest and was attributed to subsurface inflow 
from the bounding bedrock (denoted as bedrock inflow in Fig.1). 

Water chemistry data collected during the 2006 study were examined with the 
intent of identifying the origin of dissolved uranium and ammonia in the wetlands 
groundwater (U.S. Department of Energy 2007). The ratio of measured activity 
concentrations of uranium-234 (U-234) and uranium-238 (U-238) in samples col-
lected at the preserve were compared with equivalent ratios in samples from 
Moab-site wells down-gradient of the tailings pile. This analysis revealed two rad-
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ically different data clusters (Fig.4), with the wetlands samples typically exhibit-
ing isotope ratios ranging from 1 to more than 2, and the Moab site wells mostly 
showing ratios on the order of 1 or less. These results indicated that the Moab-site 
water was relatively young, originating as leachate from the tailings pile, whereas 
uranium in the wetlands groundwater could be attributed to the inflow of much 
older water from bedrock on the north side of the Moab Valley (U.S. Department 
of Energy 2007). Apparent decreases in uranium concentration between the inflow 
area and the river were ascribed to biogeochemical processes. 

The ammonia chemistry observed at wetlands wells during the 2006 study 
showed that NH3-N concentrations on the east side of the river range from 0.1 to 
about 4 mg/L, and that ammonia levels generally increase with increasing TDS 
concentration (U.S. Department of Energy 2007). The correlation between ammo-
nia and salinity suggested that the larger ammonia concentrations on the east side 
of river are the result of Paradox Formation dissolution at large depths, subsequent 
upward flow of groundwater via saltwater upconing, and dilution due to mixing 
with less saline water.  

Conclusions 

Groundwater flow in the vicinity of the Colorado River in Moab Valley is heavily 
influenced by the presence of highly saline water, including brine that exhibits 
TDS concentrations of 100,000 mg/L or more. Most of the brine observed in shal-
low groundwater near both the east and west banks of the river is caused by the 
dissolution of deep evaporite sediments by groundwater that subsequently inter-
cepts the river via saltwater upconing. Numerical modeling of salinity-driven, 
density-dependent groundwater flow in the study area and examination of 
groundwater chemistry on both sides of the river indicates that sub-river migration 
of water from the Moab site to the Matheson Wetlands Preserve is unlikely. Ac-
cordingly, dissolved uranium and ammonia in groundwater on the east side of the 
river and beneath the wetlands preserve can be attributed to natural processes and 
is unrelated to contamination at the Moab site. 
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Abstract. The Pridneprovsk Chemical Plant (PChP) was one of the first uranium 

plant in the former Soviet Union. Nowadays the area of PChP is highly radioactive 

and chemically contaminated. The area contains some contaminated buildings and 

wastes of uranium production, which are placed in nine tailings. The radiactive 

elements of the uranium range migrate from the tailings into the graundwater and 

move toward discharge areas. During the years 2005-2007 some envestigations 

were carried out to assess the groundwater contamination, develope the Geology-

hydrogeological Informative System and create the mathematical models of 

groundwater flows and migration of contaminating matters. The mathematical 

models where built by means of Visual ModFlow 3 PRO software package, Ma-

pInfo and Surfer computer programs. For the simplified simulation of radionuclide 

transport with groundwater the EcoLego computer code was used.  

Location of Prydneprovsk Chemical Plant (PCh.P) 
and general characteristic of its tailings 

Location 

PCh.P is located in Dneprodzerzhynsk town, near Dnepropetrovsk sity. The Dne-
prodzerzhynsk town and PCh.P are located at the right bank of the River Dnepr 
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(see Fig.1). Territory of PCh.P is located on the terrace of the river Dnepr (middle 
and lower parts) and on the slope of Quaternary Plato (upper part). There are 3 
tailings in the territory of PCh.P: “Western”, “Central Iar” and “Souse-Eastern”. 
They occupy the lower parts of the former ravines, which interfaced with Dnepr 
River terrace. The external tailing “Dneprovskoe” is located not far from PCh.P, at 
the flood plain of Dnepr River. Other external tailings are located on the Quater-
nary Plato (see Fig.1).  

General characteristics of tailings 

General characteristics of tailings are shown in the Table 1.  

Fig.1. Location of Prydneprovsk Chemical Plant and its external tailings: D - tailing “Dne-
provskoe”; C – “Base C”; S1 – 1st section of tailing “Sukhachevskoe”; S2 – 2nd section of 
tailing “Sukhachevskoe”. 

Table 1. General characteristics of the PCh.P tailings  

Tailing names Period of 
operation 

Area, 
hectares 

Amount of 
the waste, 
x106 t 

Volum, 
 x106m3 

Gross 
aktivity, 
TBk 

„Western“ 1949-54 6.0 0.77 0.35 180 
„Central Iar“ 1951-54 2.4 0.22 0.10 104 
„South-Eastern“ 1956-80 3.6 0.33 0.15 67 
“Sukhachevskoe” 

1st section 
1968-83 90 19.0 8.6 710 

“Sukhachevskoe” 
2nd section 

1983-92 70 9.6 4.4 270 

„Base C“ 1960-91 25 0.3 0.15 440 
„Dneprovskoe“ 1954-68 73 12.0 5.9 1400 
„Lantan fraction“ 1965-88 0.06 0.0066 0.0033 130 
„Blast furnace N6“ 1982 0.2 0.04 0.02 330 

Tailing of „Lantan fraction“ is buried on the right side of 2nd section of tailing “Sukha-
chevskoe”. And the „Blast furnace N6“ is buried on the northern part of tailing “Base C”, 
which was used for storage of uranium ore from Ukrainian and foreign suppliers.  
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Hydrogeological conditions and monitoring system 

Hygrogeological conditions 

Territory, where the PCh.P and its tailings are located, is built by means of Arc-
heozoic and Proterozoic age rocks with weathering crust, above which spread con-
sequently the rocks of Neogene and Quaternary ages. The Archeozoic and Prote-
rozoic crystalline rocks are widespread and consist of granites. In the upper part 
the granites are fractured and together with of the weathering crust, contain lower 
confine-unconfined aquifer (Voicekchovich O. et al., 2005). 

Neogene layer is widespread on a Quaternary plateau and represented by sandy 
deposits. Deposits contain unconfined aquifer, which builds the hydraulically 
joined complex along with the lower aquifer forms. From roof the Neogene depo-
sits are covered by red and variegate clays of quaternary age. Over the layers of 
red and variegate clays, loess layers are bedded.  

In loess layer unconfined aquifer sporadically exists. On the slope of plateau 
towards Dnepr River aquifers in Neogene and loess rocks pass to unconfined aqui-
fer in alluvial deposits, which is usual for terrace and flood plain of Dnepr river. 
Alluvial aquifer together with aquifer in crystalline rocks is combined into aquifer 
complex. 

Except aquifers of natural origin, tailings “Dneprovskoe” and “Western” con-
tent the saturated layers in the wastes of uranium production. Saturation of ura-
nium production wastes increases migration of radionuclides toward the lower 
aquifer and to the recharge regions. General characteristics of saturated deposits 
are shown in the Table 2. 

Dnepr River is the main discharge region For Neogene and Alluvial aquifers. In 
addition the groundwater from internal PHc.P tailings partly discharges into small 
river Konoplianka, which flows between PHc.P and tailing “Dneprovskoe”. The 
aquifer in loess deposits discharges into streams, which run along gullies system.  

The layout of groundwater head isolines for PHc.P and tailing “Dneprovskoe” 
location are shown on the Fig.2. The illustration is created by means of filtration 
modeling (Bugai D. et al., 20070. The Visual ModFlow 3 PRO mathematical 

Table 2. General characteristics of saturated deposits 

Rock Permeability, 
m/day 

Water yield, 
part per unit 

Porosity, 
cm3/cm3 

Average 
thickness, m 

Wastes 0,04-2,7 0,15 0,36-0,42 8,0 
Loess 0,02-0,1 0,15 0,58-0,88 10 
Alluvial sands  3-10 0,15 0.3-0.35 8 
Neogen sands 4-10 0,15 0,3-0.35 10 
Weathered crust 
and fractured zone 

3-7 0,02 0,1  
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modeling software, MapInfo and Surfer computer programs where used for such 
modeling. The filtration model includes aquifers in crystalline rocks and in the al-
luvial deposits. The geological layers were put into the calculation module of fil-
tration model taking into account relief of their bedding. Geology-hydrogeological 
Informative System, which includes cartographic information, geological layers 
layout, wells, and contamination of groundwater, was used for mathematical mod-
el creation. Spatial steps of calculation net of the mathematical model are 62 - 15 
m. 

From the tailing “Dneprovskoe” groundwater flows to the Dnepr River with 
the gradients of head ≈ 0,003-0,004. The unabsorbed particle associated with 
groundwater flow needs approximately 40 - 50 years to get to the Dnepr River. 
Groundwater gradients of head of the PCh.P region are much higher. The unab-
sorbed particle, associated with groundwater flow from internal tailings of PCh.P 

 
Fig. 2. The layout of groundwater head isolines for PHc.P and tailing “Dneprovskoe” 
location (1 – tailing “Western”, 2 – tailing “Central Iar”, 3 – tailing “Souse-Eastern”). 
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(“Western”, “Central Iar” and “Souse-Eastern”), needs approximately 3 - 5 years 
to get to Konoplianka River. 

2.2. Monitoring system 

In the year 2000, the Ministry of Fuel and Energy of Ukraine created the enter-
prise «Barrier» to execute control and monitoring of radioactive contaminated ma-
terials (including groundwater), radiation level of environment. Starting the year 
2000, the management of the enterprise «Barrier» tried to organize monitoring, us-
ing other appropriate organizations. Unfortunately, these efforts had no sufficient 
effect. The reasons: absence of the grounded observation network and regulation 
of observations, insufficient funds reserves, provided by the Ministry, absence of 
required monitoring and sampling equipment, lack of trained personnel. 

The system of the hydrogeological monitoring, controlled by the enterprise 
«Barrier», consists of 57 wells. 49 wells situated on the tailing “Dneprovskoe”. 
Tailing “Western” is equipped by 4 wells, the tailing “Central Iar” is equipped by 
3 wells. There are no monitoring wells on the tailing “South-East”. Also, there is 
no network of monitoring wells on the tailing “Base C”. The current state of moni-
toring wells, situated on both sections of tailing «Sukhochevskoe», have not been 
investigated yet. The P.Ch.P monitoring wells are shown on the Fig.3. 

In spite of big number of existing monitoring wells, it is impossible to carry out 
the sampling of groundwater, using most of them. The well filters are muddy and 
wells are not pumped out systematically. In addition, some wells are not under 
control of the enterprise «Barrier». 

The process of systematical monitoring system development began in 2004. 
This process was initiated by the professionals of the «Center of monitoring re-
searches and nature protection technologies», «Institute of hygiene and medical 
ecology», National Academy of Sciences of Ukraine and “The permanent inspec-
tion of the Committee of the nuclear regulation and radiation safety”. The “Con-
ception and suggestions to the program of environment radiation control and mon-
itoring in the region near former Prydneprovsk chemical plant” was developed in 
2007. 

In 2005-2007 the basic researches of the monitoring system of environment and 
preliminary regulation of observations were carried out. Some results of ground-
water monitoring are represented in Table 3. 

The biggest radionuclides contamination of underground environment was reg-
istered in the regions where the tailings are located and in technogenic aquifers, 
which appear in the wastes of uranium production. Uranium isotopes migrate to 
aquifer in the sandy alluvial deposits. 

Macroionic composition of groundwater is variegated, and their salinity in the 
areas of depositories is very large - ten times exceeds standards, existing for drink-
ing water. Very large salinity is observed in water of technogenic aquifer of tailing 
“Western” – about 100 g/L. In chemical composition of groundwater the chlorine 
anion and the sodium cation are prevailing. Anions of sulfate and hydrogen 
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carbonate are prevailing in technogenic aquifer of tailing “Dneprovskoe”. Cations 
are represented by ammonium, magnesium, potassium, sodium and calcium. 

Efforts of the Ukrainian side in development of monitoring system for objects 
of former PCh.P are supported IAEA within the framework of regional project 
RER/9/094: “Upgrading National Capabilities in Controlling Public Exposure”. 
Currently, the enterprise has minimum quantity of equipment, required for obser-
vations and sampling of groundwater. 

 
Fig. 3. The P.Ch.P monitoring wells network. 
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Assessment of radionuclide migration 

Computer program for simulation  

To create the mathematical model of radionuclide migration a software package 
the Ecolego was used. In this software package the conceptual model of the stu-
died system is set by the matrix of co-operation (Fig. 4).  

The diagonal elements of such matrix correspond the components (compart-
ments) of the designed system. External diagonal elements describe connections 
between compartments and processes of radionuclide transfer. For simulation of 
radionuclide migration by groundwater, the software package Ecolego was com-
pleted by special computer code (Dugai D. et al., 2007). 

 Radionuclide migration from tailing “Dneprovskoe” was simulated. The model 
describes migration of ridionuclides along the ribbon (tubes) of groundwater in the 

Table 3. Content of uranium isotopes in groundwater of PCh.P tailing location in compari-
son 2005/2006 (Voicerhovich O. et al., 2006). 

Well # Salinity, 
g/L 

U-234, 
Bk/L 

U-238, 
Bk/L 

Σα, Bk/L Σβ, 
Bk/L 

234U/238U 

 6593а 2,0 
1,8 

1,19±0,25 
1,8±0,4 

1,58±0,26 
2,3±0,4 

3,0±0,9 
6,7±1,2 

1,0±0,3 0,75 
 

 6594 3,6 
4,4 

28,4±4,3 
64,2±12,8 

31,6±4,3 
45,9±9,3 

56±11 
115±22 

25±5 0,9 
1,4 

1-ЗП 2,3 
1,8 

0,56±0,11 
0,32±0,08 

0,35±0,07 
0,23±0,05 

0,81±0,24 
0,55±0,11 

0,93±0,
28 

1,6 
1,4 

2-ЗП 91 
86 

506±76 
481±82 

562±77 
419±82 

1180±177 
900±180 

151±30 0,90 
1,15 

3-ЗП 11,4 
10,3 

376±56 
314±62 

384±56 
286± 56 

1160±174 
600±120 

276±55 0,98 
1,1 

2-Д 7,3 
7,2 

0,73±0,16 
<0,03 

0,90±0,18 
0,20±0,02 

2,62±0,78 
0,23±0,04 

4,6±1,4 0,81 
0,42 

4-Д 6,4 
11,1 

0,26±0,05 
2,5±0,5 

0,22±0,05 
2,4±0,5 

0,84±0,24 
5,0±1,0 

10±3 1,18 
1,04 

19-Д 19,3 
18,4 

7,3±1,3 
9,38±2,40 

6,8±1,3 
5,69±0,31 

15,1±3,0 
16,0±3,2 

7,9±2,3 1,07 
1,6 

16-Д 2,3 
 

2,36±0,35 
 

2,41±0,35 
5,4±1,2 

5,8±1,4 
5,8±1,2 

- 0,98 
 

48-Д 5,8 0,09±0,03 
0,40±0,06 

0,09±0,03 
0,43±0,06 

 < 0,2 
0,8±0,04 

2,0±0,6 
1,00 

MPC  0,5 0,5 0,1   
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system: “Tailing - alluvial aquifer – Dnepr River”. A model takes into account 
vertical infiltration of muddy porous solutions from the body of tailing to alluvial 
aquifer, and farther lateral convective-dispersion transport of radionuclides in 
aquifer towards the Dnepr River (the delay correction, as a result of adsorption). 

All basic radionuclides of uranium row exist in the migration model: uranium-
238, uranium-234, thorium-230, radium-226, lead-210 and polonium-210. A mod-
el estimates radinuclides supply from the source of migration, concentration 
changes in the source caused by lixiviation of radionuclides by groundwater and 
radioactive disintegration. Groundwater flow from tailing “Dneprovskoe” in direc-
tion of Dnepr was designed as a tube of flow with geometrical sizes, with parame-
ters, corresponding the filtration model. 

3.2. Migration parameters of model 

The simulation of radionuclides migration from tailing “Dneprovskoe” is executed 
for two scenarios: “base” (that is most credible) and “conservative” (that is most 
pessimistic). On the basis of the review of literary sources and calculations of Kd 
in-situ the set of distribution coefficients was formed. Received coefficients where 
used for simulation of radionuclides migration from tailing “Dneprovskoe”. This 
set Kd is shown in the Table 4. The table contains the Kd estimations for tails and 
the alluvial aquifer. 

As the “base” for alluvial aquifer we used the Kd set offered in the report of 
J.Serne (Pacific Northwest Laboratory, 2007). The PNNL set does not have the 
Kd estimation for to thorium, therefore absorbsion coefficient for thorium was 
used basing on the reports of Sheppard and Thibault (1990). The beginning of si-
mulation is the year 2000.  

 А

C

 
Fig.4. Matrix of co-operation of the Ecolego program for the model of radionuclide mi-
gration from tailing: (А) general matrix; (B) matrix for under-system “tailing”; (C) matrix 
for under-system “aquifer”. 
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The term of prediction constitutes 5000 years. A model fixed, that initial ra-
dioactive contamination is concentrated in two compartments: in the tails of 
processing of uranium ores and in alluvial aquifer directly under the bowl of tail. 
Concentration of radionuclides in alluvial aquifer outside the bowl of tailing is 
equal to zero, because there is no reliable and standard information about radioac-
tive contamination of alluvial aquifer outside tailing. Before the simulation of ra-
dionuclides migration from tailing “Dneprovskoe” by the Ecolego package, the 
simplified estimations of radionuclides convective transport speed in aquifer to-
ward the Dnepr River where executed. This simplified simulation considered the 
delay caused by absorbsion. The results of estimation are shown in the Table 5. 

Table 5. Prognostic speed of convective transport of radionuclides in aquifer (considering 
the delay, caused by adsorbtion) (VRN) and proper time of migration from tailing “Dne-
provskoe” to Dnepr River (TRN) 

Migrant  Base scenario Conservative scenario 

VRN, m/year TRN, years VRN, m/year TRN, years 
Water 24 41 49 21 
Radionuclide     
U 2,8 354 12,4 81 
Th-230 0,005 205232 0,024 41056 
Ra-226 0,07 13694 0,36 2749 
Po-210 0,04 27375 0,18 5485 
Pb-210 0,02 41056 0,12 8563 

Table 4. The Kd set for the simulation of radionuclides migration from tailing “Dneprovskoe”  

Radionuclide Kd, ml/g 

Tailings Alluvial aquifer 

Base kit Base kit Conservative kit 

U 30 5 1 

Th-230 10000 3000 600 

Ra-226 700 200 40 

Po-210 2000 400 80 

Pb-210 1300 600 125 
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The prognosis of groundwater transport of uranium from tailing 
“Dneprovskoe” into the Dnepr River under different scenarios 
of rehabilitation 

Prediction based on migration model, created by the Ecolego program, demon-
strates characteristics of radionuclides transport with groundwater from tailing 
“Dneprovskoe” in Dnepr River under different scenarios. The results of calcula-
tions are shown in the Table 6. For conservative scenario the noticeable entry of 
uranium into the Dnepr River begins through ≈50 years, and gains it’s maximum 
within ≈ 300 years. Maximum entry of uranium in the Dnepr River for conserva-
tive scenario is in twice more than for a base scenario. Simulated rehabilitation 
measures (coverage of tailing by a soil screen, removing of tails) demonstrate di-
minishment of current and cumulative entry of uranium to the Dnepr River. Ac-
cording to the simulation data, the entry of uranium into the Dnepr River is jdimi-
nished approximately twice in comparison with the base scenario. Creation of soil 
screen and removing of tails have similar effect in the period within 500 years. 

Table 6. Descriptions of prognosis entry of uranium in the Dnepr River under different 
scenarios 

Scenario Maximum entry 
of U in Dnepr 
River,  
×1012 Bk/year 

The term of 
maximum entry, 
year 

Cumulative entry of U in 
Dnepr River, ×1016 Bk 
for 1000 
year 

for 5000 
year 

Base 8,7 2000 0,06 2,7 
Conservative 21 300 1,6 3,7 
Soil screen 4,7 1800 0,058 1,2 
Removing of tails  3,9 1400 0,058 0,6 

4. Conclusions 

• The development of the system of the hydrogeological monitoring for the areas 
of uranium waste tailings is required. 

• It is necessary to extend the existing network of monitoring wells and train the 
personnel of the enterprise “Barrier”, to provide of systematic observation and 
sampling groundwater. 

• It is necessary to conduct researches of physical and chemical forms of exis-
tence of radionuclides in tails. 

• It is necessary to study the spatial distribution of radionuclides in the area of the 
PCh.P objects. 

• It is necessary to estimate actual coefficients of distributing radionuclides in the 
saturated rocks. 

• Mathematical simulation and “cost benefit analyse” of rehabilitation measures 
for each tailing is required. 



Problems of the hydrogeological monitoring of objects      581 

Session IV: Uranium in Groundwater and in bedrock 

References 

Voicekchovich O. et al. Scientifically methodical accompaniment and regulations groun-
ding of the complex monitoring of influence of uranium objects of former PCh.P on 
the environment and population. Center of Monitoring Researches and Nature Protec-
tion Technologies Kiev, 2005 

Voicekchovich O. et al. Implementation of works according to the programs and regula-
tions of the radiation monitoring. Center of Monitoring Researches and Nature Protec-
tion Technologies Kiev, 2006 

Ecolego 3 user guide. Facilia AB, Stockholm, 2007 
Bugai D. et al. Simulation of processes of radionuclide migration at uranium objects (tailing 

“Dneprovskoe”). Geo-Eko-Consulting,  Kiev, 2007 



 

 

 
 

Uranium Mining

and Hydrogeology



Characterization of U(VI) behaviour 
in the Ruprechtov site (CZ) 

Dušan Vopálka1, Václava Havlová2 and Michal Andrlík1 

1Department of Nuclear Chemistry, Faculty of Nuclear Sciences and Physical En-
gineering, Czech Technical University in Prague, Břehová 7, CZ-115 19 Prague 1, 
Czech Republic  
2Nuclear Research Institute Řež plc., CZ-250 68 Řež near Prague, Czech Republic  

Abstract. Natural analogue study at the Ruprechtov site (Czech Republic) was 

aimed to investigate and understand the behaviour of natural radioelements in se-

dimentary formation. The isotopic exchange tests with 233U were used to compare 

the results of exchangeable uranium (Uex) determination with the results of the 

first steps of sequential leaching tests. Measured interaction isotherms showed a 

significant dependence of uranium uptake on the phase ratio (V/m) values. The 

reason can be assigned to changes in liquid phase composition caused by dissolu-

tion of mineral phases.  

Introduction 

Detailed study of natural processes in the real scale and under real conditions 
should help for better understanding of retardation processes in the vicinity of 
deep geological repository. Underground laboratories, field tests and natural ana-
logues can be the possible ways to approach the real conditions. The Ruprechtov 
natural analogue site was chosen for research because its geological and geochem-
ical conditions resemble sedimentary sequences which can cover potential host 
rocks for underground waste repositories (Noseck and Brasser, 2006).  

The Ruprechtov site is situated in the NW part of the Czech Republic in 
Hroznětín part of Sokolov Basin, which is filled with Oligocene Miocene sedi-
ments with thickness up to 100 m. Uranium accumulation is distributed heteroge-
neously within volcanodetritic layers in the depth of 10-40 m. The uranium depo-
sits in this region are described in literature (e.g. Komínek et al. 1994) as of 
sedimentary origin, the granitoids of the Karlovy Vary and Smrčiny plutons being 
the primary source of the uranium.  
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Comprehensive investigations of U-argillitized clay-organic matter – granite 
system – groundwater of the site has been performed since 1995, including drill-
ing, field tests, groundwater monitoring, sediment and groundwater sampling and 
characterization, laboratory experiments and geochemical and hydrogeological 
modelling (e.g.Noseck et al. 2002; Havlová et al. 2006). Uranium was found pre-
dominantly in U(IV) form (max. 700 ppm), being a clear proof of reducing condi-
tions within the rock layers. Only a small part of Utot is formed by U(VI). Predo-
minantly U(VI) was present in groundwater, however in very small concentration 
(4.2 mg/l). We assume U(VI) to be the most stable form of uranium under oxidiz-
ing conditions and can be mobilized by surface and underground water. Study of 
the element behaviour under real conditions can help to quantify processes of re-
tention/mobilization within potential sedimentary cover of the host rock. For the 
application of migration model, which should describe the migration of contami-
nants in the environment, it is necessary to know the formal description of interac-
tion of studied contaminant with the solid phase. The obvious laboratory metho-
dology that includes batch and column experiments, changing the initial 
concentration of studied species, should respect the initial amount of studied spe-
cies accessible from the solid phase. This demand was fulfilled in our experimen-
tal work with the use of 233U as the tracer. In the first step we planned to determine 
the amount of U(VI) accessible in contact with real underground water from rock 
samples using the modified methodology, in which concentration changes of both 
natural uranium and 233U are checked. In the second step the obtained knowledge 
should be used to the building of an interaction model based on the results of de-
termination of equilibrium isotherms of U(VI) on different types of rock.  

Experiments and results 

Sequential extraction and isotope exchange using 233U  

Rock samples from six bore cores from Ruprechtov site were crushed, powdered 
and sieved, and fraction < 0.063 mm was used in all types of batch experiments 
performed. 

The sequential extraction method, which is a classical approach that enables to 
determine trace metal forms in sedimentary rocks, was used in a slightly modified 
and reduced scheme with the aim to obtain the information about the uranium 
amount that is attainable from the rock in contact with the underground water 
composition which is characteristic for the site (Havlová et al. 2006). 

The first two steps of leaching of the standard method were used: (i) 1M 
MgCl2, contact time 1 hour, pH 7 – determines uranium bound on exchange posi-
tion and (ii) 1M NaCH2COOH + CH3COOH, contact time 5 hours, pH 4.8 – de-
termines uranium bound in carbonates (Henderson et al. 1998). 
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Determination of uranium accessible to leaching with natural water and ex-
changeable with ions in real groundwater was performed by isotope exchange 
with 233U in simulated seepage water. This approach that determines so called ex-
changeable or “labile” (Davis and Curtis, 2003) uranium Uex was with a success 
used for the determination of exchangeable uranium on the material from the 
waste rock pile at Schlema-Alberoda, Saxony (Vopalka et al., 2006). The quantity 
Uex (mg/kg) was calculated from measured values of uranium concentrations and 
distribution coefficient Kd by equation (1). The distribution of 233U between rock 
and liquid phase that enabled determination of Kd was measured with liquid scin-
tillation counting; evaluation of concentration change of natural uranium was 
based on determination by means of ICP-MS.  

( )
m

VCmKVCU d
ex

.. 0−+=
 (1) 

Here C0 and C represent respectively initial and equilibrium concentrations in 
the liquid phase (mg/L), m – weight of the rock phase (kg) and V – volume of the 
liquid phase (L). As only small differences were observed between Kd values cor-
responding to contact times 15 and 30 days, the contact time of 30 days was cho-
sen as representative for the determination of equilibrium values. The Uex values 
were determined for at least 3 values of phase ratio V/m between 20 – 100 L/kg, 
no significant effect of V/m values Uex was observed, also due to the great variabil-
ity of Uex values for some rock samples. 

Comparison of results of accessible uranium determination obtained by both 
methods is summarized in Table 1. As selected samples were taken from different 
layers of the site (NA10 – kaolinized granite, NA11 and NA12 – argillized clay, 
NA13 – argillized clay, NA14 – argillized clay with high content of organic matter 
and uranium, NA15 – kaolinized granite), three types of modelled seepage water 
were used in equilibrium batch experiments. According to the geological characte-
rization of the horizon of their origin they are called “granitic, upper tertiary, and 
lower tertiary” waters. Total uranium content was determined after total dissolu-
tion of samples using ICP-MS. 

Table 1. Comparison of exchangeable uranium Uex-values with results of first two steps of 
sequential leaching (step 1: 1M MgCl2, 1 hour, pH 7; step 2: 1M NaCH2COOH + 
CH3COOH, 5 hours, pH 4.8). Water types: granitic (pH 6.6), upper tertiary (pH 7.25) and 
lower tertiary (pH 6.55).  

Borehole Depth 
 m Water type U-total 

mg/kg 
Sequential leaching 
steps 1 and 2, mg/kg  

Uex       
mg/kg 

equil. 
pH 

NA10 15.43 granitic 23 17.5 18 ± 4 7.9 
NA11 16.27 upper teriary 94 39 29 ± 3 8.5 
NA11 38.17 lower  tertiary 39 7.15 10 ± 2 8.2 
NA12 40.31 granitic 42 5.7 n.d. 7.9 
NA13 46.4 lower tertiary 212 74 134 ± 12 2.6 
NA14 51.73 lower tertiary 724 70.5 325 ± 50 2.6 
NA15 12.7 upper tertiary 55 22.4 13.3 ± 4 8.5 
NA15 31 granitic 62 33.6 7.4 ± 3 8.2 
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The comparison of both methods for determination of exchangeable uranium 
was successful for majority of samples studied. According to this fact it can be 
concluded that U(VI) accessible for the exchange and transport processes is the 
uranium bound on the surface of the mineral grains and/or is locked in minerals, 
dissolution of which is consistent with dissolution of carbonates. The anomalous 
behaviour of two samples, which contact with modelled seepage water caused 
great decrease of pH value, is presumably caused by self-leaching by sulphuric ac-
id originated from oxidation of pyrite present in samples.  

Batch kinetic and equilibrium experiments 

A broad set of equilibrium interaction experiments was performed with four se-
lected samples that were obtained from crushed borehole cores from different 
places of the site (Andrlík 2006). The differentiation of the samples properties is 
demonstrated in Table 2. 

The homogenized and sieved fractions (< 0.063) of all four samples was con-
tacted with modelled water GWO4 (Na+ 2.1⋅10-3 M, Mg2+ 1.1⋅10-3 M, Ca2+ 
1.75⋅10-3 M, SO4

2- 8.12⋅10-4 M, HCO3
- 2.21⋅10-3 M, Cl- 3.95⋅10-3 M; pH 8.2), in 

which uranyl nitrate was dissolved in the concentration range from 1⋅10-7 mol/L to 
2⋅10-4 mol/L. The water phase was spiked with 233U in concentration about 1⋅10-7 
mol/L. The water-to-solid ratio in batch experiments was changed in the range 
5 - 400 mL/g.  The change of the 233U activity during experiments was measured 
by liquid scintillation counting. To assess time necessary to obtain equilibrium 
conditions the sets of experiments with contact time 7, 14 and 30 days were per-
formed.  

The results of experiments, in which the influence of parameter variation on the 
Kd values was studied by this method, showed a great differences in release/uptake 
qualities of studied samples. The selected results are collected in Tables 3-6, for  
which the presented uranium concentrations at the end of experiment C were 

Table 2. Rock sample characterization: silicate analyses, TOC, TIC and S content (%) 

Borehole  NA10 NA11 NA12 NA14 
Depth m 15.43 16.27 40.31 51.73 
TOC % 0.06 1.39 1.34 13.34 
TIC % 4 10 11 20 
Fe2O3 % 0.67 9.72 9.8 4.36 
TiO2 % 0.02 4.49 3.33 2.3 
CaO % 0.1 0.83 1.64 1.66 
K2O % 2.42 0.81 0.76 0.71 
SiO2 % 80.27 52.26 51.28 43.26 
Al2O3 % 12.4 19.1 19.1 10.4 
MgO % 0.05 0.8 1.03 0.98 
S % 0 0.204 0.97 2.95 
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computed using Kd values determined from the change of activity of the spike and 
Uex values determined in a precedent set of experiments. 

Results of the study of uranium release/uptake from the sample NA10 (Table 3) 
showed a noticeable desorption of uranium from the solid phase. In supplementary 
experiments with no uranium added into the initial solution reached uranium con-
centration in the liquid phase (for V/m = 10 mL/g) the value about 1.3⋅10-6 mol/L.  
Furthermore, in all experiments presented in Table 3, the computed concentration 
on the solid phase (capacity) was lower than determined initial capacity, which 
was equal to exchangeable amount Uex. The increase of Kd with time gives the hint 
that contact time of 14 days is not sufficient for this sample to the reach the equili-
brium and from the decrease of Kd with the increase of initial concentration C0 re-
sults the non-linear shape of interaction isotherm. 

In all experiments performed with the material from borehole NA11 (Table 4) 
sorption dominated. Very high Kd values measured for high V/m and low C0 values 
indicated extremely non-linear shape of sorption isotherm with significant depen-
dence on the phase ratio V/m.  

For systems, in which the solid phase contains known amount of the exchange-
able species (here Uex), it is possible to convert set of measured Kd data into the 

Table 3. Measured Kd values for the sample from borehole NA10 as dependence on phase 
ratio V/m, initial concentration C0 and contact time t. 

V/m 
mL/g 

C0 
mol/L 

t 
days 

Kd 
mL/g 

 V/m 
mL/g 

C0 
mol/L 

t 
days 

Kd 
mL/g 

40 3⋅10-6 7 17.1  7 3⋅10-6 7 14.1 
40 6⋅10-6 7 16.8  7 6⋅10-6 7 10.3 
40 3⋅10-6 14 21.3  7 3⋅10-6 14 16.3 
40 6⋅10-6 14 19.2  7 6⋅10-6 14 12.9 
10 6⋅10-6 14 12.2  10 6⋅10-6 28 13.4 

Table 4. Measured Kd values for the sample from borehole NA11 as dependence on phase 
ratio V/m and initial concentration C0; contact time t = 30 days. 

V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

 V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

400 1⋅10-6 2.8⋅10-8 26726  400 6⋅10-6 4.3⋅10-7 6092 
100 1⋅10-6 6.8⋅10-8 7853  100 6⋅10-6 3.0⋅10-7 3033 
20 1⋅10-6 3.2⋅10-7 1048  20 6⋅10-6 5.2⋅10-7 825 
10 1⋅10-6 6.1⋅10-7 546  10 6⋅10-6 1.3⋅10-7 283 
400 3⋅10-6 2.8⋅10-8 13307  400 2⋅10-5 2.5⋅10-6 2955 
100 3⋅10-6 6.8⋅10-8 4684  100 2⋅10-5 2.1⋅10-6 1036 
20 3⋅10-6 3.2⋅10-7 1142  20 2⋅10-5 1.1⋅10-6 665 
10 3⋅10-6 6.1⋅10-7 493  10 2⋅10-5 1.9⋅10-6 267 
400 4⋅10-5 6.7⋅10-6 2048  20 4⋅10-5 2.3⋅10-6 463 
100 4⋅10-5 5.8⋅10-6 647  10 4⋅10-5 3.4⋅10-6 199 
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functional dependence of solid phase concentration q on the liquid phase concen-
tration C by means of simple balance relations. In the equilibrium state this de-
pendence represents the equilibrium (sorption) isotherm. 

In the case of experiments with sample NA11 this transformation conduced to 
isotherms of Langmuir type for which the capacity on the relevant range of con-
centration in the liquid phase dramatically increases with phase ratio V/m. Such re-
lation was observed in systems in which the sorption was controlled by cation ex-
change (Klika et al. 2007). Here this effect is relatively higher and no ion-
exchange can be supposed as in the measured pH range about 8 neutral and/or ne-
gatively charged uranyl carbonate complexes should dominate.  

Also experiments with the sample from borehole NA12 (Table 5) are characte-
rized by sorption, which is in range of initial concentration in the liquid phase  
> 1⋅10-5 mol/L higher than that in the case of the sample from NA11. The great ex-
tent of sorption disabled for this sample the determination of Uex using isotope ex-
change of natural uranium and 233U.  

On the contrary to samples NA11 and NA12 desorption dominated the experi-
ments with the sample from borehole NA14 (Table 6). In all experiments with this 

Table 5. Measured Kd values for the sample from borehole NA12 as dependence on phase 
ratio V/m and initial concentration C0; contact time t = 30 days. 

V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

 V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

400 1⋅10-5 1.1⋅10-6 3104  400 1⋅10-4 1.2⋅10-5 3031 
100 1⋅10-5 4.3⋅10-7 2228  100 1⋅10-4 9.0⋅10-6 1028 
20 1⋅10-5 2.9⋅10-7 664  20 1⋅10-4 4.5⋅10-6 425 
10 1⋅10-5 4.0⋅10-7 374  10 1⋅10-4 6.9⋅10-6 131 
400 4⋅10-5 4.3⋅10-6 3371  400 2⋅10-4 6.5⋅10-5 841 
100 4⋅10-5 3.6⋅10-6 1030  100 2⋅10-4 5.9⋅10-5 238 
20 4⋅10-5 2.1⋅10-6 354  20 2⋅10-4 2.7⋅10-5 130 
10 4⋅10-5 1.0⋅10-6 366  10 2⋅10-4 2.3⋅10-5 103 

 

Table 6. Measured Kd values for the sample from borehole NA14 as dependence on phase 
ratio V/m and initial concentration C0; contact time t = 30 days. 

V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

 V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

50 3⋅10-7 2.6⋅10-5 12  50 3⋅10-6 3.1⋅10-5 7 
20 3⋅10-7 5.6⋅10-5 8.7  20 3⋅10-6 4.5⋅10-5 7 
10 3⋅10-7 1.4⋅10-4 1.9  10 3⋅10-6 1.4⋅10-4 1.9 
5 3⋅10-7 3.1⋅10-4 0.2  5 3⋅10-6 3.1⋅10-4 0.2 
50 1⋅10-6 3.1⋅10-5 5  50 6⋅10-6 3.2⋅10-5 8.5 
20 1⋅10-6 5.3⋅10-5 11  20 6⋅10-6 6.4⋅10-5 6.9 
10 1⋅10-6 1.4⋅10-4 1.4  10 6⋅10-6 1.5⋅10-4 1.5 
5 1⋅10-6 3.2⋅10-4 0  5 6⋅10-6 3.2⋅10-4 0.1 
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sample uranium concentration increased significantly in the liquid phase. These 
results corresponded with determination of Uex (Table 1), where for this sample is 
presented the highest Uex value from all the group of samples examined. This sam-
ple differs from others also by the pH decrease during the experiment. The highest 
decrease of pH was observed for smaller values of phase ratio. This fact is in an 
agreement with assumption about release of sulphates from the sample, supported 
by known high content of sulphur in the rock material NA14 (Table 2). 

In the study of uranium interaction with samples from NA11, NA12 and NA14 
was observed only small difference for contact times 15 days and 30 days, so ex-
periments with contact time of 30 days could be treated as description of equili-
brium. 

Conclusions 

The great differences of qualities concerning U(VI) release/uptake was observed 
in eight samples originated from the Ruprechtov site. The differences that are re-
lated to both amount of exchangeable uranium in samples studied and sorp-
tion/desorption behaviour of them arise from the differences of the chemical and 
mineralogical composition of rock materials, from which the samples were pre-
pared. The isotope exchange of uranium present in samples with 233U proved that 
first two steps of standard sequential leaching procedure give a good information 
about the amount of U(VI) in rock samples that is attainable to transport in zone 
saturated by underground water. Great differences observed in release/uptake cha-
racteristics among the four selected samples, interaction with uranium of which 
was elaborated, indicated the necessity of the further research on the site that 
could help to better formulate the basic features of a site specific transport model.  

Table 7. Measured Kd values for the sample from borehole NA14 as dependence on phase 
ratio V/m and initial concentration C0; contact time t = 30 days. 

V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

V/m 
mL/g 

C0 
mol/L 

C 
mol/L 

Kd 
mL/g 

50 3⋅10-7 2.6⋅10-5 12 50 3⋅10-6 3.1⋅10-5 7 
20 3⋅10-7 5.6⋅10-5 8.7 20 3⋅10-6 4.5⋅10-5 7 
10 3⋅10-7 1.4⋅10-4 1.9 10 3⋅10-6 1.4⋅10-4 1.9 
5 3⋅10-7 3.1⋅10-4 0.2 5 3⋅10-6 3.1⋅10-4 0.2 
50 1⋅10-6 3.1⋅10-5 5 50 6⋅10-6 3.2⋅10-5 8.5 
20 1⋅10-6 5.3⋅10-5 11 20 6⋅10-6 6.4⋅10-5 6.9 
10 1⋅10-6 1.4⋅10-4 1.4 10 6⋅10-6 1.5⋅10-4 1.5 
5 1⋅10-6 3.2⋅10-4 0 5 6⋅10-6 3.2⋅10-4 0.2 
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complexation by organic model ligands 
in aqueous solution 
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510119, 01314 Dresden, Germany 

Abstract. The complexation of uranium(IV) with the organic model ligands citric 

acid, succinic acid and mandelic acid has been investigated in dependence on 

acidity (0.1 M to 1.0 M) and ionic strength (0.11 M to 1.0 M) by UV-Vis spec-

troscopy. In the citrate media, the formation of 1:1 and 1:2 complexes was de-

tected. The stability constants for 1:1 and 1:2 uranium(IV) citrate complexes of 

the type MpHqLr were determined with log ß101 = 13.5 ± 0.2 and log ß102 = 25.1 ± 

0.2. The stability constants determined for the complexation of uranium(IV) with 

succinic acid and mandelic acid are lower. 

Introduction 

Risk assessments predicting the transport of actinides under environmentally rele-
vant conditions require basic knowledge of their interaction with complexing li-
gands, their sorption and redox behavior, their solubility, as well as their ability to 
form colloids. Both the speciation and the mobility of actinides in aquatic systems 
strongly depend on their oxidation state due to the different precipitation, com-
plexation, sorption and colloid formation behavior of the various oxidation states 
(e.g., Silva and Nitsche 1995; Choppin 2006; Kim 2006). Under reducing condi-
tions as prevalent in deep underground nuclear waste repositories as well as in the 
depth of flooded uranium mines, actinide species occur in lower oxidation states. 
For instance, in contrast to U(VI) which is mobile, U(IV) is much less mobile due 
to the low solubility of U(IV) hydrous oxide (UO2·xH2O(am)) (Neck and Kim 
2001; Geipel 2005; Opel et al. 2007). However, in the presence of inorganic or or-
ganic ligands U(IV) may become mobile due to formation of soluble complexes. 
Thus, the speciation of U(IV) in aqueous solution has to be studied to predict its 
migration behavior in natural environments. 
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The seepage and mine waters of former mining areas in East Germany contain 
several inorganic and organic complex forming agents (Bernhard et al. 1996; Gei-
pel et al. 2000). However, data for the complexation of U(IV) with inorganic and 
organic ligands are scarce. Moreover, for instance complexation constants deter-
mined for the U(IV) complexation with citric acid (Adams and Smith 1960; Nebel 
and Urban 1966; Shalimov et al. 1974) vary strongly. Thus, according to the NEA 
Thermodynamic Database (Hummel et al. 2005) the stoichiometry of the U(IV) ci-
trate species formed and thus, the stability constants are still uncertain. Recently, 
new data on U(IV) citrate complex formation were published (Bonin et al. 2008).  

In this work, citric acid, succinic acid as well as mandelic acid were chosen as 
model ligands to study the U(IV) complexation. These ligands stand for a variety 
of organic ligands in aqueous systems. The complex formation constants for the 
U(IV) complexation are determined applying UV-Vis absorption spectroscopy. 
Thereby, the hydrogen ion concentration and the ionic strength were varied be-
tween 0.1 M and 1.0 M and 0.11 M and 1.0 M, respectively. 

Experimental 

Sample preparation 

U(IV) stock solutions were prepared by electrochemical reduction of U(VI) per-
chlorate stock solutions (0.02 M UO22+ in 2 M or in 1 M HClO4). The oxidation 
state purity of the U(IV) stock solution was verified by UV-Vis spectroscopy and 
fluorescence spectroscopy. Sample solutions were prepared in an inert gas glove-
box (N2 atmosphere, < 20 ppm O2) using CO2-free Milli-Q-water (Milli-
RO/Milli-Q-System, Millipore, Molsheim, France). Ligand stock solutions were 
prepared freshly for each experiment (citric acid: reagent grade (Aldrich), succinic 
acid: analytical grade (Merck), mandelic acid: for synthesis (Merck)). The sample 
solutions ([U(IV)] = 1×10-3 M, [ligand] = 0 to 0.2 M) were prepared by volume 
mixture of the U(IV) stock solution with various volumes of the ligand solutions. 
The hydrogen ion concentration ([H+]: 0.1, 0.5, and 1.0 M) was adjusted by add-
ing aliquots of 5 M HClO4 (previously degassed by bubbling N2 through the solu-
tion) simultaneously taking into account the [H+] stemming from the U(IV) stock 
solution. The total concentration of U in the solutions was determined by induc-
tively coupled plasma mass spectrometry, ICP-MS (Elan 9000, Perkin Elmer). 

Spectroscopic measurements 

The UV-Vis absorption spectra were recorded with a high-resolution dual beam 
UV/Vis/NIR spectrophotometer (CARY-5G, Varian). The measurements were 
performed using a 1-cm quartz glass cuvette (Hellma) in the spectral range from 
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800 to 300 nm with a speed of 60 nm/min at room temperature (22±1 °C). The cu-
vette was always filled and sealed in the inert gas box. Each spectrum was ana-
lyzed in two regions of wavelength: 446 to 524 nm and 570 to 727 nm.  

In addition, after recording the UV-Vis spectra, the fluorescence spectra of all 
solutions were measured to quantify the amount of reoxidized U (excitation wave-
length 266 nm). The amount of U(VI) in the sample solutions was ≤1.2% of the 
total U content. For calculations, the U(IV) concentration was corrected by the 
U(VI) concentration. 

Calculations 

Stability constants were determined using the factor analysis program SPECFIT 
(Binstead et al. 2005). For this, the acidity constants of citric acid (pKa1 = 5.31, 
pKa2 = 4.17, pKa3 = 2.84 at I = 0.5 M NaClO4) (Hummel et al. 2005), succinic acid 
(pKa1 = 5.12, pKa2 = 3.93 at I = 0.5 M) (Martell et al. 1998) and mandelic acid 
(pKa = 3.18 at I = 1.0 M) (Martell et al. 1998) as well as the formation constants of 
U(IV) hydrolysis species (Guillaumont et al. 2003) were applied. Ionic strength 
corrections were conducted applying the Specific Ion Interaction Theory (SIT) 
(Ciavatta 1980, Guillaumont et al. 2003). 

Results and discussion 

U(IV) complexation with citric acid 

The complexation of U(IV) with citric acid has been investigated in dependence 
on hydrogen ion concentration (0.1, 0.5, and 1.0 M). From the pKa values reported 
for citric acid (cf. paragraph Calculations) follows, that the citric acid is complete-
ly protonated in the pH range applied in this work. That means, citric acid does 
not contribute to the ionic strength under these pH conditions. Thus, the ionic 
strength of the sample solutions is mainly determined by [H+]. 

Exemplary, Fig. 1 shows the evolution of the U(IV) spectrum in the two wave-
length ranges analyzed for increasing citric acid concentrations (0 to 0.2 M) at an 
acidity of [H+] = 0.5 M. In the wavelength range 570 to 727 nm, the solvated U4+ 
shows absorption maxima at 649.1 nm and 671.7 nm in the absence of citric acid. 
With increasing citric acid concentration the intensity of the peak at 649 nm de-
creases and simultaneously, the peak is shifted to longer wavelengths. At 
U(IV):citric acid ratios higher than 1:20 the intensity of this peak increases again. 
In the wavelength range 446 to 524 nm, the intensity of the peak at 495 nm de-
creases with increasing citric acid concentration. The intensity of the shoulder at 
486 nm increases when the U(IV):citric acid ratio is higher than 1:20. These 
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changes of the U(IV) spectrum can be attributed to the complexation of U(IV) by 
citric acid. 

The experimental data were analyzed considering the most basic form of the ci-
trate anion Cit3-. The U(IV) citrate complexation reaction can be expressed as: 

p U4+ + q H+ + r Cit3- ⇄ UpHqCitr
(4p+q-3r) 

For the calculation of the stability constants, 8 datasets were analyzed (4 series 
of experiments ([H+] = 1 M, 0.5 M, 0.1 M (2x)) with 2 wavelength ranges each). 
Thereby, the formation of 1:1 and 1:2 complexes was detected in the citrate me-
dia. Within the experimental uncertainty, no significant effect of the acidity and 
ionic strength of the sample solutions on the stability constants has been observed. 
The mean values of the stability constants were determined with log ß101 = 13.5 ± 
0.2 und log ß102 = 25.1 ± 0.2. Due to the strong complexation of U(IV) by citric 
acid, the U(IV) hydrolysis is prevented. The stability of An(IV) citrate complexes 
against hydrolysis is already described in the literature (e.g., Durbin et al. 1998; 
Suzuki et al. 2006). Furthermore, U(IV) is stabilized against oxidation due to 
complexation. The stability of U(IV) against oxidation can further be explained by 
the reducing properties of citric acid (Bonin et al. 2007; Sevostyanova 1982). 
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Fig.1. Two wavelength ranges of the UV-Vis spectra for 1×10-3 M U(IV) as a function of 
the citric acid (Cit) concentration at [H+] = 0.5 M and I = 0.5 M. 

Table 1. Stability constants for the system An(IV) citrate. 

 Th(IV) U(IV) Np(IV) Pu(IV) 
log ß101 11.6 (I = 0.1 M) a 

13.0 (I = 0.5 M) b 
12.5 (I = 0.3 M) c 

11.5 (I = 0.5 M) b
12.8 (I = 0.8 M) c
13.5 ± 0.2 g 

13.6 (I = 0.6 M) d
 
 

15.3 (I = 0.5 M) e 
17.6 (I = 0.15 M) f 
13.8 (I = 1.0 M) c 

log ß102 21.1 (I = 0.1 M) a 
21.0 (I = 0.5 M) b 
22.9 (I = 0.3 M) c 

19.5 (I = 0.5 M) b
24.1 (I = 0.8 M) c
25.1 ± 0.2 g 

25.3 (I = 0.4 M) d
 

30.2 (I = 0.5 M) e 
25.0 (I = 0.15 M) f 
26.6 (I = 1.0 M) c 

a (Raymond et al. 1987), b (Nebel and Urban 1966), c (Bonin et al. 2008), d (Bonin et al. 
2007), e (Nebel 1966), f (Yule 1991), g (this work: I = 0.11 to 1.0 M). 
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The log ß values determined for 1:1 and 1:2 complexes in this work are higher 
than the values reported by (Nebel and Urban 1966) with 11.5 and 19.5 and also 
slightly higher than the values reported by (Bonin et al. 2008) with 12.8 and 24.1. 

From Table 1 follows that the log ß values obtained for U(IV) complexation by 
citric acid fit well in the series of log ß values determined for the complexation of 
further tetravalent actinides (Th(IV), Np(IV), Pu(IV)) by citric acid. 

In the literature, most of the studies assume that An(IV) is complexed by the 
most basic form of the citrate anion (Cit3-) (Nebel 1966; Nebel and Urban 1966; 
Raymond et al. 1987; Bonin et al. 2007; Bonin et al. 2008). However, recent struc-
tural studies on uranyl complexes with citric and citramalic acids (Felmy et al. 
2006; Thuéry 2007; Thuéry 2008) suggest that citrate is bound to the cation both 
by its carboxylate site to the central carbon atom and by its hydroxyl group in al-
pha position (chelate formation), i.e. with the acid-base form H2Cit-. This option 
also has to be taken into account. 

U(IV) complexation with succinic acid and mandelic acid 

The complexation of U(IV) with succinic and mandelic acid has been investigated 
at an acidity of [H+] = 0.5 M and an ionic strength of 0.5 M and 1.0 M, respective-
ly. From the pKa values reported for these ligands (cf. paragraph Calculations) fol-
lows, that the ligands are completely protonated under the experimental conditions 
applied in this work. 

Fig. 2 and Fig. 3 show the evolution of the U(IV) spectrum in the two wave-
length ranges analyzed for increasing succinic and mandelic acid concentrations (0 
to 0.2 M) at an acidity of [H+] = 0.5 M. 

Especially, the spectra obtained for the U(IV) succinate system (cf. Fig. 2) 
show that the changes of the peak intensity and position are much weaker pro-
nounced than in case of the U(IV) citrate system. 

For the U(IV) complexation by succinic acid, the formation of 1:1 complexes 
of the type MpHqLr was detected with log ß101 = 9.0 ± 0.2 (I = 0.5 M). This value 
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Fig.2. Two wavelength ranges of the UV-Vis spectra for 1×10-3 M U(IV) as a function of 
the succinic acid (Succ) concentration at [H+] = 0.5 M and I = 0.5 M. 
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is lower than the stability constant determined with log K = 9.78 (I = 0.5 M) by 
means of solubility experiments by (Merkusheva et al. 1970). 

In contrast to succinic acid, the formation of 1:1 and 1:2 complexes in solution 
was observed for the U(IV) complexation by mandelic acid. The stability con-
stants for 1:1 and 1:2 U(IV) mandelate complexes of the type MpHqLr were deter-
mined with log ß101 = 4.6 ± 0.2 and log ß102 = 8.3 ± 0.2. In the literature, there are 
no data available that we are aware of on the U(IV) complexation by mandelic ac-
id. 

Conclusion 

The stability constants for 1:1 and 1:2 U(IV) citrate complexes were determined 
with log ß101 = 13.5 ± 0.2 and log ß102 = 25.1 ± 0.2. This shows a strong interac-
tion between U(IV) and citric acid. That means, the uranium speciation in citrate 
containing waters is strongly influenced by the U(IV) citrate complex.  

The comparison of the stability constants determined for the U(IV) complexa-
tion with various ligands shows that the interaction of U(IV) with succinate and 
mandelate is much weaker than the interaction of U(IV) with citrate. 

Due to complexation with organic ligands the solubility and the mobility of 
U(IV) in aquatic systems is increased. 
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Abstract. Uranium ammunition can generate locally high concentrations of ura-

nium in the environment. 

Weathering processes of the uranium metal lead in a first step to the formation of 

uranium minerals1. Depending on the composition of the soil the formation of 

several types of minerals can be estimated. Especially the content of phosphate 

from fertilizers and the aluminium from soil components are involved in the min-

eral formation. 

By use of time-resolved laser-induced fluorescence spectroscopy  (TRLFS) the 

mineral type can be determined without any  destruction. A large database of lu-

minescence spectra, obtained from uranium minerals of the collection of the 

Technical University Mining Academy Freiberg, enables us to identify the formed 

uranium mineral2. It was found that mainly the mineral sabugalite was formed 

during weathering processes1. Other experiments with pure calcium and phosphate 

containing solution lead to the formation of the mineral meta-autunite3. 

In a second step the formed minerals than undergo further weathering processes, 

forming dissolved uranium species.  

In the former uranium mining areas of eastern Germany we could discover a new 

dissolved uranium carbonate species4,5. However, the uranium concentration of 

about 2 mg/L in these mining related waters is relatively high. Nevertheless the 

carbonate and calcium concentration are high enough to form a very stable dical-
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cium-uranyl-tricarbonate species. This species is of great importance, as its exis-

tence explains the uranium migration at the Hanford site6.  

In addition to the calcium species it can be stated that also the other alkaline earth 

elements form this type of alkaline earth uranyl carbonate species7,8,9,10. 

Following the uranium migration in the soil we could detect in the experiments 

that mainly carbonate species are formed. The pure carbonate species do not show 

any luminescence properties at room temperature. Therefore the samples have to 

be frozen to temperatures below 220 K11, in order to minimize the dynamic 

quench effect of the carbonate anion. This increases also the luminescence inten-

sity and the luminescence lifetime of all carbonate containing species.  

Nevertheless, in one case of the soil experiment also hydroxo species were found. 

This may be connected to a non-equilibrium with atmospheric CO2 in this column. 

Following the possible transport of uranium under environmental conditions we 

may start with the weathering of uranium compounds in the soil or in a mining 

waste rock pile. The seepage water contains about 2 mg/L uranium and the speci-

ation is mainly influenced be the formation of the dicalcium-uranyl-tricarbonate 

species. The input of these seepage water leads to a dilution of the uranium  by 

about three orders of magnitude. Using the cryogenic technique in TRLFS12 we 

could also determine the uranium speciation in the river water nearby the former 

uranium mining area. The uranium concentration was about 2 µg/L uranium and 

in the river water mainly uranyl-tricarbonate species are formed. 

Despite this uranium can migrate down to the groundwater. In this case uranium 

may come back to the food chain by the production of mineral waters. We have 

studied the uranium speciation in several German mineral waters with uranium 

concentrations between 50 ng/L and 5 µg/L. In agreement with speciation calcula-

tions the sparkling and the calcium poor waters contain uranium as  uranyl-

tricarbonate species, whereas the non-sparkling waters if they are rich in calcium 

show clearly the formation of the dicalcium-uranyl-tricarbonate species. Using 

cryogenic TRLFS the detection limit for uranium species was estimated to be 
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about 50 ng/L. Additionally a Hungarian medicinical water shows a uranium con-

centration of 150 µg/L. Due to the high mineralisation of this water also the dical-

cium-uranyl-tricarbonate species was determined. 

Summarizing it can be concluded that the most natural waters contain uranium as 

tri-carbonate species. According to investigations of Carriere13 these uranium spe-

cies are less hazardous than phosphate and citrate species. 
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Coordination of U(IV) and U(VI) sulfate hydrate 
in aqueous solution 
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Abstract. Sulfuric acid has been used for in situ leaching of uranium ores at sev-

eral places, among them Königstein/Germany. The fate of the remaining leaching 

solvents may pose a substantial problem when released into aquifers used for 

drinking water. The current available thermodynamic data on uranium sulfate spe-

cies in aqueous solution are not sufficient because typical leaching solutions 

commonly exceed the limit of ionic strengths of conventional models. The appli-

cation of spectroscopic techniques may help to provide the missing data. We re-

view here coordination data of U(IV) and U(VI) sulfate in aqueous solutions with 

high ionic strengths investigated by several spectroscopic techniques (mainly 

EXAFS) combined with XRD studies and DFT calculations. The observed results 

expand the current knowledge of uranium sulfates substantially beyond the availa-

ble information based mainly on thermodynamic data.  

Introduction 

In situ leaching of uranium ore, so-called solution mining, recently became popu-
lar because it saves maintaining costs for mine operation and reduces large ura-
nium mill tailing deposits. The technique is based on injecting the leaching liquid 
into the ore deposit, followed by pumping back the uranium-bearing liquid to the 
surface where further processing occurs. In situ leaching allows the recovery of 
uranium without conventional surface or underground mining. Two different tech-
niques are currently in use: the well established acidic leaching with sulfuric acid 
and the newer alkaline leaching with carbonate solutions. Both techniques are 
based on the high solubility of uranium in oxidation states IV and VI. The car-
bonates belong generally to the strongest uranium complexes. Even U(V) can be 



604      Christoph Hennig et al.  

Session IV: Uranium in Groundwater and in bedrock 

stabilized in carbonate solvents which otherwise disproportionates easily (Ikeda 
et al. 2007).  

The in situ leaching with sulfuric acid has been applied to the Königstein ura-
nium mine near Dresden/Germany (Lange et al. 1991). The site is a historical 
placer deposit where uraninite from weathering residues has been enriched in por-
ous sandstone (average of 500g U/t). Uranium mining took place between 1967 
and 1990, first partly, later exclusively by in situ leaching with sulfuric acid. In to-
tal a volume of 2·106 m3 of sulfuric acid with a concentration of 2-3 g/L has been 
used. The leaching solution was injected into prepared sandstone blocks directly 
from the ground tunnel floor with a leaching duration of 3-5 years. A uranium 
concentration of 10-80 mg/L was obtained in the extracted solvents. About 18 000 
t of uranium was extracted mainly with this method during the mining activity. 
The leaching liquid was oxic, and therefore most of the uranium was oxidized to 
U(VI). But even U(IV) is well soluble in sulfuric acid. As a positive effect, the 
leaching liquid did not contain appreciable amounts of Ra-226, the decay product 
of U-238, which is a main problem for the waste treatment. The reason is that ra-
dium precipitates together with barium and remains in the ore body (Baraniak 
et al. 1997) because it is, similar to other alkaline earth metals, insoluble in sulfate 
solutions.  

The risk of in situ leaching technology is the migration of the uranium loaded 
leaching liquid out of the mining zone into aquifers and the unpredictable prob-
lems and costs of restoring the drinking water reservoirs. The uranium mine 
Königstein undergoes therefore, since it has been abandoned in 1990, an intense 
remediation until today (2008). 

Uranium can occur in aqueous solution with the oxidation states III, IV, V and 
VI. The oxidation state III is not stable against reoxidation under environmental 
conditions. Uranium(V) undergoes easily a disproportionation reaction where 
UO2

+ is decomposed to U4+ and UO2
2+. U(III) and U(V) have therefore not to be 

considered in the subsequent discussion. The solubility of uranium differs by sev-
eral orders of magnitude depending on its oxidation state, pH and the type of li-
gands available in the solution. The solubility of U(IV) is very low except for low 
pH values. Furthermore, if only weak ligands are present in the solution, the for-
mation of U(IV) colloids is likely. In contrast, U(VI) is well soluble and therefore 
it is rather mobile in the environment. Sulfate enhances the solubility by forming 
strong complexes.  

Despite the enhanced technical use of sulfuric acid in leaching process of ura-
nium ore and extended remediation activities, the aquatic chemistry of uranium 
sulfate is not fully understood. The actual knowledge on the coordination of ura-
nium sulfate hydrate will be summarized here briefly. 

U(IV) sulfate 

Uranium (IV) forms strong complexes with sulfate. Binary sulfate complexes 
coordinated by SO42- and H2O molecules dominate at low pH. With increasing 
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pH hydrolysis occurs, and OH- compete with the sulfate coordination forming ter-
nary sulfate complexes (also known as basic sulfates). The current NEA thermo-
dynamic database (Guillaumont et al. 2003) reports only two binary sulfate spe-
cies: USO42+ and U(SO4)2(aq): 

U4+ + SO4
2- ⎯⎯→←⎯⎯  USO4

2+ log K0 = 6.58±0.19  

U4+ + 2SO4
2- ⎯⎯→←⎯⎯  U(SO4)2(aq) log K0 = 10.51±0.20 

In contrast, it has been shown recently with X-ray absorption fine structure 
(EXAFS) spectroscopy (Fig. 1) that U(IV) species can be coordinated by up to 5 
SO4

2- ions in aqueous solution.  
EXAFS allows a comparison of the coordination in solution (Fig. 1, top) with 

that in solid state (Fig. 1, bottom) where structural parameters can be extracted by 
single crystal diffraction (Fig. 3, right). The first rather broad peak in the Fourier 
transform (FT) of EXAFS results from the backscattering signal of 9 oxygen 
atoms in the first coordination sphere. These oxygen atoms belong to sulfate in 
monodentate (mon) and bidentate (bid) coordination, as well as oxygen to water 
molecules. The distances between oxygen and uranium vary as follows: U-
OH2O~2.41 Å, U-OSmon~2.32 Å, U-OSbid~2.47 Å. The peaks at higher distances are 
backscattering signals from sulfur atoms in bidentate (U-Sbid=3.08 Å) and mono-
dentate (U-Smon=3.67 Å) sulfate coordination. The solution species occur e.g. as 
[U(SO4,bid)2(SO4,mon)2·nH2O]4- and [U(SO4,bid)3 (SO4,mon)2·mH2O]6-. Fig. 2 shows 
the coordination number NSbid and NSmon as a function of the sulfate concentration. 
The coordination number NSbid increases, whereas NSmon decreases with increasing 
[SO4

2-]. Hence, with increasing sulfate concentration the bidentate coordination 
becomes more dominant.  
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Fig.1. Left: U L3-edge k3-weighted EXAFS data (left), and right: the corresponding Fourier 
transforms (FT) of U(IV) sulfate in solution at pH 1.5, 50 mM U(IV) and 1.95 M SO4

2- (top) 
and the crystalline precipitate obtained at pH 1.5 (bottom). (Hennig et al. 2008a). 
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Crystal structures of uranium(IV) sulfates reveal either eight- or nine-fold 
coordination by oxygen atoms from sulfate or water molecules. The resulting 
coordination polyhedra are distorted squared antiprism with N=8 (Fig. 3, left) or a 
tricapped trigonal prism with N=9 (Fig. 3, right).  

The driving force to generate a N-fold coordination polyhedron is the coordina-
tion mode of sulfate. An exclusive monodentate coordination is related with a 
lower coordination number (usually N=8), whereas higher coordination (N=9) can 
be observed if a part of the sulfate groups occur in bidentate coordination. Bidentate 
coordinated sulfate groups show rater long U4+-O distances (2.42-2.49 Å) and are 
therefore less space consuming than monodentate sulfate groups with comparable 
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Fig.2. U(IV) sulfate coordination at pH 1, 50 mM U(IV). Number of sulfur neighbors NSbid 
and NSmon as function of [SO4

2-] taken from Ref. (Hennig et al. 2008a). 

 
Fig.3. U(IV) coordination obtained from crystal structure data. Left: 
U4+(SO4)4(H2O)4

4- (Kierkegaard 1956) and right: U4+(SO4)5H2O6- (Hennig et al. 
2008b). The coordination of the solution species in Fig. 1 is similar to the poly-
hedron of U4+(SO4)5H2O6-. 
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short U4+-O distances (2.29-2.32 Å). Even a coordination number N=10 has been 
observed for Np(IV) where the sulfate in the Np4+(SO4)5

6- polyhedron is exclu-
sively bidentate coordinated (Charushikova et al. 1999).  

However, this coordination behavior changes completely, if the pH increases a 
value of ~1.5 where hydrolysis becomes dominant for U(IV). Under these condi-
tions SO4

2- is partly replaced by OH-. The hydrolysis species have the strong ten-
dency to form polynuclear and polymeric species related with lower solubility. 
The EXAFS of such a complex in a sample whose pH has been increased to 1.8 is 
shown in Fig. 4. At this pH value the complex precipitates immediately from the 
solution. The spectrum of the precipitate indicates a rearrangement of the SO4

2- 
groups from mixed bidentate/monodentate in solution to exclusively monodentate 
coordination in the precipitate. The rearrangement of the sulfate groups during 
crystallization is a typical behavior of sulfate, frequently forming monodentate 
bridging sequences in solid structures. The FT of the precipitate shows a U-U dis-
tance of 3.87 Å. This short distance is typical for uranium hydroxides, where the 
OH− group acts as bridging ligand (Tsushima 2008). 

U(VI) sulfate 

Uranium(VI) forms easily trans-dioxo bonds. This process can be understood in 
the context of hydrolysis. If the acidity of the protons on an associated water mo-
lecule is high, then an adjacent free water molecule becomes a Bronsted base and 
removes a proton by forming H3O+ and leaving the metal as hydroxide. If cation 
charge is very high, as in case of U6+, the remaining OH− protons can be acidic 
enough to be released by forming a trans-dioxo group:  
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Fig.4. U L3-edge k3-weighted EXAFS data and their Fourier transform of U(IV) precipitate 
(Hennig et al. 2007). 
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U6+ O   +   2 H3O+OU6+ O
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Thus the formal charge in the uranyl ion is reduced to UO2

2+. This ion is very 
stable over the whole pH-range. Due to the double bond of the oxo groups (also 
axial oxygens Oax) the U-Oax bond length is short (typically between 1.76 and 1.82 
Å). The oxo group restricts the coordination to the equatorial plane. The uranyl 
ion forms binary sulfato complexes in acidic solution. At pH values > 3, hydroly-
sis of uranyl causes formation of various ternary species comprising bridging hy-
droxide/oxide and sulfate ligands. The major ternary complexes found so far are 
(UO2)2(OH)2(SO4)2

2−, (UO2)3(OH)4(SO4)3
4−, and (UO2)5(OH)8(SO4)n

2−2n, with n = 
5 or 6 (Moll et al. 2000). Thermodynamic data are available for three binary sul-
fate species, UO2SO4(aq), UO2(SO4)2

2- and UO2(SO4)3
4- (Guillaumont et al. 2003). 

UO2
2+ +   SO4

2- ⎯⎯→←⎯⎯  UO2SO4(aq)  log K0 = 3.15±0.12 

UO2
2+ + 2SO4

2- ⎯⎯→←⎯⎯  UO2(SO4)2
2-  log K0 = 4.14±0.07 

UO2
2+ + 3SO4

2- ⎯⎯→←⎯⎯  UO2(SO4)3
4-  log K0 = 3.02±0.38 

There occurs a substantial change in the sulfate coordination mode with in-
creasing [SO4

2-]/[UO2
2+] ratio. These changes can be analyzed besides X-ray ab-

sorption and diffraction also by IR, UV-vis and luminiscence spectroscopy, be-
cause the uranyl unit shows unique vibration modes and electron excitations, 
respectively.  

Fig. 5 shows EXAFS spectra of U(VI) in solutions with low and high sulfate 
concentration. The FT´s are dominated by the peak of the 2 axial oxygen atoms of 
UO2

2+ in a U-Oax distance of 1.77±0.02 Å. Due to the presence of several ligands, 
the equatorial oxygen (Oeq) shell is split into different superimposed peaks. The 
coordination of uranium with sulfate can be derived from the sulfur backscattering 
signals. At 0.05 M SO4

2-, where UO2SO4(aq) is the dominant species, monoden-
tate sulfate coordination prevails and bidentate coordinated sulfate exists only to a 
minor extent. In the sample with 3.0 M SO4

2-, where UO2(SO4)2
2- is the dominant 

species, a strong peak appears at R+Δ = 2.6 Å. Considering the effect of the phase 
shift Δ, a true U-S distance of 3.12 Å has been observed, indicating a bidentate 
sulfate coordination. 
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The Figures 6-8 show potential U(VI) sulfate coordination isomers of 
UO2SO4(aq), UO2(SO4)2

2- and UO2(SO4)3
4- optimized by density functional theory 

calculation (DFT). UO2SO4(aq) is the dominant species in solutions with low 
[SO4

2-]/[UO2
2+] ratios of 1-5 (Fig. 6). IR spectroscopy (Gál et al. 1992), High-

energy X-ray scattering (Neuefeind et al. 2004) and EXAFS (Hennig 2007) re-
vealed that the sulfate in UO2SO4(aq) is predominantly monodentate coordinated, 
although there is also evidence for a second isomer with bidentate coordination 
(Hennig et al. 2007)  as shown in Fig. 6, right.  
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Fig.5. U L3-edge EXAFS (left) and the corresponding Fourier Transforms (right) of U(VI) 
aquo sulfato species with 0.05 M U(VI), taken from Ref. (Hennig et al. 2007). 

14.9 kJ/mol

 
Fig.6. The structures of UO2SO4(aq) complexes in solution obtained from 
DFT calculation taken from Ref. (Hennig et al. 2007). 
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The existence of these two isomers can be explained by the small difference in 
the Gibbs free energy ΔG of only 14.9 kJ/mol (Vallet and Grenthe 2007, Hennig et 
al. 2007). At higher [SO4

2-]/[UO2
2+] ratios of 40-60 the species UO2(SO4)2

2- 
(shown in Fig. 7) has its stability range, although it always exist in equilibrium 
mainly with UO2SO4(aq). The stability range of UO2SO4(aq) and UO2(SO4)2

2- has 
been extracted from UV-vis spectra by statistical techniques (Hennig et al. 2008c). 
It is interesting to note that among the possible species shown in Fig. 7, the one 
with two bidentate coordinated sulfate groups dominate in solutions (Nguyen-
Trung et al. 1992, Moll 2000, Hennig 2007). Recently, this has been confirmed by 
HEXS measurements (Hennig et al. 2008c). 

The increase of the [SO4
2-]/[UO2

2+] ratio is limited by the solubility of sulfate in 
aqueous solution. The only way to increase the ratio is therefore to lower the 

16.6 kJ/mol

9.2 kJ/mol

 
Fig.7. The structures of UO2(SO4)2

2- complexes in solution obtained from DFT calculation 
taken from Ref. (Hennig et al. 2007). 

1.9 kJ/mol

 
Fig.8. The structures of UO2(SO4)3

4- complexes in solution obtained 
from DFT calculation taken from Ref. (Hennig et al. 2007). 
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U(VI) concentration. The required concentration is too low to obtain structure in-
formation from X-ray absorption spectroscopy and X-ray diffraction. Emission 
spectroscopy provides signals even in solutions with only 10-5 M U(VI).  

In such solutions a [SO4
2-]/[UO2

2+] ratio > 104 can be reached where the species 
UO2(SO4)3

4- occurs to be stable (Geipel et al. 1997, Vercouter et al. 2007). Be-
cause fluorescence spectroscopy does not provide structural information, there is a 
lack of information concerning the coordination. The estimation of ΔG from DFT 
calculation indicates a very small energy difference of only 1.9 kJ/mol between 
the two potential species depicted in Fig. 8. The only hint that a species with three 
bidentate sulfate ligands may exist in aqueous solution is given by the crystal 
structure of [N2C5H14]2 [UO2(SO4)3] (Doran et al. 2003). As the synthesis of this 
structure has been performed under elevated p/T conditions of hydrothermal syn-
thesis conditions it is not clear whether this structure is representative for the solu-
tion species existing under ambient conditions in aqueous solutions. The small dif-
ference of ΔG is a strong hint that the two isomers of UO2(SO4)3

4- shown in Fig. 8 
may exist together in equilibrium. 

There is a general trend that at low [SO4
2-]/[UO2

2+] ratios the monodentate sul-
fate coordination prevails whereas the bidentate coordination becomes dominant 
at higher ratios. This tendency has been observed in a series of U(VI) samples stu-
died with EXAFS with increasing sulfate concentration as shown in Fig. 9. If one 
compare the known crystal structures of U(VI) sulfate with the solution species, 
an obvious difference can be noticed: there are several structures coordinated by 
up to 5 SO4

2- groups, in this case mainly in monodentate coordination mode. 
However, crystal structures are sometimes not representative for the coordination 
in solutions because coordination may change during the crystallization process 
(Hennig et al. 2008b). This is especially the case for U(VI) sulfates which easily 
undergoes polymerization by forming 2D networks. In such networks, the sulfate 
group acts as bridging ligand among the UO2

2+ ions. Such polymers show a low 
solubility and do not form stable solution species.  
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Fig.9. U(VI) sulfate coordination. Number of sulfur neighbors NSbid as function 
of [SO4

2-] at pH 1 and pH 2, taken from Ref. (Hennig et al. 2007). 
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Abstract. Water samples were collected from underground water purification 

plant to study the variation in uranium concentration through the treatment 

processes and its relation to physical and chemical properties of water. Samples 

represent the different treatment processes (input, output, after filtration, sludge 

tank, reverse osmosis permit and reject, and waste water ponds). Uranium concen-

tration in the collected samples were measured using ICP-MS. Uranium concen-

trations in water samples show a wide range of variation from 0.06 to 35 μg.L-1. 

The chemical properties of water samples Water physical and chemical properties, 

i.e.  pH, EC, major cations (Ca, Mg and K) and major anions (CO3, HCO3, Cl and 

SO4)  were determined. The effect of water treatment processes on uranium con-

centration; dose assessment due to water drinking (before and after treatment) and 

the radio-ecological assessment were discussed. 

Introduction: 

Generally, the occurrence of radionuclides in the underground water is meanly due 
to the leaching of the salts from the bed-rocks.  The concentration of uranium in 
water depends on several factors. These include the uranium concentration in the 
aquifer rock, the partial pressure of carbon dioxide, and the presence of oxygen 
and complexing agents in the aquifer. The characteristics of water that mainly de-
termine its capacity to dissolve, carry or deposit elements are its pH, temperature, 
redox  potential, concentration and properties of dissolved salts, flow rate and res-
idence time (Pontius 2000; Shabana and Al-Hobiab 1999).  
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The health effects and risk of uranium can be divided radiological risk of ura-
nium isotopes and the chemical risk as a toxic heavy metal. US Environmental 
Protection Agency (EPA) has classified uranium as a confirmed human carcino-
gen (group A).   EPA has suggested that only zero tolerance is a safe acceptable 
limit for the carcinogenic risk from uranium and finalized a realistic regulation le-
vels as maximum contaminant level (MCL) of 30 µg.L-1, Canada proposed interim 
maximum acceptable level (IMAC) of 20 µg.L-1, and World Health Organization 
(WHO) strictly recommended a reference level of 2 µg.L-1(Kim et al. 2004). Many 
publication studied the concentration of uranium and natural radionuclides in 
drinking water ( Singh et al. 2008; Godoy and Godoy 2006; Shabana and Al-
Hobaib 1999; Babu et al. 2008; WHO 2004; IAEA 2003; Pontius 2002; Ahmed 
2004; Katsoyiannis et al 2007), uranium removal from drinking water (Gafvert et 
al 2002; Jimenez and Rufo 2002; Huikuri et al. 1998) and radiological dose and 
risk assessment (erranz et al 1997; Kurttio et al. 2006; Orloff et al. 2004; Kim et 
al. 2004; Jia and Torri 2007). 

This work aims at shading more light on the variation of uranium concentra-
tions through the water purification and treatment processes and its relation to the 
physical and chemical properties of water samples. 

Materials and methods 

Eight water samples were collected from underground water treatment plant in 
Hail region- Saudi Arabia that derives water from 18 drilled wells, 500-600 m 
depth, in a circle of 10 km2 area and produces 105 m3/d. The main treatment 
processes include aeration, coagulation-flocculation and filtration, reverse osmosis 
and chlorination. Water samples represent the different water treatment steps (in-
put after aeration, after filtration (sand filter), sludge tank, reverse osmosis permit, 
reverse osmosis reject, output water and two samples from the evaporation ponds. 
Water samples were collected in 5 L capacity polyethylene containers and trans-
ferred and kept in darkness for preservation. Uranium concentrations, µg.L-1, were 
measured using PerkinElmer model ELAN-9000 ICP-MS at ALS Chemex- Cana-
da. Water physical and chemical properties such as pH, EC (electric conductivity, 
dS.cm-1), major cations (Ca, Mg and K) and major anions (CO3, HCO3, Cl and 
SO4) were determine using standard methods (Al-Omran 1987). 

The variation percentage of uranium concentration in water samples relative to 
input water were calculated using the following equation: 

Δ = (C –C’) x 100/C 

where: C;  uranium concentration in input water 
  C’; uranium concentration in the sample      
Positive and negative  percentage mean that uranium decontamination is 

achieved in the treatment process and the treatment process increases uranium 
concentration, respectively (Jimenez 2002)    
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Results and discussions 

Uranium concentration in ppb, its calculated activity concentration in mBq.L-1 (1 
µg.L-1 = 12.4 mBq.L-1) and variation percentage (Δ) are given in table 1. Uranium 
concentration was not changed before the reverse osmosis process, only variation 
percentage of -2 % after filtration. Uranium concentration in the treated water 
(output) was below the 2 µg.L-1 WHO standard, which is the strictest (Kim et al 
2004). 

Uranium removal percentage from water by reverse osmosis process was 99 % 
while the increasing of uranium in reverse osmosis reject water was very close to 
300 %. Huikuri et al, 1998, studied the effectiveness of small commercial POE 
(point of entry) reverse osmosis equipment for removing simultaneously water ra-
dioactivity and salinity from a bedrock water. Reverse osmosis is one of the few 
water treatment methods which can be applied for simultaneous removal of U, Ra, 
Pb, Po and water salinity, i.e. water is almost completely demineralized (Huikuri 
et al 1998).  

Uranium variation percentage (removal) was 96% for the final treated water. 
The decrease in uranium removal percentage from that of reverse osmosis step 
(99%) could be due the presence of uranium in the reagents used and to the disso-
lution of uranium associated with colloids and other substances, during water 
treatment processes (Jimenez 2002). 

Wash water are sequentially collected in 6 evaporation ponds. Uranium concen-
trations in evaporation ponds enhanced due to evaporation process where the vari-
ation percentages were – 108 % and - 778 % and it will increase more by evapora-
tion. It is expected that uranium and other radionuclides, and heavy element will 
be accumulated to reach very high concentrations in evaporation ponds. This sit-
uation should be considered very carefully to prevent the contamination of the sur-
rounding environment.  

Table 1. Uranium concentrations (µg.L-1) and activity concentrations (mBq.L-1) in water 
samples. 

Ser.  
No. 

Samples Uranium Δ* 

  µg/L mBq/L**  
1 Input (after airation) 4 49 - 
2 After sand filter 4 51 -2 
3 From sludge tank 4 52 -5 
4 Reverse Osmosis permit 0.06 0.74 99 
5 Reverse Osmosis reject 16 195 -293 
6 Output 0.17 2 96 
7 Evaporation bond-1 8 103 -108 
8 Evaporation bond-2 35 435 -778 

*varaition precentage in uranium concentration relative to input water 
**(1 µg/L = 12.4 mBq U-238/L)The reverse osmosis reject and sand filter back- 
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Physical and chemical properties [pH, EC, major cations (Ca2+, Mg2+, Na+ and 
K+) and major anions (Co3

2-, HCO3
-, Cl- and SO4

2-) of water samples are given in 
table 2.  

pH values ranged  from 7.6 to 8.5 where U and  most heavy elements are in-
creasingly sorbed on oxides, clays and other silicates. The absord fraction may be 
very close to 100 % above pH 7.  It was reported that uranium concentrations en-
hanced in all water that has been purified within the acidic pH (<7) (Jimeneze 
2002). It obvious that the reverse osmosis process remove not only U but also oth-
er anions and cations with variation concentration percentages more than 400% 
for Ca, Mg and Na, about 200 % for HCO3

-, and  about 50 %  for K+. 
Correlation coefficients between uranium concentration and physical and 

chemical properties of water samples are given in Table 3. There are strong corre-
lation (correlation coefficient) between uranium concentrations and  EC (0.93), Ca 
(0.93), Mg (0.93), Na (0.94), Cl (0.94) and SO4 (0.92). The correlation is good (-
0.56) with pH values and weak with CO3 (-0.39) and HCO3 (0.32). The strong cor-
relation could be explained due to the demineralization of water during treatment 
processes specially during reverse osmosis process or due to the chemical beha-

Table 2. Physical and chemical properties of water samples. 

Ser. 
No Samples pH EC Major cations (meq/L) Major anions (meq/L) 

   dS/cm Ca Mg Na K CO3 HCO3 Cl 
1 Input (after airation) 8.3 1.2 6 4 4 0.15 1.3 1.5 7 
2 After sand filter 8.3 1.1 5 3 4 0.15 1.3 1.0 8 
3 From sludge tank 8.2 1.1 6 4 4 0.15 1.3 2 7 
4 Reverse Osmosis permit 8.4 0.22 1 0.59 0.84 0.1 6 0.5  
5 Revers Osmosis reject 8.5 1.7 10 6 13 0.27 1.3 3 18 
6 Output 7.9 0.32 1.5 0.89 1.9 0.13 3 1.2 4 
7 Evaporation bond-1 8.3 5 26 16 26 0.63 1.3 3 36 
8 Evaporation bond-2 7.6 17 66 39 106 1.9 1.3 1.5 138 

 

Table 3. Correlations between uranium concentration and physical and chemical  properties 
of water samples  

 U Δ pH EC Ca Mg Na K CO3 HCO3 Cl SO4 
U 1            
Δ -1 1           

pH -0.56 0.55 1          

EC 0.93 -0.92 -0.72 1         
Ca 0.93 -0.93 -0.68 1.0 1        
Mg 0.93 -0.93 -0.68 1.0 1 1       
Na 0.94 -0.94 -0.73 1.0 0.99 1 1      
K 0.93 -0.93 -0.73 1.0 0.99 1 1.0 1     
CO3 -0.39 0.43 0.14 -0.3 -0.33 -0.3 -0.27 -0.27 1    
HCO3 0.32 -0.31 0.25 0.1 0.18 0.2 0.09 0.11 -0.63 1   
Cl 0.94 -0.94 -0.71 1.0 0.99 1 1.0 1.00 -0.25 -0.03 1  
SO4 0.92 -0.92 -0.66 1.0 1.0 1 0.98 0.99 -0.31 0.20 0.98 1 
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vior of uranium. For example, uranium can form soluble complexes in most 
ground waters with chloride, sulphate and under oxidizing conditions with carbo-
nate which keep uranium in solution (Shabana and Al-Hobiab 1999). 

The calculation of committed effective dose for adult due to uranium-238, in 
raw and purified water, intake. These calculations based on annual consumption 
rate of 730 L.y-1 and dose coefficient for ingestion of 238U by adult member of 
public of 4.5x10-8 Sv.Bq-1. The committed effective doses due to drinking water 
before and after purification were 1.6 and 0.66 μSv.y-1, respectively, which are be-
low 100 μSv.y-1 the reference level of the committed effective dose recommended 
by the WHO (Jia and Torri 2007).  
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Abstract. The uranium speciation in a polluted soil was investigated to assess the 

possible impact on geo- and biosphere. During winter, uranium was found to be 

mostly under the +VI oxidation state, which is potentially mobile, while it was re-

duced into less soluble U(IV) species in summer. These observations were corre-

lated with changes of the redox potential due to the activity of sulphate-reducing 

bacteria. The potential migration of uranium is also highly dependent on its 

aqueous speciation, particularly concerning U(VI). In this work, the speciation of 

U(VI) was investigated in real samples by using time-resolved laser-induced fluo-

rescence spectroscopy (TRLFS) and speciation calculations. We show that U(VI) 

speciation can be determined in carbonate-rich solutions and at ambient tempera-

ture by using TRLFS on chemically-treated samples, to remove U(VI)-

fluorescence-quenching molecules such as organics. 

No U(VI) was detected by TRLFS in the samples collected during the summer pe-

riod, while the uranyl ion would mainly form calcium carbonate complexes in the 

winter-collected samples. The relative concentrations of Ca2UO2(CO3)3, 

CaUO2(CO3)3
2-, and UO2(CO3)3

4- will be discussed according to TRLFS results on 

synthetic carbonate solutions. These complexes have similar fluorescence features. 

They are usually hardly detected at ambient temperature by TRLFS equipped with 

a nanosecond-pulse excitation laser because of their fluorescence in the nanosecond 
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time scale. However, we show in the present work that, despite their very short 

fluorescence lifetimes, U(VI) carbonate species can be quantitatively measured at 

low concentration by applying a proper signal treatment. 
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Abstract. Time-resolved laser-induced fluorescence spectroscopy (TRLFS) was 

used to direct study of uranium(VI)-sulfate complexation. By varying sulfate con-

centration (4x10-4 – 7.5x10-1 M) at fixed pH (= 2), uranium concentration (=1x10-5 

M) and ionic strength (= 1), we were able to identify, as well as to quantify all re-

levant uranium-sulfate complexes, at two temperatures (293.15 and 298.15 K). 

The corresponding stability constants were estimated from the measured species 

distribution. The estimated stability constants are in relatively good agreement 

with the values derived from the literature.  

Introduction 

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) has become 
widely used to direct studies of uranium (VI) complexation. To optimize the re-
solving capabilities of our TRLFS setup, a speciation study was performed on the 
system H2O - UO2

2+ – SO4
2–  - NaClO4. 

The fluorescence spectra of the sulfate complexes appear to depend on the ionic 
strength. Although in 0.1 M Na+ ionic medium the maximum intensity peaks of 
UO2(SO4)2

2– are red-shifted by about 3 nm with respect to UO2SO4, in 3 M Na+ 
ionic medium the individual spectra of UO2SO4, UO2(SO4)2

2–, UO2(SO4)3
4- could 

not be determined unambiguously (Vercouter et al. 2008). Consequently, in high 
ionic media, the identification of the uranium-sulfate complexes relies only upon 
the nonlinear least-squares analysis of the intensity decays. In the range of applied 
sulfate concentrations, the number of fluorescing complexes extends from three up 
to six, and each fluorescing complex is characterized by two parameters. For such 
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number of parameters, the regression problem is highly illconditioned (Petersson  
and Holmstrom 1997). Even a small systematic error in measured data can lead to 
unrealistic parameter estimates. It is thus important – in order that the interpreta-
tion of measured data be credible - to know which species are present in a solution 
under given conditions, especially under given temperature. 

It is well known from literature that temperature dependence of stability con-
stants, or equilibrium constants generally, is described by the integrated Van´t 
Hoff expression (equation 1): 
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where R is the gas constant, β0(T) is the stability constant at temperature T, 
β0(T0) is the stability constant at reference temperature T0 (298.15 K) and 
ΔrH0

m(T0) is the molar reaction enthalpy of given complexation reaction (it is as-
sumed that this quantity does not vary with temperature in the range (T-T0)). The 
complexation reactions taking place in our system can be generally formulated as 
follows: UO2

2+ + nSO4
2- ↔ UO2(SO4)n (2-2n)+  (n=1,2,3). The values of molar reac-

tion enthalpy for the creation of  the first two species, i.e., if n=1 and n=2, can be 
found in literature (Grenthe et al. 2004), but it does not hold for the third species 
(n=3). In such a case, the tabulated data of standard molar formation enthalpy, 
ΔfH0

m, characterizing the bonding (formation) of individual reactants, can be used 
for the calculation of reaction enthalpy. If the values of both types of enthalpies 
are not available, it is necessary to seek an appropriate system having analogical 
chemical properties and reaction mechanism and to estimate the missing enthalpy 
quantity, with the greater or minor accuracy, by the analogy. (The estimation of 
the value of molar reaction enthalpy for the creation of the third species (n=3) is 
described in chapter Results.) 

Preparation of solutions 

Three stock solutions, namely 0.1 M uranyl sulfate, 1 M Na2SO4 and 2 M NaClO4 
were prepared; in addition, the solutions of approx. 17 M H2SO4 and 5 M NaOH 
were used for adjustment of pH value. All the solutions were prepared by dissolv-
ing analytical grade reagents in ultra-pure water (Milli-Q Plus). pH was measured 
using a glass electrode (Radiometer, combined, GK2401C) and pH-meter 
(ORION, Model 52A). The electrode was calibrated by means of standard buffers 
and the pH measurement, with a precision of 0.05 pH, were made: (i) at laboratory 
temperature, and (ii) at temperature used in the course of fluorescence measure-
ments. 

The following sets of working solutions were prepared by mixing of the stock 
solutions: 
a) 1x10-5 M U(VI) at pH 2 and ionic strength equal to 1 at different sulfate con-

centrations (5x10-4 M – 4x10-1 M SO4
2-); 
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b) 1x10-5 M U(VI) at pH 2 and ionic strength equal to 2 at different sulfate con-
centrations (5x10-4 M – 7.5x10-1 M SO4

2-). 

TRLFS measurements 

The measurements were carried out in  3.5 ml quartz cell. The sample temperature 
was maintained constant with a precision of ±0.05 ºC using FLASH 200™ cuvette 
holder and was monitored independently of cuvette holder thermometer using a 
ThermoLogR high accuracy thermometer (±0.01 ºC).  With the repetition rate of 
10 Hz, the sample was excited by 4 ns laser pulses of the wavelength 266 nm and 
of the energy 12.5 mJ (VIBRANT™ Tunable Laser System). The laser output 
energy was monitored by a laser energy meter (FieldMaxII-P™). The fluorescence 
emission perpendicular to the laser beam, was focused by two lenses on the en-
trance slit of a monochromator (MS257™). The emission spectra were recorded in 
the 438- 609 nm (600 lines mm-1 grating) range using an ICCD camera (Andor iS-
tar), whose logic circuits were synchronized with the laser pulses. This allows the 
intensifier to be switched on with determined time delay. For each sample, the 
time delay was varied in the time interval 0.18-124.68 μs in 0.5 μs steps; the in-
tensifier was switched on for 2 μs. The whole system was controlled by a PC. 

Data processing 

To compensate for the fluctuation of the output energy of the laser system, the in-
tensities of recorded fluorescence spectra were normalized to the respective values 
of the laser pulse energy as detected by the laser energy meter. 

For each sulfate concentration S, the decay of the fluorescence intensity IλS(t) 
was fitted to the multi-exponential model: 

∑
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where the integer N denotes the number of fluorescing species, τi is the fluores-
cence lifetime of the i-th species, and the pre-exponential factor αS

λ,i was consi-
dered to be proportional to the fractional concentration of the i-th species cS

i, i.e. 
S
ii

S
i cK ,, λλα = ,   1

1
=∑

=

N

i

S
ic  (3) 

Note, that the proportionality constant Kλ,i was assumed independent of the total 
sulfate concentration.  

A least-squares analysis was applied to test the consistency of the model (equa-
tion 2) with the measured data, as well as to optimize the parameter values for the 
model. In the range of measured fluorescence intensities, the standard deviation of 
each datapoint can be approximately assumed to be proportional to the square root 
of the fluorescence intensity. Thus, for each wavelength, the least squares criterion 
was considered as  
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The goodness-of-fit was judged visually by the examination of the reduced dev-
iation 

)/()(ˆ)( pntDtD j
S

j
S −= λλ  (5) 

where n is the number of datapoints and p is the number of parameters. If the 
model fits the data, then |DS

λ| is randomly distributed around unity. On the other 
hand, if |DS

λ| exceeds significantly unity, the model is very likely not adequate and 
it is desirable to increase the number of exponential terms. However, attention 
should be paid to avoiding the problem of overfitting, i.e. incorporating into the 
model a systematic error, even of a small amount.  

At least five intensity decays at different emission wavelengths were analyzed 
simultaneously to recover the τi values and the αS

λ,I values. The uncertainties in the 
estimated parameters were determined using a support plane analysis (Lakowicz 
2006). 

With the aim to obtain the values of stability constants, namely, β1 = 
[UO2SO4]/([UO2

2+].[SO4
2-]), β2 = [UO2(SO4)2

2–]/([UO2
2+].[SO4

2-]2) and β3 = 
[UO2(SO4)3

4-]/([UO2
2+].[SO4

2-]3), the Newton-Raphson multidimensional non-
linear regression procedure was used for fitting the experimentally determined   
concentrations of i-th species, cS

i, as a function of sulfate concentration, S. The 
goodness-of-fit was evaluated by χ2 – test and the criterion WSOS/DF (weighted 
sum of squares divided by degrees of freedom) (Herbelin and Westall 1996) was 
calculated. If WSOS/DF ≤ 20, then there is a good agreement between experimen-
tal and calculated data. In addition, two methods based on Davies equation or 
Specific Ion Interaction Theory (SIT) were used to the calculation of stability con-
stants for I = 0 and their results were compared. The estimated stability constants 
are in relatively good agreement with the values derived from the literature.  

Results 

Calculation of stability constants at different temperatures 

The resulting values of stability constants for temperature interval from 10 to 80 
0C and for ionic strength equal to 0 or 1, calculated by means of equation 1 and us-
ing the SIT method, can be found in Table 1. It is evident that the influence of 
temperature on complexation of uranyl with sulfate cannot be neglected: the val-
ues of stability constants significantly decrease with decreasing temperature. As 
for the influence of ionic strength, it is interesting that the values of stability con-
stants of the first two species (UO2SO4 and UO2(SO4)2

2–) are lower for I = 1 than 
those for I = 0 (what is expectable), whereas in the case of the third species 
(UO2(SO4)3

4-) the opposite is true. Of course, the data are calculated and should be 
experimentally validated. We hope that such a validation will be obtained in the 
course of our further study.  
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When estimating the molar reaction enthalpy for creation of UO2(SO4)3
4- (see 

Table 1, footnote “a”), the analogy between binding (formation enthalpy) of 
uranyl (n = 0), uranylcarbonate (n = 1,2,3) and uranylsulfate (n = 1,2) species  was 
assumed, namely in such a way, that the guess of molar formation enthalpy of 
uranyltrisulfate complex was based on this analogy; and because the molar forma-
tion enthalpies for uranyl and sulfate were found in literature (Grenthe et al. 
2005), the calculation of needed reaction enthalpy, using the well known proce-
dure, was relatively simple. 

TRLFS data 

We were able to identify, together with the free uranyl  UO2
2+, all relevant ura-

nium-sulfate complexes, namely, UO2SO4, UO2(SO4)2
2–, UO2(SO4)3

4-.  The main 
emission wavelengths of these uranium-sulfate complexes are very similar, except 
for the emission at about 477 nm, which originates from a different excited state 
of U(VI) (Fig.1, Table 2). Thus, it was only possible to identify fluorescing spe-
cies by their lifetimes. The measured lifetimes of UO2

2+ and UO2(SO4)2
2– fall into 

the confidence intervals of the respective lifetimes published in (Geipel et al. 
1996). On the other hand, the lifetime confidence intervals of UO2(SO4)2

2–, 
UO2(SO4)3

4- do not overlap with published data (Geipel et al. 1996), they are 
shifted down by about 0.5 μs (Table 2). This can be attributed to a possible life-
times sensitivity to experimental conditions used, rather then to any measurement 
error. The uncertainties in the measured flurescence intensities of the species are 

Table 1. Molar enthalpies, ΔrH0
m(T0), and the logarithmic values of stability constants, β1, 

β2 and β3,  calculated at different temperatures, T, and at ionic strength equal to zero and 
one. 

Stability 
constants: 

Log 
β1

0(T) 
I = 0 

Log 
β2

0(T) 
I = 0 

Log 
β3

0(T) 
I = 0 

Log 
β1

0(T) 
I = 1e 

Log 
β2

0(T) 
I = 1e 

Log 
β3

0(T) 
I = 1e 

ΔrH0
m(T0)  

[kJ.mol-1]: 19.5 ± 1.6c 35.10 ± 1c 53.32 a 19.5 ± 1.6c 35.10± 1c 53.32 a 

T [0C]       
10 2.959 3.814 2.525 1.707 2.562 2.865 
20 3.082 4.035 2.861 1.806 2.759 3.201 
25b 3.140c 4.140c 3.020d 1.851 2.851 3.360 
30 3.196 4.241 3.174 1.893 2.938 3.514 
40 3.304 4.435 3.467 1.970 3.101 3.807 
50 3.404 4.616 3.743 2.037 3.248 4.083 
60 3.499 4.786 4.001 2.095 3.382 4.341 
80 3.672 5.098 4.475 2.201 3.626 4.815 
a The value guessed from the analogy with uranylcarbonate complexes (see the text). 
b The reference temperature. c Grente et al. 2004. d TDB NEA 2005 

e The SIT method was used. 
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relatively high, up to 20% in the sulfate concentration range of 10-2-10-1 M SO4
2- 

(Fig. 2A).  

The calculation of stability constants 

The experimental results, illustrated in Fig. 2 B,C  for T = 20 0C, were fitted in the 
way described above and the values of  stability constants and of the criterion  
WSOS/DF were obtained (see Table 3). As for the WSOS/DF, the higher values 
than 20, especially for T = 20 0C, obtained in our case reflected the relatively high 

Table 2. Spectroscopic data: Fluorescence lifetimes and main emission wavelengths of 
free uranyl (UO2

2+) and uranium-sulfate complexes (UO2SO4, UO2(SO4)2
2–, UO2(SO4)3

4- at 
20ºC. 
Species UO2

2+ UO2SO4 UO2(SO4)2
2– UO2(SO4)3

4- 
Lifetime (μs)a 2.7±0.2 4.2±0.3 8.5±1.0 15±1.5 
Lifetime (μs)b 2.7±0.3 4.3±0.5 11.0±1.0 18.3±1.0 
Main emission 
wavelength a 

472-488-510-
534-560 

477-493-515-
539-563 

478-493-515-
539-563 

478-493-515-
539-563 

Main emission 
wavelength c 

471-488-510-
534-560d 

477-493-515-
538-565d 

481-496-518-
542-569d 

477-494-516-
539-565 

a This work. b Geipel et al. 1996. c Vercouter et al. 2008. d 0.1 M Na+ ionic medium 
  

 
Fig.1. Fluorescence spectrum of free uranyl UO2

2+, uranium-hydroxo complex UO2OH+ to-
gether with uranium-sulfate complexes (Spectra was not corrected to the wavelength-
dependent efficiency of our detection system). 
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experimental error (approx. ± 20 %) of determination of the species concentra-
tions.    

From Table 3 we see that the experimentally obtained values of stability con-
stants,  i.e. at I = 1, well correspond with the calculated data in Table 1, namely in 
that these values increase in the sequence: β1 – β2 – β3. As for the conversion to 
zero ionic strength, the SIT and Davies methods lead to similar values of constants 

Table 3. Logarithmic values of stability constants, β1, β2 and β3,  experimentally deter-
mined  at different temperatures, T, and at ionic strength equal to one. The values for I = 0 
were obtained by conversion of experimental data (I = 1) using SIT method and Davies eq-
uation 

Stability 
constants 

Log 
β1

0(T)  
Log 
β2

0(T) 
Log 
β3

0(T) 
Log 
β1

0(T) 
Log 
β2

0(T) 
Log 
β3

0(T)  
T [0C] 20 25 
I = 1 (exper. 
data) 1.90 3.33 4.47 2.32 3.75 4.11 

I = 0 
SIT 3.18 4.61 4.13 3.61 5.04 3.77 

I = 0 
Davies eq. 3.07 4.40 4.47 3.49 4.82 4.11 

WSOS/DF 30.50 23.60 
 

 
Fig.2. Distribution of uranium-sulfate complexes as a function of the total sulfate concen-
tration. A: measured fluorescence intensities; B and C: calculated species concentration. 
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for uranylsulfate and uranyldisulfate; in the case of uranyltrisulfate, the values of  
β3 obtained by these methods are significantly different. 

Conclusion 

TRLFS has been applied with some problems to the speciation study of the system 
H2O - UO2

2+ – SO4
2–  - NaClO4 at two temperatures and for I = 1. Studies for tem-

perature range approx. from 30 to 70 0C and for ionic strength equal to 2 are under 
progress. 
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Abstract. The tailing piles at the mine near Tatanagar were leached by water from 

the nearby geothermal springs present in Hazaribagh area in Jharkhand where few 

radioactive hot springs are reported. Water percolating through the tailing was 

found to be seriously contaminated by high levels of radium of the order of 7 to 9 

ppm. A study has been undertaken in order to investigate the interaction of the 

tailing with the hydrological cycle. The results show that groundwater is present 

within the tailing pile and that this water has a high electrical conductivity com-

pared with the groundwater of the adjacent natural area. When the groundwater 

from the tailings reached the external environment or mixes with the natural 

groundwater, serous environmental impacts occurred. 

Introduction 

In India, progress and pollution come as a package deal. Though, nuclear energy is 
the cleanest source of power, no soot, smoke or green house gases. And, if the 
safety norms are strictly adhered to, there will be insignificant fractional increase 
of back-ground radiation either in the operating area or outside the power plants. 
Located near Tatanagar in the Sighbhum district of Jharkhand State, the uranium 
for the country’s nuclear program is mined here from three underground mines up 
to a depth of 700m below the earth’s surface. The nuclear waste which is called 
“tailings” or “uranium tailing” comes from the mines and mills as a waste after the 
uranium ore is mined and processed for purification and it is then dumped in the 
tailing ponds. The poisonous nuclear waste has the potential to cause unimagina-
ble damage to the surroundings specially where the water table is low in the area 
and surface water flows through it. The devastating effects caused to local people 
due to uranium mining and the interaction of tailings with groundwater at uranium 
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mine near Tatanager in Jharkhand State has been investigated where local people 
are fighting this invisible enemy. The following Fig 1 shows the mined Uranium 
ore (Uraninite) near Tatanagar for retrieving the rare uranium. 

Brief geology and geothermal history of the area  

The exposed rocks in southern Bihar show two facie, an un-metamorphosed one in 
the south and a metamorphosed one in the north, separated by a major thrust zone 
of 2 to 5 km wide and is bordered on its north and south by well marked shearing. 
The rocks within the thrust zone are metamorphosed shales and sandy shales with 
subordinate metavolcanics such as chlorite schist, amphibole schists etc. Near the 
northern border of the zone are bands of quartz – mica – schist with tourmaline 
and kyanite. It is postulated that the mineralization took place in three stages. The 
earliest was the formation of apatite – magnetite lenses, followed by the bands of 
chlorite and amphibole -schist. Uranium mineralization is noticed in the form of 
disseminated uraninite, torbernite and autunite along the chlorite schist. Workable 
grade of uranium bearing ore, mounting to a few million tons are present and 
mined from the uranium mines near Tatanagar in Jharkhand. There are many 
thermal springs near Tatanager area, in southern Bihar indicated by “triangles” at 
Jharia and Surajkund. in the following Fig 2 (Ravishankar, et al. 1991). 

 
Fig.1. Mined Uranium ore (Uraninite) for retrieving the rare uranium  
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The following Fig. 3 shows that these springs are flowing over the crystalline 
and metamorphic (Archaean and Proterozoic age) rocks represented by “d” and 
the thermal springs are shown by +79 etc (Prasad, 1996). 

Data collection at tailing pond  

The chemical composition and radium concentration of thermal water has been 
collected from one of the tailing ponds, Figure 4, near Tatanagar and has been 
summarized in Table 1.  

 
Fig.2. Geothermal provinces of India (after GSI, 1991).  
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Fig.3. Thermal springs around Tatanagar (after GSI, 1996).  

Table 1. Chemical composition and radium concentration of thermal water. 

1 pH >9  
2 TDS 520 ppm  
3 F 21 ppm  
4 Ca 2.8 ppm  
5 Mg 0.3 ppm  
6 Na 150 ppm  
7 K 6.5 ppm  
8 Cl 90 ppm  
9 SiO2 110 ppm  
10 Radium 7 to 9 ppm  
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The following Fig 5 shows the surface water is being contaminated with the ra-
dio-active waste sediments /dust. The data collected from the local residents re-
veals that the water in wells and small tributaries (locally called ‘nallas’) has be-
come black, and sometimes the water tastes salty, soap does not produce enough 
foam and the cloths remain unclean.  

According to the Uranium Corporation of India Limited (UCIL) policy which is 
the Government agency responsible for ensuring the safety of uranium mining 
sites, the local habitants and the environment in India, all villages within five ki-
lometers of the mine and tailing ponds should be evacuated but the settlement is 
found well within 100 to 200m thus putting the residents at a great health risk. 

Interpretation  

It is observed that the contents of the tailing ponds are highly radio-active, even 
though uranium has been extracted but the ponds / tailings remains radio-active 
for a very long time. Radio-active tailings have permeated the groundwater and 
contaminated surface water sources. The thermal spring water coming in contact 
with these tailing also becomes radio-active and the concentration of radium of the 
order of 7 to 9 ppm in these waters becomes an invisible enemy. Local habitants 
suffer from fatigue, lack of appetite, respiratory ailment, infant mortality, skeletal 
deformities such as fused fingers, skin disease, leukemia, thalassemia and even 
Parkinson’s disease have been reported (Bhatia, 2001).  

The radium values in thermal waters varying from 7 to 9 ppm from the tailing 
pond can be compared with that of Karia of Portugal.  

 
Fig.4. One of the tailing ponds to store nuclear waste (after SOE, 2001).  
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Conclusions  

When the contaminated was seen to be reaching the external natural environment, 
the mining authorities decided to collect and pump the water for neutralization. 
The study described here aimed to investigate possibility that infiltrated rainwater 
and natural runoff are reaching the tailing pond material where they form new 
groundwater in contact with the tailing materials. Radium salts have clearly been 
dissolved and, in the future this contaminated groundwater will reach the natural 
hydrological cycle. The purpose of this study was to evaluate the interaction be-
tween the tailing materials and the hydrological cycle. The tailings were leached 
by the groundwater, thermal springs or the rainwater and the outflows of water 
was found to be seriously contaminated by high levels of radium, of the order of 7 
to 9 ppm. The local people are poor in the region and are entirely dependant on 
this radio-active contaminated water available to them for agriculture and their 
day to day domestic activities. They have less awareness of radiation and its ill-
effects and thus, are subjected to variety of diseases.  

Recommendations  

The high potential for pollution by dissolution of toxic salts inside the tailing 
ponds suggests that planning for environmental control should include the best 
possible dealing of substratum before tailing are deposited. Moreover, no settle-
ment be permitted within five kilometers of the uranium mine to safeguard the 
health of local habitants.  

 
Fig.5. Rain water washing away the sediments at uranium mine.  
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Abstract. Several research projects looking at naturally occurring uranium have 

been undertaken in the Bushmanland and Namaqualand areas since a water sam-

pling program undertaken in the 1980s highlighted a uranium anomaly in ground-

water.  In some areas within the region, the host rocks have elevated levels of ura-

nium; however near sampled boreholes with elevated uranium concentrations in 

groundwater, the concentrations in the rocks are relatively low. Predictive models 

have shown no correlation between uranium levels in rocks and in groundwater in 

this region. Elevated levels of uranium in drinking water and its health effects 

formed the basis of this study.      

Introduction 

The Bushmanland and Namaqualand areas are semi-arid, water-stressed and re-
ceive low rainfall of 80 – 100 mm per annum. High temperatures and high evapo-
ration rates (approximately 3200mm per annum) are also experienced. Fig.1 indi-
cates the location of the study area. The farmers and local communities are solely 
dependant on groundwater for drinking, domestic use and livestock watering. In 
the event of rainfall water is stored in tanks for drinking purposes. Due to the 
harsh climate no food crops are grown in the sampled area and only livestock, 
mainly sheep, are reared.  

Previous studies undertaken by various South African researchers have hig-
hlighted the occurrence of naturally occurring uranium in the groundwater at 
Bushmanland and Namaqualand areas. 
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Previous research  

Anomalous uranium concentrations in groundwater were identified during a rou-
tine regional water-sampling program performed by the Atomic Energy Corpora-
tion (AEC) in the 1980’s in the Bushmanland and Namaqualand areas (Toens, 
1999).  Other researchers have studied this anomaly for various reasons.  The 
Council for Geoscience (CGS) and Swedish Geological AB undertook a project in 
2005 to “calibrate and verify a predictive model for the incidence of naturally oc-
curring hazardous trace constituents in groundwater”.  This predictive model indi-
cates that there is no clear correlation between the elevated levels of uranium in 
the rocks and the groundwater.  

During 2007 the CGS undertook a project focusing on naturally occurring ele-
ments in groundwater and their potential effects on human health. The anomalous 
uranium occurrence was chosen as one of the two elements of interest for the 
study. This study focused on the exposure pathways and exposure rates of ura-
nium to humans and animals. The study also highlighted the distribution of ura-
nium in different geological formations with no uranium mineralization. This pa-
per presents the uranium concentrations collected during 1981, 2005 and 2007 and 
the distribution thereof.  

 
Fig.1. The location of the study area. 
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Sampling  

The sampling sites for the 2007 sampling campaign were selected using the AEC 
1981 and the CGS 2005 databases. Boreholes with the elevated uranium concen-
trations were resampled in 2007. The sampling sites are farms to the south, south-
east and southwest of the town Pofadder. Pofadder is a small town which acts as a 
regional business centre for the farms surrounding it. The town itself is supplied 
with drinking water from the Orange River. 

The sampled boreholes are constantly in use and supply the individual farms 
with drinking water, water for other domestic uses and livestock watering. The bo-
reholes are equipped with windpumps and samples were collected at the wind-
pumps. Sampling water which had run through longer lengths of pipe was avoided 
where possible. pH, electrical conductivity and temperature were measured and 
recorded in the field at the time of sampling.   

Twenty samples were collected according to CGS sampling procedures (van 
Wyk, 2006). Three 100ml samples were collected at each site, one of which was 
filtered through a 0.45µm filter and acidified with nitric acid for metal analysis, 
another was filtered for anion analysis and the remaining sample was not filtered 
to be used for total alkalinity analysis. 

The samples were submitted to and analysed by the Council for Geoscience 
Laboratory by ion chromatography for anions, ICP-MS for metals and spectropho-
tometry for alkalinity. Radionuclide analyses were not performed on any of the 
samples in this or the previous studies. 

Results and discussion  

The concentration of uranium in the groundwater at all of the sampled boreholes 
exceeds the World Health Organization (2005) drinking water guideline of 
0.015mg/l for all samples collected in the current study and most in the previous 
studies. It is important to note that this guideline is based on the chemical toxicity 
of uranium and is therefore not affected by disequilibrium between uranium and 
its radioactive progeny. This guideline was used to compile a risk assessment in 
terms of the exposure of uranium to human and animals and the health effects the-
reof. The fact that measured concentrations exceed the WHO guideline indicates a 
definite hazard and suggests that follow-up and/or remedial action is required. The 
ingestion of uranium through drinking water is potentially harmful to the bones 
and kidneys in humans (Selinus et al, 2005). Toens et al. (1999) report a positive 
correlation between the elevated levels of uranium in groundwater and atypical 
lymphocyte counts, as well as noting a reported high rate of heamatological ano-
malies related to leukemia in the study area.  

Table 1 presents the uranium concentrations from 1981, 2005 and 2007.  
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The distribution of uranium 

The highest concentrations of uranium in the groundwater occur in the Quaternary 
sediments to the east/southeast of Pofadder. The predictive model by Tarras-Wahlberg 

Table 1. The uranium concentrations 1981, 2005 and 2007 (all concentrations presented in 
mg/l). 

No.  Farm Name Uranium 
(1981 study) 

Uranium 
(2005 study) 

Uranium 
(2007 study) 

1 De Neus 0.175 * 0.114 
2 Grappies 0.229 * 0.266 
3 Hartebeesvlei 0.235 * 0.071 
4 HouMoed I 0.056 0.05 * 
5 HouMoed * * 0.053 
6 Onder Houmoed * 0.06 * 
7 Kalkvlei 0.17 * 0.063 
8 Kouberg I 0.052 * * 
9 Kouberg II 0.034 0.01 * 
10 Lucas Vlakte I 0.182 * * 
11 Lucas Vlakte II * * 0.013 
12 Lucasvlei Vlakte 0.112 * * 
13 Middelputs I 0.048 * * 
14 Middelputs II * 0.05 * 
15 Middelputs III * * 0.064 
16 Millerton 0.097 * * 
17 Naroegas I 0.075 * * 
18 Naroegas II * 0.13 * 
19 Neelsvlei I 0.034 * 0.137 
20 Neelsvlei  II * 0.05 0.050 
21 Neelsvlei III * * 0.056 
22 Nousees 0.036 * 0.055 
23 Nuwedam 0.062 * 0.060 
24 Pof Dorp 0.0178 * 0.062 
25 Rooiduin 0.05 0.06 * 
26 Spieël Pan 0.484 * 0.478 
27 Spitsberg 0.116 0.10 * 
28 Suurwater 0.024 0.01 * 
29 Uitkyk 0.034 0.05 * 
30 Valsvlei 0.361 * 0.375 
31 van Tittens Vlei 0.169 * 0.167 
32 Van Tiddensville II * * 0.160 
33 Velskoen 0.0178 0.01 * 
34 Volmoed I 0.393 * 0.110 
35 Volmoed II * * 0.117 
36 Willem se opdam 0.132 * 0.129 
* No data available for that particular year  
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et al. (in press) however indicates that no clear correlation exist between uranium 
levels in rocks and the elevated concentrations in the groundwater.  

Fig. 2 illustrates the spatial distribution pattern of uranium in the groundwater 
of the area in all three studies. The height of the stacks indicates the uranium con-
centrations. In Fig.2 a trend or pattern can be observed. The pattern is an axis that 
lies east to southwest and the concentrations gradually decrease from east to 
southwest. 

Conclusions 

Groundwater is the main source for drinking, domestic use and livestock watering 
on the farms in the study area. Since the uranium concentration exceeds the WHO 
2005 guideline at all the boreholes sampled excepting one, the exposure of hu-
mans and animals to the potentially harmful water containing uranium is therefore 
certain by ingestion. 

The anomalous uranium concentrations exist on a northeast-southwest trend, 
decreasing towards the southwest. Other models have shown that there is no clear 
correlation between the elevated levels of uranium in the rock and in the ground-
water, making it impossible to reliably predict uranium concentrations in the 
groundwater using geological information. A comprehensive programme of bore-
hole sampling is therefore required to quantify the risk to the public with confi-
dence and to develop and implement a management plan to address this problem. 

 
Fig.2. The sampling locations, the height of the stack indicates the uranium concentra-
tion. 
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Recommendations 

Alternative water sources should be explored such as pipelines from the Orange 
River towards the north of Pofadder, the collection of rain water and the use of 
water purification methods for drinking water on remote farms. The radiological 
risk due to the use of this water was not assessed and this should be addressed, as 
well as possible risks due to bioaccumulation, particularly where groundwater is 
used for stock watering. 
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Abstract. Headwaters of the Bukulja stream on southern slope of Bukulja Moun-

tain were confined in 1976 by the Garaši Dam for water supply to Aranđelovac 

and nearby communities. Geological explorations from 1949 detected several ura-

nium occurrences on Bukulja Mt. and later identified uranium mineral deposits. 

This work considers the trend of total beta-particles radioactivity in the Garaši sto-

rage reservoir for the period 1991-2004. Samples for radioactivity analyses were 

collected from three depth levels near the dam: directly below the lake surface, at 

the lake mid-depth and above the lake bottom. A highly plausible assumption is 

that the rising trend of total beta radioactivity in Garaši lake water is genetically 

associated with the geological nature of the terrain. 

Introduction 

The Garaši Dam is located some sixty kilometers south of Belgrade in Šumadija, 
central Serbia. Constructed in 1976 on the Bukulja stream, the dam confined water 
for water supply to Aranđelovac and nearby communities. The Bukulja stream is a 
left tributary of the Ljig River that flows into the Kolubara, a river of the Black 
Sea drainage system. The artificial storage lake has a catchment area of 21.6 km2 
on southern slopes of Bukulja Mountain. 

There are no industrial, tourist or military structures in the catchment. Intermit-
tent geological investigations from 1949 revealed several occurrences and deposits 
of uranium minerals on Bukulja. This suggests that natural geological factors in 
the catchment over a sufficiently long period may affect water in the artificial 
lake. 
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An analysis of total radioactivity of beta particles in water of the Garaši storage 
in the observation period from 1991 to 2004 was correlated with the uranium oc-
currences and deposits in the dam catchment. The resulting data were the grounds 
on which we based the recommendations in the Conclusion.  

Study 

The only use intended for the Garaši Dam was the drinking water supply. Pumped 
from the lake water is conducted to a purification plant and there from distributed 
to consumers. The dam is located at Garaši, directly after the confluence of the 
Velika Bukulja and the Mala Bukulja streams. The dam is a rockfill embankment 
with reinforced-concrete face and a vertical central clay-core. Its length at crest is 
390 m, height 35 m, and storage volume of the lake at max water level 296.5 m 
above datum is 6,270,000 m3. 

Subject 

Southern slopes of Bukulja are drained into the storage lake. Elevation of the 
highest Bukulja point is 696 m. Average mean amounts of precipitation in Bukulja 
perimeter for the period 1980-2003 ranged from 750 mm to 890 mm. Around 55% 
of the storage perimeter is under forest. 

Nuclear mineral deposits identified on Bukulja are of economic interest. The 
mineralized area of Bukulja is complex in structure and geology. It belongs to the 
Šumadian metallogenic region, the Serbian-Macedonian metallogenic province. 
Uranium minerals of Bukulja are classified (Jelenković 1991) into two groups: 

Group I: Endogenic uranium minerals are spatially and genetically associated 
with granitic rocks of Bukulja. These are low-temperature hydrothermal lithogene 
(lateral secretion) deposits and uranium minerals in pegmatites.  

Group II: Exogenic uranium infiltration minerals in the Neogene Belanovica 
Basin. These minerals formed and deposited in clastic sediments (sandstones and 
conglomerates with infrequent coaly interbeds). 

Mineralogical examinations in 1950s of sediments carried by the Velika Bukul-
ja indicated almost all minerals, petrographic constituents of Bukulja Mountain 
(Višić 1961). Nevertheless, a rockfill dam was constructed in 1976 immediately 
downstream of the Mala Bukulja and the Velika Bukulja confluence to impound 
water for municipal water supply. 

Dams for water supply are generally built in high mountains, in the source 
areas of rivers, foremostly to avoid pollution by human activities. Running stream 
or river water is not always of the drinking water quality after it has been stored 
behind a dam (Nikić 1997). A dam constructed to form an artificial lake drastical-
ly changes the natural flow of the retained stream. Incapable of carrying stream 
load over the dam it deposits sediments in the lake. Composition of fine sediment 
in the lake depends on the composition of rocks in the catchment. Additionally to 
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reducing physically the useful storage of the lake, sediments develop chemical 
reactions and biological processes that affect the quality of lake water. The prob-
lem is even more complicated if there are metallic, or energy-producing or nuclear 
mineral deposits in the catchment. 

Methods 

Hydrometeorological Institute of Serbia is the agency that monitors water quality 
in the Garaši storage from 1991 under provisions of the Water Law and the Sys-
tematic Water Quality Control Act of the Serbian Government. Water monitoring 
results are published in the Hydrological Yearbook, which was a source of infor-
mation for the present analysis of total beta-particle radioactivity in the Garaši sto-
rage water. 

Monitoring for the Garaši storage consisted of water sampling for physical and 
chemical analyses. Samples were collected from three lake depths: directly below 
the surface, mid-depth and immediately above the bottom. Lake depth at the dam 
was between 20 m and 22 m. Within the study period 1991-2004, one series of 
analyses was performed, mostly in the summer (June-October) every year, exclud-
ing 1999 (war hostilities), and 1994 and 2000. For the same period of study, dif-
ferent analytical methods were employed to determine total radioactivity of beta 
particles in the lake water. The methods used and the obtained information allow 
certain inferences. 

We checked the Hydrological Yearbooks information on each analyzed ele-
ment, interpreted and graphically presented, and discussed the total beta radioac-
tivity trend for the period 1991-2004. 

Available sources of information were used to analyze geological setting of the 
catchment before new geological and hydrogeological reconnaissance of the 
terrain. 

Results and discussion 

Uranium occurrences and deposits 

This presentation of uranium minerals on Bukulja Mountain is based on both pub-
lished and unpublished documentation funds and on field reconnaissance data. Li-
thologic units that build up the topographical catchment of the Garaši lake (Fig. 1) 
are: alluvium (al) around 6 %, diluvium-proluvium (dpr) around 5 %, sands, clays, 
gravels, sandstones and coarse conglomerates (M3

1) some 15 %, slate clay, meta-
sandstone (F) around 27 %, and granite monzonite (γδ) about 47 % of the catch-
ment area. 
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Fig. 1. Geological Map of the Garaši Dam catchment perimeter (Filipović et al. 1978; 
Brković et al. 1980; revised).  

Uranium in granitic rocks of Bukulja 

Almost half (47%) of the Garaši topographical catchment is composed of granito-
id rocks of Bukulja (Fig. 1). The granitoid massif of Bukulja irrupted during the 
Miocene into a series of Upper Cretaceous sedimentary rocks and metamorphosed 
them to a high grade at the contact (Brković et al. 1980). The massif extends in the 
east-west direction. Its extreme southern outcrops in the Paun Stena area are lo-
cated some 750 m downstream of the Garaši Dam (Fig. 1). 

The granitoid massif of Bukulja is largely composed of granitic biotite and bio-
tite-muscovite monzonite, except in the southwest where it includes granite por-
phyry. Essential mineral constituents of the massif are quartz, andesine, potassium 
feldspar, biotite and muscovite, and accessory minerals are tourmaline, zircon, 
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apatite and magnetite. Vein-rock constituents are pegmatite, aplite and aplopeg-
matite found either in the granitoid massif itself or in contact rocks of its envelope. 
The vein rocks consist of muscovite, plagioclase, tourmaline and biotite (Brković 
et al. 1980; Filipović et al. 1978). 

Occurrences of uranium were detected in the late 1950s in several locations of 
Bukulja (Paun Stena, Milan Stream, Cigankulja, Podgroblje and some others). The 
mineral occurs in uraniferous bodies along fault zones, in intervals of varied 
thickness from tens of centimetres to over one metre. The identified uranium min-
erals are pitchblende, sooty pitchblende, autunite and coffinite (Jelenković 1991). 
Uranium minerals occur in dispersed concentrations, incrustations or coatings 
along mylonitised and cataclastic zones within the hydrothermally altered granitic 
rocks. The amount of uranium in granitic rocks of Bukulja is 4.31 ppm (Omaljev, 
1983), and uranium concentration at ground surface in Paun Stena ore zone is 566 
g/t (Rončević et al. 1990). 

Uranium found in pegmatite surrounding the granitoid massif is uneven disper-
sions in the host rocks of quartz-tourmaline association. It forms irregular grains. 
The crystals vary in size from tens of microns to 2 mm (Višić 1961; Radusinović 
1963). Uranium concentrations in 59 samples of groundwater from granitoid rocks 
(measured in 1976) varied from 0.1 to 151.7 μg/L; radioactivity (Ra) varied from 
0.06 to 2.625 Bq/L and Rn from 1.48 to 440 Bq/L (Pokrajac 1977). 

The 1991 hydrogeological investigations in Bukulja granitoid massif registered 
several anomalous sites. Water-contained uranium amounted to 85 μg/L in Orlovi-
ca-Šutica area, northern part of the massif (Protić 1993). In the western, Vagan 
area of the massif, radon concentration was less than 400 Bq/L in dominantly hy-
drocarbonate water of 210-979 mg/L mineral content. Radon concentrations were 
anomalous in a spring of the Ceroviti stream in the Garaši Dam catchment, then in 
the Hajdučica spring north of Vagan peak and in test well BC 3/89 in the Cigan-
kulja Brook. Radon concentrations are variable with the time, but generally ap-
proximate 1000 Bq/L for the Ceroviti stream, less than 1445 Bq/L for Hajdučica 
spring and less than 1237 Bq/L for BC 3/89. The uranium concentration measure 
was the highest (1300 μg/L) in water from an adit in Paun Stena, the water type 
was SO4-Ca,Mg, different from any surrounding groundwater (Protić 1993). 

Granitic rocks of Bukulja have deeply altered. Groundwater in these rocks 
reacts chemically with rocks and with organic material in the soil. Except where 
bonded in crystal lattice and in resistant minerals, uranium is known to leach from 
rock during weathering processes. Chemical decomposition of minerals is far 
more intensive in the presence of free CO2, from soil, in water besides principal 
anions and kations (Perlman 1979). Waters rich in this gas are providing greatly 
for uranium solution on its way through systems of fractures in granitic rocks. 

Uranium in Neogene rocks of Belanovica basin 

About 15% of the Garaši topographic catchment is part of the large Belanovica 
Neogene basin (Fig. 1) with its northern border at the foot of Bukulja massif. Ura-
nium was discovered in Miocene rocks of the Belanovica Basin in the late 1950s. 
Its distribution is limited to a coastal facies of conglomerate and sandstone (Višić 
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1961). Uranium deposits in these rocks are Srednje Brdo and Kamenac, and occur-
rences are Gaj, Šljivica and Kovačevac (Rončević et al. 1990). 

The Belanovica Basin is a trough in east-west direction filled with Neogene se-
diments more than 400 metres deep (Protić 1991). Freshwater lake deposits in the 
basin are of the Upper Miocene age (M3

1) and distinct lithofacial heterogeneity. 
The lithotypes grade from breccias to clays. There are two facies of sediments dif-
ferentiated by granulometric composition and by environment of derivation. These 
are the facies of sandy clay and sandstone and the facies of conglomerate and 
sandstone (Višić 1961) with a blurred boundary between them. 

Fluvial-terrigeneous deposits are suitable geochemical and lithological envi-
ronments for uranium mineralization, which is a complex process controlled 
among other factors also by continuous groundwater supply of uranium (Perlman 
1989). The sources of uranium mineralization of terrigeneous deposits in the Be-
lanovica Neogene Basin were granitic rocks of Bukulja or disintegrated uranium 
mineral in these and in metamorphic rocks (Radusinović 1963). 

The principal uranium deposit of the Belanovica Neogene basin is Srednje 
Brdo, the village area of Jelovik. A rectilinear distance from Srednje Brdo to 
Garaši Dam is about thousand metres. The terrain between the uranium deposit 
and the southern end of the Garaši storage reservoir is composed of Miocene se-
dimentary rocks (Fig. 1). 

Ore bodies in the Srednje Brdo uranium deposit vary in size from 0.4 m to 5 m, 
or have an average size of 1.1 m. Mineral concentrations are localized in different 
lithological units at different levels of the deposit. There are eight ore levels at the 
altitudes between 280 m and 180 m. Ore bodies are horizontal or subhorizontal 
with mineralized surfaces of a few hundreds of square metres to 90,000 m2 
(Rončević et al. 1990). Most of uranium mineral precipitated in reducing envi-
ronment and adsorbed on organic (carbonaceous), rarely clay, material. The prin-
cipal uranium mineral is pitchblende, to a lesser extent coffinite, or a mixture of 
the two minerals, with low amounts of phosphorus and calcium. The minerals are 
fine dispersions in the carbonaceous material. There are also some minerals 
formed in the oxidizing environment; these are secondary uranium minerals – au-
tunite and metaautunite (Rončević 2005). 

The Srednje Brdo deposit is a small, relatively poor uranium deposit. Within 
coarse-clastic detritus, uranium may leach and subsequently redistribute. Under 
favourable hydrogeological conditions, uranium continuously precipitates in some 
sediment levels, leaches from them and concentrates in other places. 

Total beta-radioactivity in water trend for 1991-2004 

Figure 2 shows a changing trend of the total beta radioactivity in the Garaši Dam 
for the period 1991-2004. The three figures show the trend for three water depths: 
directly under the lake surface, at the lake mid-depth and above the lake bottom. 
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Fig. 2. Trend of total beta radioactivity in Garaši storage at the Dam 

Radioactivity measurements of beta particles in the Garaši Dam water between 
1991 and 2004 show a rising trend for each sampling depth. The rise is particular-
ly notable for 2001-2004. Total radioactivity is still below the maximum allowed 
concentration, but prediction of its future tend is a matter of concern. 

Conclusions 

The Garaši Dam constructed in 1967, impounded water for supply to Aranđelovac 
and nearby communities. A specific feature of the storage reservoir is the occur-
rence of uranium minerals within its catchment perimeter. 

Analyses of total beta-particle radioactivity in the Garaši water from 1991 to 
2004 show a rising trend. The source of the radioactivity is the natural occurrence 
of uranium. Any prediction of further radioactivity change, based on the trend to 
present would be delicate. 

While measured radioactivity in the Garaši storage is below the contamination 
level for drinking water, the present trend may lead to a health hazard to consum-
ers of such water. To prevent the contamination hazard and to protect human 
health it is necessary to analyse water and mud in the reservoir, to organize effi-
cient monitoring, and to explore geologically, hydrogeologically and otherwise in 
detail the dam catchment. The results will lead to valid conclusions for decision on 
the necessary measures. 
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Abstract. Desktop-level predictive modelling has identified a number of areas in 

South Africa where naturally elevated uranium concentrations may be expected in 

groundwater. Three areas were selected for the verification of an existing geologi-

cal risk model based on known anomalous uranium concentrations in the rocks. 

Water sampling, laboratory simulations and geochemical modelling showed no 

clear correlation between uranium levels in groundwater and neighbouring rock 

material. These conclusions were used to inform the development of policy rec-

ommendations regarding groundwater development where elevated uranium con-

centrations are predicted. 

Introduction 

Background 

As surface water resources are being depleted, governments in many developing 
countries have increasingly turned to promoting and developing groundwater re-
sources. With the increased utilisation of groundwater, a number of health prob-
lems, mainly related to arsenic contamination have emerged during the last dec-
ade. For example, arsenic is now recognized as the most widespread and serious 
inorganic contaminant of drinking water extracted from groundwater sources, and 
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has taken the proportions of a major disaster affecting more than 35 million people 
in Bangladesh (Adeel 2001). 

South Africa is a water-stressed country, and increasing attention is therefore 
being given to groundwater as a nationally important resource. As a result of ex-
hausted surface water resources, groundwater is increasingly being utilised for ru-
ral supply and irrigation in South Africa. Approximately two thirds of the rural 
communities are now dependent on groundwater.  

The Constitution of the Republic of South Africa enacted in 1996 contains both 
the Bill of Rights and the framework for government in South Africa. Included in 
the Bill of Rights are two provisions which have direct relevance to water man-
agement and usage. These are sections 27 and 24, which state that: 
•  “Everyone has the right to have access to, among other rights, sufficient food 

and water, and the State must take reasonable legislative and other measures, 
within its available resources, to achieve the progressive realisation of these 
rights”; and 

• “Everyone has the right to an environment that is not harmful to their health or 
wellbeing, and to have the environment protected, for the benefit of present and 
future generations, through reasonable legislative and other measures that pre-
vent pollution and ecological degradation, promote conservation, and secure 
sustainable development and use of natural resources while promoting justifi-
able economic and social development”. 
Currently the South African government is promoting the drilling of new bore-

holes and increased use of underground water resources for the development of ru-
ral areas. The promotion of groundwater resources is being carried out with little 
or no knowledge of potential toxic trace constituents and the processes leading to 
the accumulation of these trace constituents in the aquifers.  

The project to calibrate and verify a predictive model for the 
incidence of naturally occurring hazardous trace constituents 
in groundwater 

The work presented in this paper formed part of the Project to calibrate and verify 
a predictive model for the incidence of naturally occurring hazardous trace consti-
tuents in groundwater, undertaken by the Council for Geoscience (South Africa) 
and Swedish Geological AB (Sweden). This project looked at the results of a pre-
vious geological risk mapping project (Sami and Druzinski 2003) which provided 
a simple predictive model of the possible natural occurrence of high levels of ha-
zardous trace elements in South African groundwater. The project focused on a 
number of elements (arsenic, chromium and uranium) at a number of sites in 
South Africa. This paper presents the findings of the studies on uranium in the 
Bushmanland-Namaqualand Region and the Karoo Uranium Province.  

Geological risk mapping and sampling studies carried out in recent years have 
indicated that there are relatively large risk zones for a number of hazardous ele-
ments in South Africa (Sami and Druzinski 2003).  Uranium, arsenic, selenium 
and chromium were identified as potentially problematic, as they can occur naturally 
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at high concentrations in groundwater. Groundwater abstraction practises also play 
an important role in facilitating mobilisation of these elements from the bedrock 
into the water. 

Aims of the project 

The aim of this project was twofold, firstly looking at the verification of the rela-
tively simplistic models used for geological risk mapping and secondly to translate 
the results of the verification exercise into policy recommendations for the devel-
opment of groundwater. This was achieved via: 
1. Field sampling of groundwater and surrounding rock units at a number of test 

sites, where elevated uranium was predicted to occur in groundwater. 
2. Leach testing of rock samples in an attempt to replicate aquifer conditions un-

der a variety of pumping regimes to investigate the mobility of uranium. 
3. Constructing and verifying geochemical models to predict water quality based 

on regional mineralogy.  
4. Development of policy recommendations with respect to groundwater abstrac-

tion in areas suspected of presenting a high risk with respect to trace metals, in-
cluding uranium. 

Field sampling and results 

Field site selection 

Field sites were selected on the basis of known uranium mineralisation and known 
elevation of uranium concentrations in groundwater. Two sites were selected in 
the Karoo Uranium Province (Cole 1998) on orebodies close to the towns of 
Beaufort West and Sutherland, where exploration boreholes intersecting uranium 
orebodies were known to exist and where the local farming community was 
largely dependent on groundwater for domestic use. A further study area was 
identified traversing the Bushmanland and Namaqualand Regions, where a re-
gional geochemical anomaly with known radioelement enrichment is found (An-
dreoli et al. 2006) and previous studies have identified elevated concentrations of 
uranium and arsenic in groundwater and linked these to regional health anomalies 
(Toens et al. 1999). The sampling areas are shown on Fig 1.  
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Sampling 

Water samples were collected from boreholes largely used for domestic and stock-
watering purposes in the case of the Bushmanland-Namaqualand area and the 
“background” samples collected in the Karoo Uranium Province. A number of ex-
ploration boreholes, dating back to uranium exploration activities in the 1970s and 
1980s were also sampled in the Karoo Uranium Province. All the domestic and 
stock-watering supply boreholes were fitted with wind pumps or “National 
Pumps” (motorised pumps using the same mechanism as a wind pump) while a 
small 12V sampling pump was used for purging and sampling the exploration 
boreholes. In all cases, water was pumped from the boreholes, closely monitoring 
the pH, Eh and electrical conductivity and samples were only collected when these 
parameters were all stable. Samples were filtered in the field and the fractions se-
lected for metal analysis acidified with nitric acid. Non-acidified splits were also 
collected for anion analysis. A total of 23 water samples were collected, 13 from 
the Bushmanland-Namaqualand area and 10 from the Karoo Uranium Province. In 
the latter area, 3 samples were collected from farm boreholes equipped with wind 
pumps, 6 from exploration boreholes and 1 from a groundwater monitoring bore-
hole.  

Fig.1. Location of the three sampling areas in the western portion of South 
Africa. 
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Samples were submitted to the Council for Geoscience Laboratory (Pretoria, 
South Africa), with check samples submitted to the Analytica Laboratory (Swe-
den) for quality control analysis. Metal analyses were performed by ICP-MS and 
anion analyses by ion chromatography.  

At each site, rock samples were collected with the aim of representing the aqui-
fer material. Additional rock samples, for example oxidised uranium ore collected 
from an open pit trial mine on the farm Rietkuil near Beaufort West, were col-
lected where possible, to best represent the source of the suspected uranium in the 
groundwater. These were submitted to the Council for Geoscience’s Environ-
mental Laboratory for leach testing and to the Council for Geoscience’s Labora-
tory for chemical analysis by x-ray fluorescence. 

Analytical results 

Uranium was measured at potentially harmful levels in 7 farm boreholes in the 
Bushmanland –Namaqualand Region and 1 domestic borehole and 2 exploration 
boreholes in the Karoo Uranium Province (See Fig 2). It is interesting to note that 
the arsenic anomaly previously associated with the Bushmanland Namaqualand 
region and positively correlated with health impacts (Toens et al. 1999) could not 
be confirmed, even though some of the same boreholes were sampled in this 
study. Later discussion with Dr Phillip Kempster at the Department of Water Af-
fairs and Forestry’s Resource Quality Services in Pretoria confirmed that these re-
sults may have been the product of an analytical error which was not identified at 
the time of the analyses. 

Rock sample analyses showed high levels of uranium associated with the ore 
deposits in the Karoo Uranium Province, with a mean of 5200mg/kg U (n=5) on 
the orebody samples, but no highly anomalous uranium concentrations in rock 
samples could be associated with the regional groundwater anomaly identified in 
the Bushmanland-Namaqualand region, with a mean of 5.7mg/kg U (n=16). 
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Fig 2. Uranium analysis results for borehole water from (a) the Bushmanland-Namaqualand 
area and (b) The Karoo Uranium Province. The dashed line at 15μg/l shows the World 
Health Organisation’s guideline level for drinking water (World Health Organisation 2005) 
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Leach testing 

As part of the project, a leach testing facility was established and samples submit-
ted for analysis. Four sets of leach tests were undertaken: 
1. Batch tests: which were used for the characterisation of samples and their inter-

actions with water (Nordtest 1998). 
2. Availability tests: which estimate the total available fraction of the contaminant 

of interest in a sample via a 2-stage leach-test at pH values of 7 and 4 in the two 
stages (Nordtest 1995a). 

3. Column tests: which provided the closest analogue to the percolation of water 
through an aquifer (Nordtest 1995b). 

4. Humidity-cell tests (ASTM 1998), which simulate alternating periods of oxidis-
ing and water-saturated conditions and were used to simulate an extreme end-
member of a borehole being pumped periodically.  
The aim of the leach tests was to represent the various pumping regimes likely 

in rural water supply boreholes and to determine how these could affect the 
chemical conditions, in particular redox within a borehole. The humidity cell tests 
were chosen to represent a low-yielding borehole which is periodically pumped, 
lowering the water table sufficiently to draw oxygen into the aquifer, followed by 
a period of recovery before pumping again takes place. 

In general the various leach tests on non-ore-body samples yielded relatively 
minor quantities of uranium.  Some higher levels of uranium were leached from 
some samples collected in mineralised zones; however water in these areas would 
not normally be used for drinking purposes.  Batch leach test results showed in-
significant correlations with groundwater collected at corresponding sites, while 
availability and column tests performed on one mineralised sample from the Ka-
roo Uranium Province showed significant mobility of uranium in the aquifer mate-
rial sampled (Only one sample representative of the aquifer itself could be sam-
pled at these sites).  

In all the leach tests performed, relatively small amounts of the elements of in-
terest were extracted, with the exception of ore samples. Most of the boreholes 
sampled were either far from the lithologies of interest or likely to have been con-
taminated by mining activities. 

These results agree with the results of the chemical modelling described in the 
following section, i.e. that the naturally elevated levels of hazardous trace ele-
ments in groundwater observed in field sampling is unlikely to be the results of 
simple interactions between groundwater and the surrounding aquifer material, but 
are likely to result from interactions within a localised mineralised zone within the 
aquifer or recharge area or localised zones of anomalous chemical conditions 
within the aquifer  
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Geochemical modelling 

The main aim of undertaking the modelling work was to assess the usefulness and 
efficiency of geochemical models in predicting the concentrations of potentially 
harmful trace elements in groundwater.  Groundwater managers are ultimately in-
terested in whether or not risk areas for groundwater contamination can be identi-
fied in this way, using the geological data held by various institutions.   

Water and rock chemistry data collected in the field investigation was used as 
input into the models. The first task involved element speciation modelling, whilst 
the second involved definition of mineral phases in equilibrium with borehole wa-
ter.  The element speciation modelling is important for determining both the toxic-
ity and mobility of uranium, and this information was used to determine which 
elements are controlling redox chemistry in each borehole (e.g. As V/As III, Fe 
III/Fe II etc). 

The speciation modelling suggested that uranium existed mainly in the highly 
mobile U(VI) form.  The modelling of controlling redox couples found that bore-
holes in the Karoo Uranium Province and the Bushmanland-Namaqualand Region 
had redox chemistry dominated by uranium and iron pairs, while   Arsenic domi-
nated one borehole from Bushmanland. 

Uranium saturation indices were variable between and within the regions.  This 
means that borehole specific conditions are driving trace metal release from the 
bedrock and that few broad regional generalisations can be made.  An important 
exception is that uranium appears to leach from the bedrock in Bushmanland to a 
greater extent than in other regions with the result that relatively high uranium 
concentrations in groundwater are found, despite relatively low concentrations in 
the bedrock.  The reasons for this are yet to be clarified.  Further equilibration 
modelling was conducted which showed that the solutions were not in equilibrium 
with the dominant uranium bearing minerals known to exist.   

The conclusion for the modelling work is that the conceptual model of bulk so-
lution in geochemical equilibrium with the host rock matrix in the aquifer is an 
oversimplification of a more complex process.  The fundamental difficulty with 
the conceptual model is the definition of the flow regime in fractured rock terranes 
with fractures of varying size. There are both kinetic and thermodynamic effects 
to be considered. 

In the kinetic realm, the larger fractures will exhibit faster flow rates of solution 
through them, affording the host rock less time to react with the bulk solution, al-
though this is likely to be further complicated by the long residence times for 
groundwater in the semi-arid to arid areas sampled.  These chemical reactions will 
thus contribute less of the elements of concern into the bulk solution than those 
occurring in smaller fractures, in which solution will flow more slowly, affording 
the reactions more time to progress.  In the thermodynamic realm, larger fractures 
present less surface area than smaller fractures, which guarantees a lower bulk 
concentration of the elements of concern in the larger fractures.  Waters exhibiting 
different residence times in contact with the host rock, and experiencing different 
ratios of bulk water to rock surface area thus combine in a borehole to form a 
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composite solution.  The high degree of variability in conditions at different loca-
tions adds a further layer of complication to predicting the occurrence of 
metal/metalloid contamination. 

Conclusions and implications for groundwater policy in 
South Africa 

Conclusions 

Measured groundwater chemistry, in particular the uranium concentrations, were 
found to correlate with neither a simple risk model based on local geology nor the 
analytical results for local rocks, even when the highest risk scenario of a borehole 
sunk into a uranium ore deposit is considered. Furthermore, simple laboratory and 
numerical models of the aquifer-groundwater interactions did not explain the field 
results. These results point to more complex processes driving groundwater chem-
istry, which are unlikely to be identified via modelling exercises. 

Variability in the chemistry between boreholes further suggests that conditions 
may be extremely site specific, requiring sampling of individual boreholes in areas 
where naturally high levels of trace elements such as uranium are likely to occur 
in groundwater. Furthermore, lessons can be learned from other regions of the 
world, where pumping regimes have been found to affect water chemistry.  

One of the sampling areas for the study was selected on the basis of the re-
ported co-occurrence of uranium and arsenic in the groundwater. Sampling in the 
area failed to locate any arsenic anomalies. This highlighted the fact that historical 
data cannot be taken at face value and sampling and analysis for verification pur-
poses may also be required where elevated trace element concentrations are sus-
pected in groundwater. 

All of these factors need to be taken into account in new groundwater develop-
ments and a precautionary approach, based on sampling and analysis as well as 
follow-up sampling will generally be required. 

Groundwater policy implications 

The review of policy implications has highlighted the following: 
• That regional mineralogy based geochemical models and leaching tests did not 

prove to be accurate enough for water quality risk assessment purposes.  By 
contrast, groundwater field sampling showed that large variations in water qual-
ity exist over relatively small spatial scales.   

• The importance of recognising regional problems where they exist (and having 
regional management plans to cope with these). 
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• Current policy does not explicitly state or recognise the problem of natural con-
tamination by trace elements, or the groundwater usage habits which can lead 
to such problems. Specifically, repeated drawdown and recharge of aquifers 
leading to changes in redox chemistry can result in contaminant release into the 
water.   

• Other stakeholder institutions are important, specifically the Catchment Man-
agement Groups and Water User Associations, in addition to the Departments 
of Health, Agriculture, Minerals and Energy, and Environment and Tourism.  
As custodian of the study findings the Water Research Commission has some 
duty to ensure dissemination of the relevant findings to these stakeholders.  

• South African policy statements around water quality monitoring are mostly di-
rected towards monitoring site based contamination, i.e. from industry, mines 
etc.  The current study shows more regional based problems can exist and mon-
itoring policy needs to take account of these.  Trace element monitoring should 
be standard practise in most monitoring work, and pH and redox potential need 
to be measured in the higher risk areas to help determine likely speciation. 
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Abstract. Only about 60% of the annual consumption in the nuclear fuel cycle is 

provided by primary uranium production at present. Hence, a strong demand for 

additional exploration of additional uranium resources is identified in many coun-

tries. Hence, a large potential exists for unconventional uranium deposits such as 

mobilization areas in the surroundings of known deposits. Besides environmental 

aspects a deep understanding concerning the migration and accumulation beha-

viour of uranium isotopes and related elements is necessary. As an example we 

will present data of the Tulukuevskoe deposit, SE Transbaikalia, Russia. Here, 

primary UO2 mineralization is mined from the Tulukuevsky open pit (TOP). The 

pitchblende is subject of secondary remobilization and transformations within the 

vadose zone of the deposit. Seven years of field and laboratory studies indicated 

that a uranium speciation dominated by carbonate complexes and gradually shifted 

from the UO2(CO3)3
4- to the UO2(CO3)2

2- species field with enhanced formation of 

uranylcarbonates (Petrov 2005). Three remobilization areas varying in their min-

eral-chemical composition, transport parameters and the oxidizing degree of the 

welded tuffs are conceptualized. Sensitivity to the sequential variations in hydro-

chemistry and isotopic composition of fractured and meteoric waters is considered 

in the context of spatial-temporal development of the redox front. Identification 

and exploration of the redox front and of primary and secondary uranium enrich-

ments is facilitated by the µ-energy dispersive x-ray fluorescence (EDXRF) tech-

nique that allows the high resolution in-situ determination of a number of elements 

simultaneously at the microscopic scale of typically 100 µm (Rammlmair et al. 
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2006). This method is fast and useful in order to localise primary uranium miner-

als as well as mobilised and secondary uranium-bearing phases. The results of the 

study are interesting also as an analogue of destruction of deep repository of nuc-

lear waste. 
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Abstract. The paper deals with the retention of U(VI) and U(IV) species out of 

aqueous solutions, on Eichrom resins: as : DGA, TEVA and UTEVA. Some solu-

tions of UO2
2+ and U4+ in HCl and HNO3 were first prepared, having different 

concentrations. The retention of uranium species separately or out of mixture solu-

tions on DGA, TEVA and UTEVA resins under various experimental conditions, 

in static contact between the solution and the solid masses, was followed spectro-

photometically.  The retention degree on resins of the U(IV)  was higher  than that 

of the U(VI) , for all three resins which were investigated, whereas the adsorption 

of U4+ and UO2
2+ ions on  these solid masses decreased in the order below: 

DGA > UTEVA > TEVA 

FTIR spectres pointed out differences in the retention of U(VI) and U(IV) species 

on the three resins. 

Introduction 

The separation of uranium species on ion exchangers has been investigated by 
several authors (Korkisch 1969; Duff et al. 1996; Cotton et al. 1999). Thus Bock 
and other (Bock and Bock 1950) used the Dowex 1 anionite for the isolation of 
U(IV), U(VI), Th(IV) and Pa(V) species using as eluent various HCl solutions, 
namely: 3 M, 0.1 M, 10 M, as well as a 9 M + 1 M HF mixture. On the other hand, 
Tonosaki and Otoma (Tonosaki and Otomo 1959) separated the U(IV) species 
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from other metalic ions on Amberlite 1R-120 using a 4 M solution of H2SO4 as 
eluent. 

Kraus and others (Kraus Moore and Nilson, 1956) later succeeded to separate 
U(IV) from U(VI) out of acid solutions, after the retention of these two species on 
Dowex 1, in the Cl- form. In this situation elution  war performed by means of 2 
different HCl solutions : 3M  for U4+ and 0.1 M for UO2

2+. 
Other methods for  uranium species separations have also been reported. 
Thus, Volkovich and others (Volkovich et al. 2005), by using EXAFS mea-

surements, identified U(VI), U(IV) and U(III) species in the form of chlorine 
compounds, in eutectic melt of  LiCl – BeCl2, for example: UOCl2, UCl4, UCl3, 
UCl6

2-, UCl6
3-, UO2Cl4

2-, etc., in a Cl2, HCl and Ar atmosphere. Then they suc-
ceeded to isolate these species through cromatography. 

Other authors (Abdelanos at al. 1998; Ortiz-Bernod at al. 2004) investigated the 
appearance of U(VI) and U(IV) species in the presence of some bacteriae (Pseu-
domonos aeruginosa, Shewanella putrefacieus, or others in the Geobacteriaceae 
family), following some redox processes developped both in ores and in the back-
ground waters near the uranium minerals. U(VI) and U(IV) species were then 
identified and separated by means of cromatographic methods. 

Eichrom resins of the DGA, TEVA and UTEVA type were used by Horowitz 
and others (Horvitz et al. 1992; Horvitz et al. 1995; www.eichrom.com) to sepa-
rate certain ions of the 4f and 5f elements, including a lot of  isotopes of the acti-
nides. 

This paper is the follow-up of some of previous research (Raileanu and Cecal 
2008) concerning the separation of U(VI) and U(IV) species under various work-
ing conditions, on the Eichrom resins. 

Materials and methods 

Reagents 

The two uranium species were to be found in the innitial substances used, in solid 
state. UO2(NO3)2 was purchased from the Fluka company and UCl4 was prepared 
in our laboratory. 

Uranium chloride (IV) resulted from the following chemical reactions: 

UO2
2+ + 2H2N-OH H +

⎯⎯→  UO2 + N2 + 2H2O + 2H+ 

UO2 + CCl4 → UCl4 + CO2 

The first reaction was performed under low heating (35-40°C) during 24 hours, 
while the second was performed in a closed pressurized  ICITPR-85 vial, in the 
presence of CCl4 (90 % of the total volume), at a temperature of  250°C  during 4 
days (Raileanu 2006; Meyer and Pietsch 1936).  
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Then, by dissolving UO2(NO3)2 and UCl4 in distilled water with a pH < 5.5, the 
starting solutions were prepared, having a uranium (VI or IV) concentration of 
0.01g/mL. The acid medium hindered the hydrolysis of the U(IV) species, as well 
as the formation of the U2O7

2- or UO4
2- precipitates. 

After this stage, the three Eichrom resins:DGA – (N,N,N,’N’ – tetrakis – 2 
ethylhexyl – diglycolamide),TEVA – (Trialkyl – methylammonium nitrate or 
chloride),UTEVA – (Dipentyl – pentylphosphonate) were prepared for experi-
ments weighing 0.1g out of each and putting them separately into 50ml Erlenmey-
er glasses with stoppers. 

Three distinct series of 72 samples of  weighed resins were then achieved. In  
24 glasses of first serie of  solutions made of 5mL U(VI) and 5mL water were 
poured, in the next 24 glasses other solutions contained of 5mL U(IV) and 5mL 
water were added and in the last 24 glasses mixture solutions of 5mL U(VI) and 
5mL U(IV) were put inside. 

Then to three of the samples in each series 2mL HNO3 or HCl solution were 
poured. These acid solutions had various concentrations: 0.01; 0.05; 0.1 and 1 M. 

The samples prepared as described above were stirred intermittently at room 
temperature.  

Working Procedures 

After being stirred , out of each sample which was prepared as above an amount of 
0.1 mL solution was extracted from the area above the solid mass, in order to de-
termine spectrophotometrically the concentration of U(VI) and U(IV) in the solu-
tion. The absorbance measurements were performed with a UV – VIS Centra –
V3157 spectrophotometer at the following wave lengths (Meyer and Pietsch 
1936): 

λ = 665 nm for U(IV) 

λ = 415 nm for U(VI) 

The uranium(IV and VI) species concentrations were determined out of two 
Lambert-Beer standardization straight lines drawn previously. 

The retention degree of the U(IV) and U(VI) species on the DGA, TEVA and 
UTEVA resins was calculated using the relation: 

[ ] [ ]
[ ](%) 100i

i

U U
G x

U
−

=  

in which [U]i and [U] stand for the concentrations of the uranium species in the 
initial solution and the final one respectively.. 

Then the the DGA, TEVA and UTEVA resins which retained the uranium 
species were dried at a temperature of 110°C in a drying closet, after which 
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there followed the preparation of samples necessary for the tracing of FTIR spec-
tres, using a IR – 600 JASCO spectrometer. 

Results and Discussion 

Practical results are presented in Table 1 and in Figures 1-3. 
Table 1 shows that out of the solutions containing just one compound U(IV) is 

better retained than U(VI). In the case of two compounds solutions also, U(IV) 
was adsorbed stronger than U(VI) one.  

As compared to the retention of the U(IV) species out of the singular systems , 
in the case of mixtures solutions the  retention degree of this species increases. the 
retention of U(VI) decreases regarding the results obtained of singular solutions. 

It is probable that in the process of adsorbtion on the solid mass a synergic ef-
fect happens which is favorable for U(IV) and less favorable for the more volu-
minous uranyl ions. 

Therefore it is obvious that the  retention degree on resins is reversely propor-
tional to the size of the uranium ion, namely: higher in the case of U4+, where 

4 0.96
U
r + = Å and lower in the case of UO2

2+, where 2
2

1.82
UO
r + = Å. 

Tabel 1 also points out that there are differences regarding the retention of ura-
nium species out of solutions in which the concentration of the added acids varies. 

Thus, in the case of solutions with added HCl the degree of retention of U(IV) 
and U(VI) species on resins is higher as compared to those with HNO3, for equal 
concentrations. 

It is possible that in the presence of Cl- ions some anionic species of the type 
UCl5

-, UCl6
2- or even UO2Cl3

- may appear which are more stable than the similar 
NO3

- compounds.   

Table 1. Retention degree of U(VI) and U(VI) species on the Eichrom resins 

Resins 
Uranium 
species 

Retention (%) 
HCl medium [M] HNO3 medium [M] 
0.01 0.05 0.1 1.0 0.01 0.05 0.1 1.0 

DGA 

U(VI)single 13.5 22.8 31.1 43.0 12.9 18.9 22.7 30.3 
U(IV)single 15.6 39.0 53.1 71.8 19.2 30.0 44.5 56.7 
U(VI)mixture 11.1 15.4 20.8 32.6 9.1 13.7 18.1 25.3 
U(IV)mixture 30.9 47.3 61.7 82.4 28.2 36.6 49.2 69.5 

UTEVA 

U(VI)single 9.2 15.8 27.2 38.9 5.2 10.5 14.4 21.5 
U(IV)single 21.5 35.1 42.7 59.5 8.4 20.3 33.2 39.6 
U(VI)mixture 4.2 9.7 16.1 22.3 3.1 6.9 11.4 16.8 
U(IV)mixture 29.4 40.7 55.5 78.1 18.1 31.6 48.2 62.4 

TEVA 

U(VI)single 2.4 3.8 6.0 10.3 1.5 2.3 3.8 4.9 
U(IV)single 9.4 12.3 18.4 23.6 7.0 8.2 14.3 18.8 
U(VI)mixture 0.9 1.7 2.2 3.5 0.3 0.8 1.5 2.3 
U(IV)mixture 13.5 19.2 23.8 29.1 9.7 13.7 19.0 22.2 
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Nevertheless such as chloride compounds but also other complex compounds 
with inorganic ions: [U(CO3)]2+, [U(CO3)5]6-, [U(OH)2]2+, [U(OH)3]+, 
[UO2(CO3)2]2-, [UO2OH]+, [UO2(SO4)2]2- etc were been described in some papers 
[Meinrath et al. 1999; Neck and Kim 2001], which confirm the above mentioned 
assumption. 

From experimental data presented in Table 1 it can remark that the retention 
degree of uranium species on Eichrom resins varies as: 

DGA > UTEVA > TEVA 

which is connected with the chemical and surface structure of these adsorbents 
solid masses. 

Taking into account the FTIR spectra. it may conclude that the U(VI) and 
U(IV) species were adsorbed on the DGA, TEVA and UTEVA resins, because the 
the position of vibrational bands were changed ,as can be observed in Fig.1-3. 

Fig.1-3. 
Under 1000 cm-1 appear characteristic vibrational bands for metal-ligand bonds. 
For U(IV) adsorbed specie on resins, vibrational bands were found by: 240, 

270, 410 and 1100 cm-1(Fig.2), whereas for UO2
2+ specie an asymmetric stretch 

frequence  at 930 cm-1 appeared together other distinguished vibrational bands , 
as: 750, 850 and 1000 cm-1 (Fig.3) . 

These found in FTIR spectra vibrational bands correspond to those pointed out 
in similar studies [ Nyguist and Kagel, 1971,or Nakamoto  1986 ,or Morss et al 
,2006], which confirm the above presented  results, on the selective retention of 
uranium species on DGA,TEVA and UTEVA resins. 

Conclusions 

It was investigated the adsorption of some uranium species, separately or in mix-
ture solutions on DGA, TEVA and UTEVA Eichrom resins. The U(IV) species 
was retained better as U(VI) one in each experimental conditions. 

The retention degree of each uranium species on the solid resin decreased as: 

DGA > UTEVA > TEVA 

By means of FTIR spectra the selective retention of each uranium specie on re-
sins was proved. 
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Fig.1. FTIR spectra of Eichrom resins: (1-1) DGA, (1-2) TEVA and  (1-3) UTEVA. 

 
Fig.2. FTIR spectra of resins-U(IV): (2-1) DGA-U(IV), (2-2) TEVA-U(IV) and (2-3) 
UTEVA-U(IV). 
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Fig.3. FTIR spectra of resins-U(VI): (3-1) DGA-U(VI), (2-2) TEVA-U(VI) and (3-3) 
UTEVA-U(VI). 
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Abstract. In territory of Kyrgyzstan there is a large number of radioactive 

sources. They are concentrated man-caused solids of fine-dyspersated waste of 

reprocessing and concentration, which in depend on reprocessed ore kinds and 

concentrate have radioactive nuclides, unhealthy heavy metals compounds, and 

also toxic substances, used as reagents in extraction from valued components of 

mineral. Tailing dumps of radioactive waste in the cities of Mailuu-Suu, Kadji-

Sai, Min-Kush and Kara-Balta occupied in all nearly 3600 m2. 

Introduction  

In territory of Kyrgyzstan there are a large number of radioactive sources (about 
1200). The used sources are stored in a long-term storage facility, which was built 
in 1965 under a typical RADON design replicating similar facilities in other re-
publics of the former Soviet Union. Because of natural cataclysm such as: earth-
quake, landslip, mud flows and erosion processes the threat of the further pollution 
of territory by radioactive substances is increased. As a result of these natural 
processes, a line of uranium tail deposits was is damaged. The majority of tail de-
posits and the warehouse premises are in the started condition and are poorly su-
pervised. Kyrgyz Republic collides by serious problems of radioecological charac-
ter connected with production of uranium and his processing activity in the 
country. In connection with disintegration USSR in territory of Kyrgyzstan in an 
ownerless condition have appeared - 36 tail deposits, 25 mountain dumps, from 
them 31 tail deposits and 28 dumps (Fig. 1). The condition these dumps and store-
houses (tail deposits) is a pitiable condition. Radioactive withdrawals, heavy met-
als and the toxic substances pollute an environment: superficial and underground 
waters, atmospheres, ground, plant etc.  
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Many tail deposits were formed within the limits of the occupied items (Kadji-
Sai, Min - Kush, Mailuu-Suu etc.).  

As priorities for Kyrgyzstan on radiating safety for the intermediate term period 
the following areas were designated at an advice of the experts from technical co-
operation of IAEA: 1) Rehabilitation of consequences of production of uranium 
and its processing activity. 2) Health: improved nuclear diagnostics and services 
of radiotherapy. 3) Management of knowledge and rational use of nuclear tech-
nologies. By radiometric shooting is established, that the level of an exposition 
doze in the hollow (natural-technogenic provinces) of the Issik-Kul both settle-
ment of Kadji-Sai and territory (technogenic), contiguous to it, rather low (Fig. 2). 

Pearls of a nature of lake Issik-Kul involved, involves, and will involve the 
scientists and researchers, and to draw steadfast attention in preservation and ra-
tional use of greatest resources of a nature of edge. However, under influence nat-
ural-technogenic pressure and climatic factors should serve the base to develop-
ment of strategy of development of biospheric territory of one of which overall 
objectives, is the preservation of natural environment of plants, animals and man.  

In this connection by us spent complex radioecological and radiobiogeochemi-
cal research in the given uranium natural-technogenic province of Issik-Kul (bios-
phere territory) in which will allow a province to receive the objective information 
on a condition of natural environment.  

 
Fig.1. Waste storage sites. 
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Methods of researches 

The gathering of the samples of soils, natural waters, plants and animals we are 
spent by view of geochemical landscape and meteorological conditions. 
Processing of samples carried out in laboratory of biogeochemistry of Biology and 
Soil Institute of National Academic Science of Kyrgyz Republic with use of soil 
and geological maps by consultation of geologists. The equipments used during 
researches were Radon radiometer RRA--01m-03, Dosimeter-radiometer DKS-96, 
Sampling system POU-04, Photo-electro-colorimeter (SPECOL), Gamma spec-
trometer etc. Distribution and processing of the received information were made 
on special software of PC. 

During process of researches were selective measurements of a level of radia-
tion and uranium in the given subregion and tails. Gathered the samples of soils, 
water and plants in different places for the further research in laboratory condi-
tions. 

Results of researches 

Volume of the saved tails of the technogeic province of Kadji-Sai (industrial with-
drawals) makes about 150 thousand m3. For 40 years has taken place intensive de-
struction of a coastal part in area of the industrial withdrawals (Fig.3). The part of 
radioactive ashes reached to Issik-Kul, but it was so unsignificant, that for Issik-Kul 

 
Fig.2. Natural-technogenic provinces of the Issik-Kul 



676      Bekmamat M. Djenbaev et al. 

Session V: Biogeochemistry of uranium 

makes a drop in the sea, according to the different researchers in the  lake contains 
about 100 thousand tons of uranium. 

By radiometric shooting is established, that the level of an exposition doze in 
the hollow of Issik-Kul and both settlement of Kadji-Sai and territory contiguous 
to it, rather low and changes from 150 up to 470 nzv\hour.  

According to the scientist biogeochemists and geochemists the hollow of Issik-
Kul is a natural uranium biogeochemical province. Here function mountainous-
ores combine on processing uranium ore from 1948 on 1969 yy. Now tail-deposit 
with uranium withdrawals is in 2,5 kms to east from an inhabited settlement, but 
because of the natural factors (rains, earth waters, landslips and селей) represents 
ecological threat to lake Issik-Kul and nearest settlements. But after closing moun-
tainous-ores combine of Kadji-Sai weight not inhibited radioactive-industrial 
withdrawals, meeting in the coast of Djil-Bulak (Fig.4), underwent intensive de-
struction, the carry of its part in a mouth of coast and further lakes is possible. 
This was promoted here by often storm rains. The part of radioactive ashes 
reached to Issik-Kul, but it was so unsignificant.  

The different parts of Issik-Kul have the different contents of uranium in water 
(table 1, fig.5). It is caused by non-uniformity of processes of evaporation and dis-
til coastal zones occurring in different parts of Issik-Kul. On the average waters of 
Issik-Kul contain 3.0 х 10-6% of uranium.  

The general level of uranium from streams №1 and №2 of the Kadji-Sai (from 
tails) in comparison with water of lake Issik-Kul is more from 2-5 times, and in 

 
Fig.3. Kadji-Sai (industrial withdrawals). 
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comparison with the river Kichi-Ak-Suu and river Bulan-Segeti from 40 - 100 
times. 

However it is necessary to note, that streams from tails not the lake always 
reaches, only in the spring and autumn periods he gets in lake. By us the analyses 
were spent before and after a rain, but the results have shown, that on a level and 
isotope structure of the special distinctions it is not revealed. 

 
Fig.4. Scheme map of operating observations of outlet in the Djil-Bulak valley. 
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Table 3. Background meanings of the contents of alfa-active isotopes in the soils around of 
Issik-Kul. 

Place of 
selection  

Layer 
cm  

  Activity of the soils on isotopes, Bq/kg   

U-238 Ra-226  Pb-210  Th-228  Ra-228  
 

+/ 
 

+/ 
 

+/ 
 

+/ 
 

+/- 

 0-5  71,8  12,7 35,1  3,9 147,4  13,0 39,5  2,2  35,2  8,8  

Kara-Oi  
5-10  50,8  7,3  37,7  3,4 64,6  11,4 49,0  1,9  60,1  7,5  

10-15  44,0  1,7  35,1  3,2 50,1  7,2  45,6  1,8  52,3  3,5  
 15-20  51,7  7,4  46,1  3,5 50,2  7,7  49,9  1,9  53,6  7,7  

Kichi-
Aksu  

0-6  71,5  14,3 51,0  3,4 88,5  18,4 69,1  3,6  72,4  7,2  

6-11  52,1  6,5  43,2  3,1 71,7  10,2 43,2  3,3  59,2  19,7  

11-20  54,9  7,3  45,4  3,5 68,6  7,6  64,3  3,8  64,1  7,5  
Ak-
Terek 
(sand)  

0-3  260,0  30,0 103,0 8,0 169,0  30,0 915,0 57,0 846,0  70,0  

Table 1. The contents of uranium in water of the lake Issik-Kul  

No Place of selection of tests of water U in water % 
1 Northern coastal zone (Cholpon-Ata) 3.331*10-6 
2 East (a gulf of Tup) 3,1*10-6 

3 а) Southern (Tamga) b) Southern (Bay 
Kolsovka) 
 c) Southern (a gulf of Ton) 

1.7*10-6 3.68*10-6 2.3*10-6 

4 Western (a gulf of Rybachi) 4,32*10-6 

Table 2. Comparison uranium-isotope data given by results of approbation 1966-1970 yy 
and 2003-2004 yy(Matychenkov, Tuzova, 2005) 

Place of approbation γ = 234U/238U The content of U 
10-6 g/l (9) 1966-1990(1-6) 2003-2004 (12) 

river Toruaigyr - 1,49±0,01 11,0-19,0 
river Chon-Ak-Suu 1,39±0,01 1,42±0,01 6,7-10,7 
river Tup 1,43±0,01 1,34±0,08 2,6-8,7 
river Djergalan 1,23±0,01 1,20±0,02 4,7-13,0 
river Chon-Kyzyl-Suu 1,23±0,01 1,20±0,02 4,3-11,2 
river Barskaun 1,14±0,01 1,08±0,07 7,2-2,7 
river Ak-Terek 1,23±0,01 1,24±0,02 0,42-47,0 
river Tamga 1,22±0,01 1,22±0,06 15,1-21,6 
river Urukty 1,51±0,02 1,62±0,02 2,6 
Сhink 3 Djergalanskaia 1,20±0,02 1,32±0,06 0,6-15,6 
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In the table 2 is shown for comparison of a parity 234U/238U in the various pe-
riods and average contents of uranium, where there are small deviations.   

The analysis of samples soil and dirt has shown, that on tail deposits in the top 
horizon of a bulk ground (0-20 cm) the contents of uranium changes from 1,1 up 
to 2,6·10-6 g/g, with depth he grows - up to 3,0·10-6 g/g. The large concentration 
of uranium there is an average zone of tail deposits, where the contents of uranium 
in the top horizon of a ground is equal 4,2·10-6 g/g, and in the bottom horizon, on 
depth 40-60 cm - 35,0·10-6 g/g or in 8,3 times is higher.  

The level of a radiating background on a surface of industrial zone and tails ra-
ther not high. More detailed researches of isotope structure of a soil cover of sub-
region have shown also, that in the top layers he is rather higher in comparison 
with the bottom layers, and in sand of Ak-Terek in comparison with soil covers 
others investigated soils much above and changes from 3 up to 20 times (table. 3).  

Conclusion  

1. In researched territory the general level of an external radiating background of 
subregion is within the limits of norm.  

2. The raised radioactive anomaly of three types is marked on technogenic sites: 
a) the natural anomalies of a radio-activity are connected to layers, seldom act-

ing from under friable adjournment, radioactive brown coal Jurassic age. 
b) technogenic anomaly, in hundreds time exceeding a background, are dated to 

fenced by a concrete wall dumps grey thin-granular substance.  
c) technogenic anomaly in the cascade from four settlings, the activity in tens 

time is higher than a background, with an equal flat surface lowered down-
wards on a valley from a mine field.  
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Fig.5. Uranium, thorium and potassium (%) consistent in south coast of Issyk-Kul Lake.  
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Abstract. Uranium mining in Portugal was performed mainly in small mines 

spread over a wide and populated region in the Centre-North of the country. In vil-

lages near old uranium mines, soils are used for horticulture production and to 

provide pasture for livestock grazing. Soil samples as well as agriculture products 

including cabbage, potatoes, oranges, and other fruits were analyzed for alpha 

emitting radionuclides. Samples from areas far from uranium mining sites were al-

so included in the survey. Results of uranium series radionuclides showed that 

soils of regions with different geology may contain very different radionuclide 

concentrations. Concentrations of radionuclides in soils and vegetables of refer-

ence areas may display values similar to those near uranium mining sites in the 

same geological province, indicating that enhancement of radionuclides in the ter-

restrial food chain, with the exception of 226Ra, generally is not high. Concentra-

tions in soils and horticulture products of these uranium counties generally were 

two orders of magnitude higher than concentrations measured in soils and vegeta-

bles in a sedimentary region in the South of Portugal. 

Introduction 

During the XXth century in Portugal were exploited 60 uranium ore deposits for 
radium and uranium production. The last uranium mine and the facilities for ura-
nium ore processing and production of uranium oxide concentrates, in Urgeriça, 
Canas de Senhorim, were closed in 2001 (Carvalho, in press).  So far, most of the 
former mining and milling sites were not rehabilitated and mining waste has been 
stockpiled at the surface, in general near the old mines (Nero et al., 2004; Carvalho, 
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in press). Most of these radium-uranium mines were located in the centre-North of 
the country, already a densely populated area, and villages and towns developed 
near the mines over the years. With discontinuation of the uranium mining activity 
and the close out of the mining company, there have been concerns about the im-
pact of uranium waste on the environment and on human health. Despite of engi-
neering works meanwhile started in the Canas de Senhorim county to cover the 
waste piles from Urgeiriça mine and milling facilities, it was of high relevance to 
the region to know whether the long lasted uranium mining activity had contami-
nated with radioactive materials the soils of those regions and whether radionuc-
lides could be transferred through the consumption of agriculture products.  

In the framework of a research project to assess the current impact of the legacy 
of uranium mining industry on public health, we undertook the comparative analy-
sis of soils and kitchen garden products in the counties with uranium mines and in 
counties without uranium mines. Preliminary results of this study are presented 
here. 

Materials and Methods 

The counties to be investigated were selected in the region of uranium mining in 
the Centre North of Portugal, districts of Viseu, Guarda and Coimbra. As the natu-
ral radiation background and natural radioactivity in uranium production regions 
usually are not homogenous and are higher than the average Earth crust, the selec-
tion of counties was thoroughly considered. In order to encompass the range of 
concentrations likely to be found in soils, for this study were selected counties 
with old uranium mines and waste piles of uranium mining and milling waste, 
counties with old uranium mines but where there has been no chemical treatment 
of radioactive ore and thus no milling tailings, and counties with no mines and 
even no uranium deposits identified. These were the counties of Seia and Celorico 
da Beira in the district of Guarda, and Campo and Queirã in the district of Viseu. 
In the Viseu district also the counties of Moreira de Rei (this one with past mining 
activities and mining waste piles not covered), and Canas de Senhorim (with past 
mining activity and with waste and milling tailings). The county of Sátão was se-
lected as a comparison term in this region, but this county is mostly on schist and 
only partly on granite. Another reference area selected were the counties of Serpa 
and Ourique, in the Alentejo, South of Portugal, with no record of uranium depo-
sits and with clay and schist instead of granites (Figure 1).  

Soil samples were collected in agriculture areas, in all these counties, 2 to 6 
sites in each. The 20 cm top soil layer was sampled with a spade in 4 sites within a 
circle of 3 m radius per sampling location, and the soil portions combined in one 
sample. In the laboratory the soils were dried in the oven at 60ºC, and than sieved 
through a metallic mesh in order to retain the 63 μm grain size fraction for 
analysis. 

Samples of cabbage leaves, potatoes and fruits, such as oranges, apples and 
quinces, were collected in each county according to availability. These samples 
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were carefully washed and only cabbage leaves, peeled potatoes, and pulp of fruits 
were retained for deep freezing, homogenization and analysis. 

The analyses were performed by radiochemical methods followed by radioac-
tivity measurements with Ortec Eg&G OctetePlus alpha spectrometers according 
to techniques described in detail elsewhere ( Oliveira and Carvalho, 2006; Carval-
ho and Oliveira, 2007). Analytical quality control was performed with analysis of 
certified reference materials and participation in intercomparison exercises orga-
nized by the IAEA ( Pham et al., 2006; Povinec et al., 2007). Results are ex-
pressed in dry weight for soils and in fresh weight for horticulture products. 

 
Fig.1. Old uranium mines of Portugal and sampling regions. 
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Results and discussion 

Average radionuclide concentrations in soil samples of several counties are shown 
in Table 1. In all soils, activity concentrations of uranium (238U) were higher than 
those of thorium (232Th). In counties with no identified uranium deposits and no 
uranium mines, radionuclides of the uranium series are in near radioactive equili-
brium with the parent radionuclide 238U. In contrast to this, in soils of Canas de 
Senhorim in average there is higher activity concentration of 226Ra than 238U, and 
this disruption of secular radioactive equilibrium in soils was introduced by the 
uranium extraction activity. 

Comparing the average levels of radioactivity, the uranium producing counties, 
especially Moreira de Rei and Canas de Senhorim displayed variable uranium and 
uranium daughter’s concentrations in soils but higher than in the reference coun-
ties (Table 1). However, the counties with no uranium mining history display low-
er but variable background concentrations. For example, Seia and Celorico da Bei-
ra, in the granite region also, contain higher uranium concentrations than Sátão 
which is a county already in the transition to the schist region. Concentrations 
even lower than in Sátão were measured in soils of Serpa and Ourique, in a region 
of sedimentary origin of the Alentejo province, south of Portugal, (Figure 1). 

Leafy vegetables, such as cabbage, typically displayed 238U concentrations 
ranging from about 0.1 to 0.6 Bq kg-1 (wet weight) and 226Ra concentrations from 
0.5 to 5 Bq kg-1 (wet weight). Cabbage leaves from the county of Canas de Sen-
horim displayed in average higher concentrations of uranium isotopes and radium 
than the other counties (Table 2). It must be stressed that cabbage leaves may con-
tain an important contribution of radionuclides from atmospheric depositions, va-
riable from region to region. Although likely to be transferred through food chain 
as well, their concentration in cabbage leaves, therefore, may not be entirely due 
to root uptake from the soil. Radioactivity in peeled potatoes is likely to reflect 
better the plant uptake and accumulation in the tuber with plant growth than cab-
bage leaves. Potatoes from the county of Canas de Senhorim showed uranium, 
230Th and 226Ra concentrations about two orders of magnitude higher than refer-
ence counties (Table 3). 

Orange pulp, protected from atmospheric depositions, likely reflects also true 
root uptake of radionuclides. Indeed, oranges grown in the Canas de Senhorim 
county displayed average concentrations of uranium higher than oranges from ref-
erence counties (Table 4). It may be noted, however, that oranges from Sátão con-
tain more 226Ra and 210Po than those from Canas and the same was observed with 
cabbage (Table 3). This allows hypothesizing that mineralogical and chemical 
composition of soils and irrigation water, may also contribute to high concentra-
tions of uranium daughters in horticulture products even in the absence of uranium 
mining waste. Although oranges are prone to concentrate radium, this does not 
seem the case for apples and quince from the same region (Table 5). 
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Table 1. Radionuclide concentrations (Bq kg-1 dry weight) in soils (fraction <63 μm). 

County  238U 235U 234U 230Th 226Ra 210Po=210Pb 232Th 

Seia and Celo-
rico (N) 

Mean 220 11 228 223 253 241 217 
SD 31 2 22 61 69 44 93 

Campo and 
Queirã  (N) 

Mean 199 10 219 172 571 300 67 
SD 53 2 58 54 424 92 17 

Rio de Mel 
(M) 

Mean 257 12 258 282 370 266 167 
SD 6 0.2 2 3 5 12 3 

Moreira de Rei 
(M) Mean 602 27 676 652 575 456 187 
 SD 119 7 193 92 88 8 41 
Sátão (N) Mean 68 2.8 72 72 118 71 50 
 SD 2 0.0 2 2 16 9 2 

Canas de Sen-
horim (MW) 

Mean 348 16 352 552 560 525 256 
SD 61 3 71 353 406 412 72 

Serpa and Ou-
rique (N) 

Mean 26 1.1 26 51 59 29 45 

SD 7 0.4 8 16 15 6 15 
(N) No uranium deposits and no mines in the county. 
(M) Old uranium mines in the county. 
(MW) Old uranium mines and milling waste. 

Table 2. Radioactivity in cabbage (mBq kg-1 fresh weight). 

County  238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Seia and 
Celorico 

Mean 58 3 60 70 919 980 - 24 
SD 11 1 12 25 484 533  4 

9 Sátão Mean 94 4 97 60 1538 - 407 
 SD 6 1 5 20 629 - 133 3 

Canas de 
Senhorim 

Mean 234 11 234 48 2014 - 357 17 
SD 170 9 172 2 1455 134 4 

Serpa and 
Ourique 

Mean 10 1.2 16 3.1 92 146 298 4.1 

SD 6 0.0 4 1.3 43 38 182 0.9 

Table 3. Radioactivity in potatoes (mBq kg-1 fresh weight). 

County  
238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Sátão Mean 38  1.2 37 9 64 - 622 5.3  
1.6 SD 2 0.3 2 2 4 - 20 

Canas Mean 350 17 361 267 108 - 162 17 

SD 430 22 443 225 74 - 42 8 

Serpa and
Ourique 

Mean 1.8 0.2 2.0 2.3 7.8 16 4.1 2.8 
SD 0.2 0.1 0.4 0.5 3.3 6 2.3 0.4 
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Table 5. Radionuclide concentrations (mBq kg-1 fresh weight) in other fruits (apple and 
quince). 

County  238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Sátão Mean 19 1.0 20 - 52 - 238 - 
 SD 3 0.2 3 - 27 - 64 - 

Canas de 
Senhorim 

Mean 23 1 21 17 92 - 354 5 
SD 11 0.5 10 9.6 44 - 46 2 

 
The overall results show a slight enhancement of uranium series radionuclides 

in horticulture products grown in kitchen gardens and farms of Canas de Senhorim 
and Moreira de Rei in comparison with similar products from other counties in the 
region and in regions of south of Portugal. 

Conclusions 

Average concentrations of uranium series radionuclides in the soils of uranium 
mining counties, in particular those of Canas de Senhorim and Moreira de Rei, are 
slightly elevated above the levels measured in reference counties with no mining 
activities. Concentrations measured in horticulture products were also in average 
slightly higher in uranium producing counties. Nevertheless, these enhanced levels 
are one or two orders of magnitude above concentrations measured in reference 
counties and, although deserving attention and radiological surveillance, do not 
seem high enough to cause a noticeable irradiation of the consumers. 

 
 

Table 4. Radionuclide concentrations (mBq kg-1 fresh weight) in oranges. 

County  238U 235U 234U 230Th 226Ra 210Pb 210Po 232Th 

Sátão Mean 27  1.4 30 12 748 - 446 4.1  
 SD 1 0.3 1 1 46 - 25 0.5 
Canas Mean 20 0.9 19 - 346 - 430 - 

Serpa and 
Ourique 

SD 
Mean 

0.3 
2.2 

0.2
0.6

1
2.8

-
3.0

82
15

-
19

18 
8 

- 
2.3 

SD 1.3 0.1 1.8 2.0 6 5 7 1.5 
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Mechanisms and capacity of sun driven uranium 
removal in natural and nature-like constructed 
wetlands 

E. Gert Dudel, Kerstin Aretz, Carsten Brackhage, Holger Dienemann, Claudia 
Dienemann, Martin Mkandawire and Arndt Weiske 

TU Dresden, Institut für Allgemeine Ökologie und Umweltschutz, Pienner Strasse 
7, 01737 Tharandt, Germany 

Abstract. Prerequisites for energetically independent - sustainable- passive water 

treatment systems are net primary production and a relatively slow to intermediate 

and turbulence, homogenous, and continuous through flow. Nutrients can be re-

cycled and -if necessary- subsequently artificially applied. However, the situation 

is different when only the limited sorption capacity of litter, formerly bio-

processed or fossil organic carbon (e.g. peat) is used. High regenerative and pro-

ductive floating and emerse species (like duckweed and common reeds) are only 

partially in contact with the water and are adapted evolutionary to stagnant or very 

slow flowing waters.  However, they are able to up-concentrate the U in orders of 

magnitude in the roots through transpiration driven rhizofiltration, and even in-

itiate bio-mineralisation processes. They produce very different degradable litter 

qualities depending on species and nutritional status. Hence, the U accumulated in 

duckweed is recycled fast due to microbial decay. Few other species of emerse he-

lophytes produces decay resistant leaf litter. Macrophytic submerse vascular plant 

and algae are light limited under water and grow relatively slow. A few species 

remain in vegetative state during winter period. However, some of the species like 

macrophytic algae Chara sp. posses a small ecological adaptation only to  and 

very slow flowing waters, but more have a high U sorption capacity, like microal-

gae. However the latter grow very fast and are associated in biofilm (periphyton 

on above named macrophytes and litter) in flowing water, which have a U remov-

al capacity of up-to some hundred mg m-2 d-1.  Furthermore, most submerse photo-
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synthetic active organisms influence changes in milieu conditions (e.g. decrease of 

PO4
3- concentration, exudation of bioligands, CaCO3 precipitation by CO2 uptake 

and pH change) leading to U complexation and co-precipitation. Under suitable 

sedimentation conditions in slow flowing water, U can be removed by bio-colloids 

and particulate organic matter (CPOM, FPOM) from detached biofilms and  de-

cayed litter. Furthermore, microbial redox-process concentrate up U in sediment 

but depending on conditions (organic matter quality and quantity in relation to e-

acceptors hierarchy and supply, respectively). Based on own measured data and a 

meta-analysis for slight acid to alkaline and hard, it is estimated that the elimina-

tion capacity of the whole system can reach as high as some hundred g U m-2 an-

num-1 in temperate climate conditions. Hence, U elimination in sun driven con-

structed wetlands is possible, however, under a limited set of conditions and needs 

a patched community approach (ecological engineering in strict sense).   



Extracellular defence reactions of rape cells 
caused by uranium exposure 

Katrin Viehweger and Gerhard Geipel 

TU Dresden, Institut für Allgemeine Ökologie und Umweltschutz, Pienner Strasse 
7, 01737 Tharandt, Germany 

Abstract. Uranium is a widespread radioactive toxic heavy metal, released into 

the biosphere mostly by military purposes and nuclear industry. It is taken up by 

plant root systems and its chemical toxicity is much more dangerous than the radi-

ological. Thus cell suspensions of rape (Brassica napus) revealed specific extra-

cellular defence reactions after uranium exposure. These include characteristic 

pH-shifts of the culture medium caused by contact with the heavy metal. At the 

same time a transient release of fluorescent compounds from the cells occurred. 

These phytoalexins probably belong to the widespread group of flavonoids de-

tected by HPLC and thin layer chromatography (TLC). They are able to interact 

with uranium and hence can protect the cell against heavy metal poisoning. To 

gain an insight in these interactions time-resolved laser-induced fluorescence 

spectroscopy (TRLFS) was performed. Further investigations are under way to 

identify intracellular defence mechanisms, e.g. spatial patterns of a possible cytop-

lasmic pH-shift, the formation of proteins possessing thiol groups (phytochela-

tins), respectively.  
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Microscopic and spectroscopic investigation of 
U(VI) interaction with monocellular green algae 

Manja Vogel, Alix Günther, Johannes Raff and Gert Bernhard 

Forschungszentrum Dresden-Rossendorf, Institute of Radiochemistry, P.O. Box 
510119, D-01314 Dresden, Germany 

Abstract. The green alga Chlorella vulgaris has the ability to bind high amounts 

of uranium(VI) in the pH range from 3 to 6 and to a lesser extend at higher pH 

values. The uranium removal is almost complete at pH 4.4 and 6 by metabolic ac-

tive and inactive cells under the given experimental conditions. Laser-induced flu-

orescence spectroscopy was used for the characterization of uranyl species formed 

in solutions and biomass. Fluorescence spectroscopic investigations indicate dif-

ferences of the formed algal uranyl complexes in dependence of the metabolic ac-

tivity of cells and the uranyl speciation. Scanning electron microscopy demon-

strates that the algal cell wall is involved in the binding of U(VI).  

Introduction 

The green algae (Chlorophyta) belong to the group of aquatic “low” plants, mostly 
living in fresh water, in salt and/or brackish water, in soils and in tree trunks. Due 
to the ubiquitous occurrence of algae in nature their influence on the migration 
processes of uranium and other actinides in biological and geological environ-
ments is of fundamental interest. Algae stand at the beginning of the natural food 
chain and play an economically relevant role as food as well as in food additives 
so that actinides taken up by algae can make their way into the food chain of hu-
mans and pose a health threat.  

The monocellular Chlorella species are known to possess high binding capaci-
ties for heavy metals like copper, cadmium, zinc and lead. Some studies about the 
sorption behavior of Chlorella species regarding uranium were already published. 
Aim of this study was to characterize the molecular structure of the U(VI) com-
plexes formed on/in metabolic active C. vulgaris cells compared to metabolic in-
active cells (Günther et al. 2008) using time-resolved laser-induced fluorescence 
spectroscopy (TRLFS) and the quantitative analysis of the sorption process under 
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the given experimental conditions. The uranium speciation of algal cells after the 
sorption process as well as in initial and final media/solutions will be compared at 
different pH values. Additionally, scanning electron microscopy was used for the 
visualization of the uranium distribution on the cell surface. 

Materials and Methods 

Cultivation of algal cells and sorption experiments 

C. vulgaris was grown in liquid algal full medium modified from Esser 2000 by 
replacing yeast extract and sodium acetate with 5 g/l glucose and glycine. The al-
gae were incubated under air supply and light until the culture reaches the end of 
the exponential growth phase. Culture purity was verified by light microscopy. 
Living algal cells were harvested by centrifugation and washed with the solution 
used for the sorption experiments, namely 0.9 % sodium perchlorate, tap water or 
mineral medium. For the first sorption experiments with metabolic inactive cells, 
frozen algal biomass was resuspended in 0.9 % sodium perchlorate and incubated 
with 1.10-4 M uranium. To keep algal cells metabolic active the sorption experi-
ments were performed in bioreactors with tap water or mineral medium. Tap water 
was used because of its environmental relevance and mineral medium supplies all 
nutrients necessary for survival and growth of the algae. Mineral medium (Kuhl 
and Lorenzen 1964) was used without EDTA and with reduced phosphate 
(Na2HPO4 0.5.10-6 M, NaH2PO4 4.5.10-6 M). The sorption experiments with meta-
bolic active cells started with a biomass concentration of 0.76 g algae dry weight / 
l and an initial uranium concentration of 1.10-4 M. Immediately after addition of 
uranium, after 72 h and 120 h samples for fluorescence spectroscopy were taken, 
biomass was harvested by centrifugation and washed once with 0.9 % sodium per-
chlorate solution. The uranium concentration in initial and final solutions was 
quantified by ICP-MS analyses (ELAN 9000, Perkin Elmer). The concentrations 
of ions in the two growth media relevant for the uranium speciation are compared 
in Table 1. Dilution series of the algal culture were streaked on agar plates with 
solid algal full medium (Esser 2000) to determine the number of colony forming 
units in the day of sampling during the sorption experiments. 

Table 1. Overview of relevant ions for uranium speciation in the initial solutions. 

 Cl-    
[M] 

NO3
-    

[M] 
PO4

3- 
[M] 

SO4
2-   

[M] 
CO3

2- 
[M] 

Na+ 
[M] 

K+ 
[M] 

Ca2+ 
[M] 

Mg2+ 
[M] 

Medium 2.10-4 1.10-2 5.10-6 1.10-3 < 1.10-5 5.5.10-3 1.10-2 1.10-4 1.10-3 

Tap 
water 8.10-4 3.10-4 < 2.10-6 9.10-4 1.10-3 1.10-3 1.10-4 1.10-3 3.10-4 
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SEM and EDX microanalysis 

Scanning electron microscopy (SEM) was carried out with a high-resolution Hita-
chi S-4800 microscope. Secondary and backscattered electrons were used for the 
detection applying acceleration voltages of 1 kV (SE) and 10 kV (BSE). The 
chemical composition of single points (minimum size 1-2 µm) or areas of the ura-
nium-containing depositions on the resuspended algal cells were determined with 
an energy dispersive X-ray (EDX) microanalysis system INCA (Oxford Instru-
ments). This system employed an integrated Si-detector and S-UTW-window. 
Depth information up to several µm can be obtained. Details of the method are de-
scribed in Schmidt et al. 1994.  

The uranium containing algal samples were washed with 0.9 % (w/v) sodium 
chloride solution (pH 7.5) and were fixed in 4 % (w/v) glutaraldehyde (pH 7.5) for 
24 h at 4°C. The cells were then washed again with 0.9 % (w/v) sodium chloride 
and were dehydrated by washing with rising ethanol concentrations. For the SEM- 
and EDX measurements the dehydrated samples were fixed with sticky conductive 
carbon tapes on the sample holder. The samples were coated with carbon for a bet-
ter conductivity. 

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) 

A Nd-YAG laser (Minilite, Continuum) with laser pulses at 266 nm and a beam 
energy of about 250 µJ was used for laser-induced fluorescence measurements of 
sorption experiments with metabolic active cells. The emitted fluorescence light of 
the initial and final solutions and the algal biomass were detected using a spectro-
graph (iHR 550, HORIBA Jobin Yvon) and a ICCD camera (HORIBA Jobin 
Yvon). The TRLFS spectra were recorded from 371.4 nm to 664.3 nm by accumu-
lating 200 laser pulses using a gate time of 2 µs. Computer control over the whole 
system was ensured by the software Labspec 5. Samples from washed algae, ini-
tial and final solutions taken immediately after uranium addition, after 72 h and 
120 h of the sorption experiments were used for the detection of uranium(VI) spe-
cies by fluorescence spectroscopic measurements. A second laser system (de-
scribed by Günther et al. 2008) with the same settings as written above was used 
for the laser-induced fluorescence measurements of the sorption experiments with 
inactive C. vulgaris cells after a contact time of 144 h.  

Results and Discussion 

The uranium speciation in the initial media was calculated with the computer pro-
gram EQ3/6 (Wolery 1992) using the NEA data base (Guillaumont 2003). The 
uranium speciation depends on the uranium concentration, the pH values and the 
ionic strength in the initial media.  
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Sorption experiments with inactive algal cells were carried out with uranyl per-
chlorate solution, in which at pH 3 the free uranyl ion is the dominating species at 
an initial uranium concentration of 1.10-4 M. At pH 6, the uranyl species 
(UO2)3(OH)5

+ (65.4 %), (UO2)4(OH)7
+ (18.5 %), UO2OH+ (2.7 %) and 

(UO2)2CO3(OH)3
- (10.6 %) are the main species. Sorption experiments using me-

tabolic active cells were done in mineral medium and tap water. In the mineral 
medium at pH 4.4 also the free uranyl ion (57.2 %) dominates the U(VI) specia-
tion. Additionally, UO2SO4 (26.83 %) and the hydroxides UO2OH+ (6.2 %) and 
(UO2)2(OH)2

2+ (5.9 %) are formed in a remarkable amount. In tap water with a pH 
of 7.1 uranyl carbonates are the main species with Ca2UO2(CO3)3(aq) (85.12 %), 
(UO2)2CO3(OH)3

- (9.89 %) and UO2(CO3)2
2- (2.84 %).  

The amount of uranium removal from the perchlorate solutions by inactive al-
gal cells depends on different parameters. At higher pH values and longer contact 
time an increase of binding capacity was detected. With a biomass concentration 
of 0.75 g algae dry weight / l at pH 3 algal cells could only remove 40 % of the in-
itial uranium, whereas 96 % of the uranium was bound on algal biomass at pH 6. 
The different sorption behavior of algal cells in perchlorate solution with respect 
to the investigated pH values could be explained by an increasing deprotonation of 
functional groups on the surface of algal cells with increasing pH values.  

From the tap water with pH 7.1 only low uranium amounts were removed by 
metabolic active algal cells within 72 h and 120 h (Fig.1). In the end only 30.4 % 
of the initial uranium amount was bound by the biomass. In contrast to that, algal 
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Fig.1. Amount of uranium(VI) immobilized on algal cells in tap water and min-
eral medium in percent of uranium concentration in initial solutions ([U(VI)]initial: 
23.8 mg/l (1.10-4 M)).  
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cells could remove 87.7 % of the uranium from the mineral medium with pH 4.4. 
An increase in contact time from 72 h to 120 h did not change the amount of total 
bound uranium on the biomass. In the mineral medium more than the half of the 
total uranium (53.8 %) is immobilized by the algal cells within the first few mi-
nutes of contact time (Fig.1). Differences in the sorption behavior of the metabolic 
active C. vulgaris cells can be explained by the formation of different uranyl spe-
cies in tap water and mineral medium due to differences in the chemical composi-
tion (Table 1) and pH values of the two media. The uranyl species formed in tap 
water were poorly accumulated by algal cells. The fact, that in mineral medium 
nearly no cells survived (0.03 %) because of the high amount of accumulated ura-
nium whereas in tap water 26 % of the cells survived (data not shown), indicates 
also that several uranium species in tap water are not bio-available for the algae. 
The results of the sorption experiments show that algal cells bind uranium on their 
cell surface. Furthermore metabolic active cells are able to take up uranium and/or 
to immobilize it by active metabolism. In the case of algal cells incubated in min-
eral medium, uranium directly affect the viability of the cells. 

The localization and characterization of the uranyl-algal-complexes on the sur-
face of metabolic inactive algal cells was investigated by Günther et al. (2008) us-
ing scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) mi-
croanalysis. The SEM-picture clearly shows the spherical cell shape of C. vulgaris 
(Fig.2a). Uranium is regularly distributed on the cell surface. The EDX analysis of 
selected areas of the cell surface in Fig.2b showed, additionally to carbon, oxygen 
and sodium uranium, phosphorus and sulphur as main elements. 

The speciation of uranium in tap water, mineral medium, sodium perchlorate 
solution and bound by the alga C. vulgaris was investigated by TRLFS verifying 
the calculated U(VI) species by determined spectral lines (Fig.3 and Table 2). 

Fig.2. SEM-picture of Chlorella vulgaris cell contaminated with uranium at pH 5, coated 
with carbon (a) and the corresponding EDX-spectrum of cell surface (b). 
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Fig.3. Luminescence spectra of U(VI)-algal complexes formed in mineral medium (a) 
and tap water (b), the initial solution with 1.10-4 M U(VI) and the final solution after 
120 h contact time.  
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In addition, the luminescence spectra of the different uranyl species were com-
pared to those cited in literature (Table 3). The luminescence spectra show that 
uranyl species could be detected on/in the algal biomass grown in sodium perchlo-
rate solution with pH 3 (ABio) and pH 6 (CBio), in mineral medium (MBio) and tap 
water (TWBio). So uranium remained in the oxidation state (VI) after the immobi-
lization on algal cells. The emission maxima of the uranyl-algae-complexes of the 
samples ABio and CBio are shifted towards higher wavelengths compared to the 
maxima of the free uranyl ion in initial solution A and of the hydroxides in the ini-
tial solution C (Table 2). The uranyl-algae-complexes of the samples MBio and 
TWBio shows also a shift of the emission maxima towards higher wavelengths 
compared to the maxima of the free uranyl ion mixed with uranyl sulfates in the 
initial mineral medium and the maxima of the uranyl-carbonates in the initial tap 
water (Fig.3 and Table 2). This leads to the conclusion that the speciation in the 
initial solutions and on and/or inside the algal cells differs. The spectra of meta-
bolic inactive algal cells at pH 3 (ABio) are comparable to those of model uranyl 
complexes with carboxylic ligands and also with the emission maxima of TWBio. 
The positions of the uranyl emission bands in the spectra of inactive algae at pH 6 
indicate that uranium is coordinated by phosphate groups (Table 2 and 3). Ob-
viously the uranyl-algae-complexes formed in the sorption experiment with meta-
bolic inactive algal cells at pH 6 (CBio) (see Table 2) are other ones than those de-
tected in/on metabolic active cells. Between the algal luminescence spectra of the 
systems MBio and TWBio minimal differences in wavelength occurred. However 
the differences are not high enough to be sure of having two different uranyl-
algae-complexes.  

Table 2. Luminescence emission bands of uranyl species in algal cells of C. vulgaris in 
comparison to the bands of the sum of uranyl species in uranyl perchlorate (initial solution 
A and C), mineral medium and tap water. 

Sample Emission bands 
Initial solution A (pH 3)a  472.3 489.1 510.2 533.3 558.3 586.9 
Solution after contact time (pH 3)a  471.1 491.5 512.9 535.7 562.2 590.4 
Algae (ABio)a  481.6 497.9 518.5 539.3 565.3 595.7 
Initial solution C (pH 6)a  483.4 497.4 513.2 533.2 555.8 585.7 
Algae (CBio)a  488.1 504.0 524.9 547.5 571.7 597.4 
Initial solution mineral medium (pH 
4.4) 

 475.3 492.5 513.3 536.0 560.8 590.7 

Solution after contact time (pH 4.8)  481.0 496.7 517.3 540.4 565.6 594.1 
Algae (MBio) 462.2 481.7 497.7 516.8 538.3 564.8 590.0 
Initial solution tap water (pH 7.1) 464.8 483.6 503.2 523.6 546.3 575.0  
Solution after contact time (pH 7.8) Emission bands not definable. 
Algae (TWBio) 465.0 481.8 498.6 519.0 540.2 561.6 590.0 

a See reference Günther et al. 2008. 
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Interestingly the emission maxima of the spectra of the algae MBio and TWBio at 
the beginning of the sorption experiment (data not shown) lay closer to those of 
inactive algal cells at pH 6 (CBio) and shift over time to lower wavelengths. This 
suggests that the interaction of the uranium alters from the beginning of the expe-
riment to the end. The reason for this may be due to the initial binding of the ura-
nium on the cell surface followed by an uptake of the uranium into the cell by the 
metabolic active cells. Under the given sorption conditions the TRLFS spectral 
lines of the metabolic active algal biomass showed that after 120 h the uranium 
did not interact with phosphate groups on algal cells as it was detected for the me-
tabolic inactive algal cells at pH 6, for higher plants and different strains of bacte-
ria. The results for the uranyl-algae-complex are comparable to those emission 
maxima obtained for model uranyl complexes with carboxylic ligands (Table 3). 

The current study displays that metabolic inactive and active algal cells bind 
uranium. The characterization of the uranyl complexes formed with the biomass 
by TRLFS showed that phosphate and carboxylic groups are important functional 
groups for the binding of uranium by algae depending on the pH values and meta-
bolic activity of the investigated system. Scanning electron microscopy of inactive 
algal cells supports the results of TRLFS measurements that uranium at pH 6 
binds on phosphate groups on the cell surface, because SEM investigations local-
ize uranium in the immediate vicinity to phosphorus (Fig.2). Although the sorp-
tion experiments for metabolic active algal cells MBio and TWBio also took place in 
the middle pH range the results are not comparable to those of inactive algal cells 

Table 3. Luminescence emission bands of different uranyl model compounds and ura-
nium(VI) in other biosystems. 

Species Emission bands (nm) Reference 
UO2

2+ 471.3 488.9 510.5 533.9 559.4 585.5 Geipel 
(1996) 

UO2OH+ 480.7 497.3 518.4 541.3 566.4  Eliet 
(1995) 

(UO2)2(OH)2
2+ 481.3 498.3 519.7 543.4 566.7 602.8 Eliet  

(1995) 
(UO2)3(OH)5

+ 484 498 514 534 557 583 Sachs  
(2007) 

UO2(malonate)2
2- 479 496 517 542 566  Brachmann 

(2002) 
UO2(glycine)2

2+ 478.7 495.3 516.7 540.6 565.0  Günther 
(2007) 

UO2SO4  493 514 538 565  Bernhard 
(1996) 

Ca(UO2)2(PO4)2
.8 

H2O 
491.3 501.8 522.9 546.9 572.2 591.7 Geipel 

(2000) 
U(VI) / 
Lupine, shoot 

 502.4 522.8 549.1 568.7  Günther 
(2003) 

U(VI) / 
B. sphaericus 

 501.9 523.9 545.8 571.1  Panak 
(2000) 
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at pH 6 (CBio). An explanation therefore could be an uptake of uranium into the 
cells by metabolism leading to TRLFS results for the uranyl algae complex com-
parable to model uranyl complexes with carboxcylic ligands. 
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Abstract. The interactions of U(VI) with one representative each of the domains 

Bacteria and Archaea are compared. Our results demonstrate that U(VI) is bound 

by the cells of both microbial strains predominantly through phosphate groups. 

However, the comparison of the binding capacities and the structural parameters 

of the formed U(VI) complexes reveals significant differences. In the case of the 

bacterial strain Paenibacillus sp. JG-TB8, U(VI) is precipitated as a uranyl phos-

phate mineral phase. In contrast, organic phosphate groups are responsible for the 

U(VI) complexation by the archaeal strain Sulfolobus acidocaldarius DSM 639.  

Introduction 

The cessation of the intensive uranium mining and milling activities in the south-
east part of Germany (Saxony and Thuringia) in 1990 left million tons of radioac-
tive contaminated sludges and a large number of waste piles (Hagen and Jakubick 
2005). The release of uranium from such sites into the environment is a subject of 
great public concern due to the chemical and radiological toxicity of this radionuc-
lide. For the development of effective remediation strategies and reliable risk as-
sessment, consolidated knowledge about the uranium behavior in contaminated 
sites is necessary. Beside the interactions with inorganic soil components, an im-
portant role in the migration behavior of uranium play the naturally occurring mi-
croorganisms. They can interact in multiple ways with radionuclides and other 
heavy metals in the environment via biosorption, bioaccumulation, biomineraliza-
tion, and biotransformation processes (Lloyd and Macaskie 2002; Selenska-Pobell 
2002; Merroun et al. 2005; Pedersen 2005). Microbial strains isolated from ura-
nium contaminated sites were used as model systems for the investigation of these 
interaction mechanisms. A high number of studies were dedicated to elucidate the 
bacterial processes responsible for the binding of uranium. However, little is 
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known about the processes implicated in the complexation of this radionuclide by 
representatives of the second microbial life domain, the “Archaea”.  

The objective of the present work was to investigate whether the structural 
differences between the cell surfaces from representatives of archaea and bacte-
ria influence the local coordination of U bound to the cells, at molecular scale 
using X-ray absorption spectroscopy (XAS). 

XAS is among the few analytical methods that can provide information on the 
chemical environment of actinides in microbial samples at dilute metal concentra-
tions. XAS is a nondestructive method, and no sample reduction or digestion is 
required which would alter the chemistry of the element of interest. The two mi-
crobial strains used are: Paenibacillus sp. JG-TB8, a bacterial uranium waste pile 
isolate, and S. acidocaldarius DSM 639, an archaeal strain, which was found in 
comparable soil samples. 

Materials and Methods 

Microbial strains and growth conditions 

Paenibacillus sp. JG-TB8 was isolated from an anaerobic microbial consortium 
enriched from a soil sample of the uranium mining waste pile Haberland in Saxo-
ny. The strain was cultured in Luria Broth medium at 30°C. Sulfolobus acidocal-
darius DSM 639 was obtained from the “German Collection of Microorganisms 
and Cell Cultures” and cultured at pH 2.5 and 70°C in a mineral salt medium 
(Brock et al. 1972) supplemented with 0.1% tryptone and 0.005% yeast extract. 

U biosorption kinetics  

The microbial cells grown to the late exponential phase were harvested by centri-
fugation and washed twice with 0.1M NaClO4 (pH 4.5). The cells were resus-
pended and shaken in triplicate for 5, 10, 20, 30, 60, 120 min, at 30oC in 10 ml 
uranium solution (0.5mM UO2(NO3)2 · 6 H2O, pH 4.5). We used 0.1M NaClO4 as 
a background electrolyte. Cells were then harvested and the metal content of the 
supernatants were analyzed by ICP-MS. To determine the amount of the bound 
uranium per gram of dry cell mass, parallel samples were weighed after drying for 
48h at 70°C.  

X-ray absorption spectroscopy (XAS) measurements 

For the XAS studies, a similar procedure as described above was used for the 
sample preparation (0.5mM U, pH 4.5, 48 h). After contact with the uranium solu-
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tion, cells were harvested and washed with 0.1M NaClO4. The pelleted samples 
were dried in a vacuum incubator at 30oC for 24 h and powdered. 

Uranium LIII-edge X-ray absorption spectra were collected at the Rossendorf 
Beamline at the European Synchrotron Radiation Facility (ESRF), Grenoble 
(France) (Matz et al. 1999) using a Si(111) double-crystal monochromator, and Si-
coated mirrors for focusing and rejection of higher harmonics. The data were col-
lected in fluorescence mode using a 13-element Ge detector. The energy was cali-
brated by measuring the yttrium (Y) K-edge transmission spectrum of an Y foil 
and defining the first inflection point as 17038 eV. The Extended X-ray Absorp-
tion Fine Structure (EXAFS) oscillations were isolated from the raw, averaged 
data by removal of the pre-edge background, approximated by a first-order poly-
nomial, followed by µ0-removal via spline fitting techniques and normalisation us-
ing a Victoreen function. Dead-time correction was applied. The ionisation energy 
for U LIII-electron, E0, was arbitrarily defined as 17185 eV for all averaged spec-
tra. The EXAFS spectra were analysed according to standard procedures using the 
program EXAFSPAK (George and Pickering 1995). The theoretical scattering 
phase and amplitude functions used in data analysis were calculated using FEFF8 
(Ankudinov et al. 1998) using the crystal structure of meta-autunite, 
Ca(UO2PO4)2 · 6 H2O (Makarov and Ivanov 1960). All fits included the four-
legged multiple scattering (MS) path of the uranyl group, U-Oax-U-Oax. The coor-
dination number (N) of this MS path was linked to N of the single-scattering (SS) 
path U-Oax. The radial distance (R) and Debye-Waller (σ2) factor of the MS path 
were linked at twice the R and σ2 of the SS path U-Oax, respectively (Hudson et al. 
1996). During the fitting procedure, N of the U-Oax SS path was held constant at 
two. The amplitude reduction factor was held constant at 1.0 for FEFF8 calcula-
tion and EXAFS fits. The shift in threshold energy, ΔE0 was varied as a global pa-
rameter in the fits. 

Results and Discussions 

Biosorption of uranium 

Biosorption describes a metabolism-independent sorption of radionuclides and 
other heavy metals to biomass from even very dilute aqueous solutions. Negative-
ly charged cell surface groups including phosphate, carboxylic, or hydroxylic resi-
dues are the main ligands responsible for the complexation of metals  (Ferris and 
Beveridge 1986). 

The uranium binding capacities of the cells of Paenibacillus sp. JG-TB8 and 
S. acidocaldarius as function of time are presented in Fig. 1. The results demon-
strated that the saturation of the binding sites was reached for both strains after an 
incubation time of about 30 minutes. The binding capacity of the bacterial cells 
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(65 ± 4 mg/gdry mass) was determined to be about ten times higher than those of the 
archaeal cells (7 ± 0.4 mg/gdry mass).  

This difference on the U binding abilities of both microbial strains could be due 
to the structural differences between their cell surfaces. The cells of S. acidocalda-
rius are covered with a cytoplasma membrane surrounded by a membrane-
anchored proteinaceous surface layer (S layer). The latter represents the only cell 
wall component of this archaeal species. Because of the low content of negatively 
charged amino acids and the absence of phosphorylated sites, this S-layer seems to 
be ineffective in the complexation of uranium. In this case a small amount of ura-
nium might pass through the pores of the S-layer and is complexed by the reactive 
groups of the cytoplasma membrane. The cells of Paenibacillus sp. JG-TB8 pos-
sess a more complex cell wall structure, which includes a thick layer of peptidog-
lycan that is rich on phosphate and carboxylic groups and represents the major 
metal binding component of this bacterium.  
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Fig.1. Sorption kinetics of uranium by the cells of Paenibacillus sp. JG-TB8 and 
S. acidocaldarius DSM 639 from a 0.5mM uranyl nitrate solution in 0.1M NaClO4 
(pH 4.5).  
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X-ray absorption spectroscopy 

X-ray Absorption Near-Edge Structure (XANES) analyses of the uranium com-
plexes formed by the cells of both microbial strains indicated that U is present in 
these samples as U(VI) (data not shown). 

The local coordination of U(VI) associated to the microbial cells at molecular 
scale was studied using EXAFS spectroscopy. The uranium LIII-edge k3-weighted 
EXAFS spectra of the U species bound to the cells of Paenibacillus sp. JG-TB8 
and S. acidocaldarius DSM 639, the reference compounds (meta-autunite and 
U-fructose 6-phosphate) as well as their corresponding Fourier Transforms (FT) 
are presented in Fig. 2. The peaks of the FT’s are not corrected for EXAFS phase 
shift and therefore located at lower R-values (R+Δ) than the true near-neighbor 
distances (R).  

In both U/microbial samples, quantitative fit results (data not shown) indicated 
that the adsorbed U(VI) has the common linear trans-dioxo structure: two axial 
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Fig.2. Uranium LIII-edge k3-weighted EXAFS spectra (left) and corresponding Fourier 
transforms (right) of the uranium complexes formed by the cells of Paenibacillus sp. 
JG TB8 and S. acidocaldarius DSM 639 and those of the reference compounds, meta-
autunite and U-fructose 6-P (*Koban et al. 2004). 
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oxygens at about 1.76 - 1.79 Å, and an equatorial shell of 4 to 6 oxygens at 2.29 - 
2.30 Å. The U-Oeq1 bond distance is within the range of previously reported values 
for phosphate bound to uranyl (Hennig et al. 2001; Merroun et al. 2002, 2003, 
2005). The FT spectra of the U-treated microbial samples contain an FT peak at 
about R+Δ ~ 2.3 Å, interpreted as a contribution from oxygen neighbors (Oeq2). 
The fourth FT peak, which appears at R+Δ ~ 3 Å (radial distance R = 3.58 - 3.62 
Å) is a result of the back-scattering from phosphorus atoms. This distance is typi-
cal for a monodentate coordination of U(VI) by phosphate (Hennig et al. 2001; 
Merroun et al. 2002, 2003, 2005).  

In the case of the acidophilic and thermophilic archaeon S. acidocaldarius 
DSM 639, the high Debye-Waller factor of the U-Oeq1 (second coordination shell 
in the FT) shell suggests the existence of more than one oxygen bond in the equa-
torial plane. The shell may be split into a shorter U-Oeq1 distance, from the back-
scattering contribution of phosphate oxygen(s) in a monodentate binding mode, 
and a longer bond distance from oxygen(s) of hydroxyl or carboxyl groups. The 
phosphate groups implicated in the coordination of U could have organic origin 
since the EXAFS spectrum shows high similarity to those resulting from the ura-
nium complexes with organic phosphate groups, e.g. fructose phosphates (Koban 
et al. 2004).  

Interestingly, the EXAFS spectrum of the U/Paenibacillus sp. sample is similar 
to that of meta-autunite (Hennig et al. 2001) with regard to the U-Oeq, U-P and U-
U distances, suggesting that a similar inorganic uranyl phosphate phase was pre-
cipitated by the bacterial cells at pH 4.5, probably caused by the release of inor-
ganic phosphates by the cells resulting from microbial activity.  

In accordance to this an acidic phosphatase activity was demonstrated in the 
studied bacterial strain. This enzyme liberates inorganic phosphate groups, which 
were shown to be responsible for the uranium complexation and biomineralization 
(Martinez at al. 2007). Transmission electron microscopic studies coupled with 
energy dispersive X-ray analysis demonstrated that the formed precipitates are lo-
cated at the cell surface and also intracellularly, as needle like fibrils and in poly-
phosphatic bodies (not shown). 

The results presented in this work indicated that the cells of the investigated 
strains, Paenibacillus sp. JG-TB8 and S. acidocaldarius DSM 639, interact with 
uranium through different mechanisms, including biosorption at the cell surface 
and biomineralization processes. These microbial processes may influence the fate 
and migration of uranium in contaminated sites.  
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Abstract. One of the uranium-mining legacies is contamination of ground and 

surface waters with high toxic substances, including radioactive isotopes. Due to 

limited applicability of chemical cleaning procedures for such waters, the need for 

alternative technology has grown considerably. It was earlier observed that helo-

phytes, emerse and submerse macrophytes and algae act as excellent sinks of ura-

nium in wetlands (Brackhage & Dudel 2005, Mkandawire & Dudel 2005, Vogel 

& Dudel 2004, Vogel & Dudel). Thus, the proportion percentages range of ura-

nium in organic matter (decayed litter) can be high too. However, the species spe-

cific elimination capacity of uranium on a specific area remains unknown, for ex-

ample, under aerobic neutral to alkaline conditions with slightly soluble and 

mobile uranium. Consequently, we investigated and compared the uranium bioac-

cumulation capacity between higher aquatic plants, submerse macrophytes and 

their associated algae (“biofilm”) in synthetic mine water (but without sediments) 

in the flowing-water simulation research facility of Federal Environmental Agen-

cy (UBA). The synthetic mine water was based on water quality and conditions in 

the "tailings"  down stream of former uranium mine at Neuensalz-Mechelgrün, 

Vogtland (Saxony), which has P-Limitation, pH 7.2 ± 0.6, conductivity 600 to 700 

μS cm-1, and uranium concentration of about 200 μg L-1. Under these conditions, 

helophytes (i.e. Phragmites australis TRIN. ex STEUD., Typha latifolia L. Spar-

ganium erectum L.) accumulated up to 130 mg kg-1 uranium in dry matter during 
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summer, between 50 and 70% of the uranium accumulated in the roots, especially 

in P. australis. Submerse macrophytes take up even uranium more than helo-

phytes that some could even accumulate ten-fold more. For instance, Elodea ca-

nadensis MICHX. accumulated up to 150 mg kg-1 DW; mill foil (Myriophyllum 

spicatum L.)  had maximum accumulation of 1600 mg U kg-1 DW. Mill foil has 

feathered leaf structures, which probably provided comparatively large surface 

with high number of uranium sorption sites. Further the older leaves are carries for 

associated microalgae in biofilms, which have high biomass turn over and accu-

mulation capacity too due to high surface volume ratio. Therefore, the autotrophic 

microphytes or periphyton (“biofilms”) play a key role in the elimination of ura-

nium from the water pathway. 
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Abstract. Uranium exists in several chemical forms in mining and mill tailings 

and in nuclear and weapons production wastes. Under appropriate conditions, mi-

croorganisms can affect the stability and mobility of U in wastes by altering the 

chemical speciation, solubility and sorption properties and thus could increase or 

decrease the concentrations of U in solution and the bioavailability. Dissolution or 

immobilization of U is brought about by direct enzymatic action or indirect non-

enzymatic action of microorganisms. Although the physical, chemical, and geo-

chemical processes affecting dissolution, precipitation, and mobilization of U have 

been extensively investigated, we have only limited information on the mechan-

isms of microbial transformations of various chemical forms of U in the presence 

of electron donors and acceptors.  

Uranium in wastes 

Uranium in wastes is present in various chemical forms and may eventually exist 
in the environment as elemental, oxide, coprecipitates, ionic, inorganic-, and or-
ganic-complexes, and naturally occurring minerals depending on the process and 
waste stream. Uranium in ores is present as uraninite and pitchblende and in sec-
ondary mineral phases associated with silicates, phosphates, carbonates, and vana-
dates (Katz et al., 1986). The concentration of uranium can vary between 0.5 and 
20%, with the highest amount occurring in Canadian ores. Mill tailings, a by-
product of the mineral extraction process, contain up to 2% uranium. The treat-
ment process residues contain sulfates, ammonia, tertiary amines, and organic sol-
vents (Metzler 2004). Carbonate leaching has been used for in situ extraction of 
uranium. The residual uranium that has not been extracted may be present as a re-
sult of newly formed insoluble mineral phases (e.g. CaSO4, MgCO3, Fe(OH)3) 
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which provide surface sites for uranium adsorption (Bostick et al., 2002). Howev-
er, there is lack of information on the chemical characterization of uranium in var-
ious waste forms. Uranium in the environment exists predominantly as U(VI) and 
U(IV) oxidation states while the former is more soluble and the latter quite inso-
luble and mobile.  

Biotransformation of Uranium 

Microbial activity could affect the chemical nature of U by altering the speciation, 
solubility and sorption properties and thus could increase or decrease the concen-
tration in solution and their bioavailability. Under appropriate conditions, dissolu-
tion or immobilization of U is brought about by direct enzymatic or indirect non-
enzymatic actions of microorganisms. These include (i) oxidation-reduction reac-
tions, (ii) changes in pH and Eh, (iii) chelation or production of specific sequester-
ing agents, (iv) bioaccumulation by biomass, (v) biocolloid formation, (vi) biopre-
cipitation, and (vi) biotransformation of radionuclide-organic and -inorganic 
complexes (Francis, 1990). Both aerobic and anaerobic microorganisms are in-
volved in the mobilization and immobilization of various chemical forms of U. 

Dissolution of Uranium 

Dissolution of uranium in ores by autotrophic sulfur- and iron-oxidizing bacteria 
is due to production of sulfuric acid and by heterotorphic bacteria and by fungi 
due to production of organic acids and chelating agents has been well documented 
in the literature (Francis 1990).  

Autotrophic microbial activity. The chemical and biochemical mechanisms 
involved in microbial leaching or biomining of metals have been extensively stu-
died and are used commercially for extracting copper and uranium from ores. The 
iron and sulfur oxidizing bacteria play a significant role in the solubilization of 
uranium from ores and in mill tailings. The role of autotrophic bacteria Thiobacil-
lus ferrooxidans in the extraction of uranium from ore is due to indirect and direct 
actions. The indirect mechanism is confined to its generating the oxidizing agent, 
ferric sulfate, and the solvent sulfuric acid and to the involvement of Fe2+/Fe3+ in 
cyclically mediating the oxidation of insoluble uranium oxide to soluble uranyl 
ion UO2 + Fe3+ → UO2+

2 + Fe2+, whereas the direct action involves the oxidation 
of UO2 → UO2+

2 without using the Fe2+/Fe3+ complex as the chemical electron 
carrier. 

Heterotrophic microbial activity. Dissolution of metals by heterotrophic mi-
croorganisms is due to production of organic acid metabolites, as well as lowering 
of the pH of the medium from the metabolism of organic compounds. In many 
cases, a combined effect is important. For example, when organisms secrete or-
ganic acids which may have a dual effect in increasing U dissolution by lowering 
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pH, and by complexation. Microbially produced dicarboxylic acids, ketogluconic 
acid, polyhydroxy acids, and phenolic compounds, such as protocatechuic acid, 
and salicylic acid are effective chelating agents and are known to accelerate their 
movement in soils. A wide variety of heterotrophic microorganisms, such as Ba-
cillus sp., B. luteus, B. subtilis, B. cereus, B. pumilis, Pseudomonas striata, P. vis-
cosa, P. perolens, P. choloroaphis, Achromobacter xerosis, A. stoloniferum, and 
A. healii may be involved in solubilizing uranium from granitic rock where ura-
nium is generally present as an oxide (Bhurat et al., 1973). Such solubilization is 
due to the production of organic-acid metabolites, such as oxalic, isocitric, citric, 
succinic, hydrobenzoic, and coumaric acids via their carboxylic and phenolic 
groups (Berthelin and Munier-Lamy, 1983; Bloomfield and Kelso, 1973; Bloom-
field and Pruden, 1975; Bloomfield et al., 1971). When microorganisms are grown 
in an iron-deficient medium, they elaborate specific iron chelators, such as sidero-
phores. Iron-sequestering agents could play an important role in the complexation 
of radionuclides and so increase their solubility. Pseudomonas aeruginosa CSU, 
grown in the presence of uranium or thorium, elaborated several metabolic prod-
ucts which complexed both elements (Premuzic et al., 1985). 

Immobilization of Uranium  

The immobilization of uranium is brought about by bioaccumulation, bioreduction 
and bioprecipitation reactions. Uranium is reduced by a wide variety of facultative 
and strict anaerobic bacteria under anaerobic conditions in the presence of suitable 
electron donor. Microbially mediated U reductions play an important role in the 
biogeochemical cycles of U. Consequently, the potential exists for the use of anae-
robic bacteria to concentrate, contain and stabilize uranium in contaminated 
groundwaters and in waste with concurrent reduction in waste volume. However, 
the long-term stability of bacterially reduced uranium in the natural environment 
is not known. 

Biosorption and bioaccumulation of uranium. Biosorption and bioaccumula-
tion of uranium has been observed in a wide range of microorganism (Sakaguchi, 
1996; Strandberg et al 1981). It is still one of the intensely investigated areas of 
research because of the potential use of biomass to remove uranium from waste 
streams. Uranium forms complexes with the carboxylate, phosphate, amino, and 
hydroxyl functional groups present on the cell surface; and intracellularly, by 
binding to anionic sites or precipitating as dense deposits. Nuclear magnetic re-
sonance spectroscopy (NMR), time resolved laser fluorescence spectroscopy 
(TRLFS), and extended X-ray fluorescence spectroscopy (EXAFS) have been 
used to determine the functional groups involved in the complexation of U with 
bacteria. 

Extracellular and intracellular association of U with bacteria was observed but 
the extent of its accumulation differs greatly with the species of bacteria. Extracel-
lular association of uranium with bacterial cell surfaces is primarily due to physical- 
and chemical- interactions involving adsorption, ion exchange, and complexation 
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and does not depend on metabolism. Bacterial cell walls, exopolymers, proteins, 
and lipids contain functional groups, which are able to bind uranium. In Halomo-
nas sp. U accumulated as electron-dense intracellular granules and was also bound 
to the cell surface (Figure 1). EXAFS analysis of the association of U with halo-
philic and non-halophilic bacterial cells showed that it was associated predomi-
nantly with phosphate as uranyl hydrogen phosphate and additional forms of 
phosphate such as hydroxophosphato or polyphosphate complexes as well as other 
ligands such as carboxyl species (Francis et al., 2004). These results demonstrate 
that phosphate, including the polyphosphates, bind significant amounts of uranium 
in bacteria.  

Intracellular accumulation involves transporting the metal across the cell mem-
brane, which depends on the cell’s metabolism. The intracellular transport of the 
U into the cell involves an as-yet unidentified transport system. Uranium transport 
across bacterial cell membranes may be mediated by the mechanism used to con-
vey metabolically essential ions; however, additional studies are needed to clarify 
the exact mechanism involved.  

Polyphosphates are widely distributed throughout the bacterial cell. Numerous 
and varied biological functions are performed by polyphosphate including phos-
phate storage in the cell, a reservoir of energy for cellular functions, a chelator of 
metals (e.g., Mn2+ and Ca2+), a pH buffer, a capsule for bacteria, and in physiolog-
ical adjustments to growth, development, stress, and deprivation. In particular, the 
polyphosphates play a vital role in the dynamics of metabolic adjustments of cells 
to stationary phase and their survival in response to a variety of nutritional limita-
tions and environmental stresses. The amount of polyphosphate that is stored by 
cells varies between bacterial species, and is determined in part by the rate at 
which it can be degraded for example, in response to the presence of metals, and 
the amount of inorganic phosphate secreted into the medium. In as much as all of 
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Fig.1. Intra- and extra- cellular accumulation of Uranium by Halomonas sp. After expo-
sure to U, EDS shows U and P as the major constituents of the intracellular granules 
(Francis et al., 2004). 
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uranium exposure studies reported were conducted with cells in the stationary 
phase, the cells are responding to heavy metal stress by releasing phosphate from 
the mineralization of cellular polyphosphate.  

Bioreduction of uranium. A wide variety of facultative and strict anaerobic 
bacteria reduced U(VI) added as uranyl-nitrate or uranyl carbonate to U(IV) under 
anaerobic conditions (Wall and Krumholz, 2006). These include axenic cultures of 
iron-reducing, fermentative, and sulfate-reducing bacteria. Mixed cultures of bac-
teria in uranium contaminated ground waters and in wastes also reduced uranium. 
However, the stability of bioreduced uranium is a major concern because they can 
be readily reoxidized to the soluble U(VI)from. Metals associated with or copreci-
pitated with iron and manganese oxides and hydroxides can be remobilized due to 
reduction of host metal Fe3+ and Mn4+ (hydro)oxides either chemically or enzy-
matically (Stone and Morgan, 1987; Francis and Dodge, 1990) under anaerobic 
conditions.  

Biotransformation of uranium complexed 
with organic ligands 

Naturally occurring soluble organic complexing agents present at the uranium-
contaminated sites may not only affect the mobility of uranium but also affect the 
microbial transformation and reductive precipitation of uranium. Biotransforma-
tion of the complexed uranium should result in its precipitation and retard migra-
tion. There is a paucity of information on the mechanisms of microbial transfor-
mations of uranium complexed with naturally occurring low molecular weight 
soluble organic ligands.  

We investigated the mechanisms of complexation and biotransformation of 
uranium with organic ligands ketogluconic, oxalic, malic, citric, protocatechuic, 
salicylic, phthalic, and fulvic acids and catechol. Potentiometric titration of ura-
nium with the organic ligands confirmed complex formation and extended X-ray 
absorption fine structure (EXAFS) analysis and electrospray ionization-mass spec-
trometry (ESI-MS) showed that ketogluconic acid formed a mononuclear complex 
with uranium involving the carboxylate group, while malic acid, citric acid, and 
catechol formed binuclear complexes. Phthalic acid formed a bidentate complex 
involving the two carboxylate groups, while catechol bonded to uranium through 
the two hydroxyl groups. The hydroxycarboxylic acids were bound in a tridentate 
fashion to uranium through two carboxylates and the hydroxyl group. 

Studies with anaerobic bacteria Clostridium sp. (ATCC 53464) and C. sphe-
noides (ATCC 53464) showed U(VI) complexed with organic ligands was re-
duced to U(IV) under anaerobic conditions with little precipitation of uranium. 
The reduction of U(VI)-citrate to U(IV)-citrate occurred only when supplied with 
an electron donor glucose or citrate. The bacteria did not metabolize the citrate 
complexed to the uranium. XANES analysis showed that the reduced form of ura-
nium was present in solution while EXAFS analysis showed that the U(IV) was 
bonded to citric acid as a mononuclear biligand complex [U(IV)-cit2] (Francis and 
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Dodge, manuscript submitted). Also the sulfate-reducing bacteria Desulfovibrio 
desulfuricans and the facultative iron-reducing bacteria Shewanella halotolerans 
reduced U(VI) complexed with oxalate or citrate to U(IV) under anaerobic condi-
tions with little precipitation of uranium (Ganesh et al., 1997). These results show 
that the complexed uranyl ion is readily accessible as an electron acceptor despite 
the inability of the bacterium to metabolize the organic ligand. These results also 
suggest that reduced uranium, when complexed with an organic ligand, can re-
main in solution; this finding is contrary to the conventional belief that reduced 
uranium will precipitate from solution. The persistence of reduced uranium com-
plexed with chelating agents in subsurface environments is a major concern be-
cause of the potential for increasing the transport of the radionuclide.  

Biotransformation of uranium in wastes and in sediment  

We investigated uranium-contaminated sediment and sludge samples from the 
West End Treatment Facility, at the U.S. Department of Energy, Oak Ridge Y-12 
Plant, Oak Ridge, TN (Francis et al., 1991). The sludge was generated from a 
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Fig.2. Analyses of metals in sludge (Francis et al., 1991). 
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Fig.3. Mineralogical association of U in sludge and sediment before and after microbial action 
(Francis et al., 1991). 
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uranium-process waste stream after biodenitrification of nitric-acid uranium waste 
water, and the sediment was from a contaminated pond (New Hope Pond) which 
received uranium-process waste water. Several million gallons of the sludge is in 
storage awaiting disposal. Both sediment and sludge samples contained varying 
levels of major elements, Al, Ca, Fe, Mg, K, and Na, and toxic metals As, Cd, Cr, 
Co, Cu, Pb, Mn, Hg, Ni, U, and Zn (Figure 2). The concentrations of uranium in 
sediment and sludge samples were 920 and 3100 ppm, respectively. In addition to 
those elements reported above, analysis of the sediment sample by X-ray fluores-
cence showed the presence of titanium, gallium, bromine, strontium, rubidium, yt-
trium, and zirconium. The sludge was low in organic carbon and nitrogen but high 
in ash and sulfate; the latter resulted from adding sulfuric acid and ferric sulfate 
during the waste treatment process. Chemical analysis of the sludge supernate 
showed that the pH was alkaline, it was high in dissolved inorganic carbon (DIC) 
and sulfate, and low in nitrate; the pH of the sediment supernate was near neutral 
and contained high dissolved organic carbon (DOC), and low levels of the other 
constituents tested. 

The mineralogical association of cadmium, chromium, copper, manganese, 
nickel, lead, uranium, and zinc in the sludge and sediment was determined by a se-
lective extraction procedure. Figure 3 shows these associations of uranium in the 
sludge and sediment before and after microbial action. A comparison of the total 
uranium obtained by digestion of the entire sample with the sum of the selective 
extractions showed good agreement within ±10% (±1 SEM).  

The sediment and sludge samples amended with glucose showed an increase in 
total gas, CO2, H2, CH4, and organic acids; pH was lowered by about 2.5 units. 

 
Fig.4. Comparison of XANES spectra of sludge and sediment before and after microbial treatment 
show reduction of U(VI) to U(IV) (Francis et al., 1991). 
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This change was due to the production of organic acid metabolites from glucose 
fermentation. The organic acids were acetic, butyric, propionic, formic, pyruvic, 
lactic, isobutyric, valeric, and isocaproic acids. A significant amount of gas was 
produced due to glucose fermentation by anaerobic bacteria, as well as from the 
dissolution of CaCO3 in the sludge by the organic acids. A decrease in sulfate 
concentration was observed only in amended samples.  

This treatment process removed a large fraction of soluble non-toxic metals 
such as Ca, K, Mg, Mn2+, Na, and Fe2+, and enriched and stabilized Cd, Cr, Cu, 
Ni, Pb, U, and Zn with the remaining solid phase due to direct and indirect actions 
of the bacteria (Francis, et al. 1991). Analysis of the mineralogical association of 
the metals in the wastes after microbiological action showed that many of the met-
als were redistributed with stable mineral phases, such as organic and silicate frac-
tions (Figures 3). Metals associated with the exchangeable, carbonate, and iron 
oxide fractions were solubilized by indirect action due to the production of organic 
acid metabolites, whereas dissolution of iron oxides and metals coprecipitated 
with iron oxides was due to direct enzymatic reduction of iron. Uranyl ion asso-
ciated with the exchangeable, carbonate, and iron-oxide fractions was released in-
to solution by direct and indirect actions of the bacteria, and subsequently, was re-
duced enzymatically to insoluble U(IV). X-ray absorption near edge spectroscopic 
(XANES) analysis of uranium in the untreated (control) and treated sludge and se-
diment samples showed partial reduction of U(VI) → U(IV) in the sludge and 
complete reduction in the sediment (Figure 4). Figure 5 illustrates the mechanisms 
of anaerobic microbial transformations of uranium in mixed wastes. Uranium was 
predominantly associated with the carbonate fraction and to a lesser extent with 
the oxide, organic, and inert fractions; after microbial activity its concentration in-
creased for all three fractions.  

Substantial amounts of calcium, iron, potassium, magnesium, manganese, and 
sodium were solubilized from the waste, reducing the mass ~15-20% in these 
batch studies. Further reductions in waste volume can be achieved by optimizing 
the process using a continuous treatment system to solubilize and remove the bulk 
of non-toxic waste components, particularly calcium, potassium, iron, magnesium, 
and manganese. This biotreatment can be applied to mixed wastes containing ra-

 
Fig.5. Proposed mechanisms of microbial ransformation of uranium in mixed waste. 
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dioactive elements and toxic metals generated from defense, energy, and industrial 
operations wastes to chemically convert the radionuclides and metals to more sta-
ble forms. Reducing the mass of the wastes means that more material can be 
stored or disposed of, can be handled easier, and can be transported. Converting 
the radionuclides and toxic metals to more stable forms allows the material to be 
processed chemically, for disposal in shallow or deep geological formations. 

Fundamental information on the characterization of the uranium wastes and 
clear understanding of the mechanisms of interactions of microorganisms with 
uranium associated with naturally occurring minerals, uranium mining and mill 
tailing wastes, organic and inorganic ligands and colloids at the molecular level 
under various microbial process conditions will aid in the development of appro-
priate remediation strategies and long-term stewardship of contaminated sites. 
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Abstract. Direct molecular techniques demonstrated that uranium mining waste 

piles are a reservoir of different bacterial groups with diverse metabolic activities. 

These bacteria developed different mechanisms to overcome the toxicity of this 

radionuclide including precipitation, sorption, intracellular accumulation, biomi-

neralization etc. The present work overview the different mechanisms of biomine-

ralization of uranium at acidic conditions by bacterial strains isolated from ex-

treme environments including uranium mining waste piles using a 

multidisciplinary approach combining potentiometric titration, microbiological, 

spectroscopic (EXAFS/XANES) and microscopic (TEM/EDX) techniques. 

EXAFS studies indicated that the main mineral phase precipitated by the studied 

bacterial cells has similar structural parameters to that of m-autunite phase. 

Transmission electron microscope analysis showed strain-specific cell surface 

and/or intracellular uranium precipitation. The precipitation of uranium was main-

ly associated with the activity of acidic phosphatase by liberation of inorganic 

phosphates which precipitate uranium. The results found in this study will be help-

ful to fully understand actinide cycling and dispersal in the environment, particu-

larly in the uranium mining wastes.  
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Abstract. While the product of microbial U6+ reduction is often reported as the 

mineral uraninite, UO2, there is increasing evidence that, in some cases, other 

compounds may be produced. In this study, we evaluate the product of U6+ reduc-

tion by the metal-reducing bacteria Geobacter sulfurreducens in the presence or 

absence of a reduced-phase iron phosphate precipitate produced during growth on 

Fe3+. Our results demonstrate that uraninite is precipitated by resting cells in the 

absence of this mineral. In contrast, a complexed, non-crystalline U4+ product 

forms in the presence of biogenically reduced iron. We hypothesize that this dif-

ferent mineralogical outcome reflects enzymatic vs. sorption driven reductive 

processes.  

Introduction  

Reductive immobilization has been proposed as a strategy to attenuate depleted 
uranium in subsurface waters contaminated by mining or U enrichment activities. 
(Lovley et al. 1991; Meinrath et al. 2003). Bioremediation of uranium contami-
nated groundwater is based on the microbial in-situ reduction of soluble, and 
hence mobile, oxidized uranium, U6+, to a comparatively insoluble reduced spe-
cies, U4+ (Lovley et al. 1991; Lovley et al. 1993). However, the structure of the 
reduced uranium, inherent stability in the subsurface environment, and susceptibil-
ity to reoxidation are not well understood (Anderson et al. 2003).  

A number of microorganisms have been identified as capable of reducing ura-
nium, including metal-reducing bacteria (MRB) and sulfate-reducing bacteria 
(SRB). While the product of microbial U6+ reduction is often reported as the min-
eral uraninite, UO2, there is increasing evidence that, in some cases, other com-
pounds may be produced. In this study, we evaluated the product of U6+ reduction 
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by a MRB, Geobacter sulfurreducens, after growth in the presence or absence of 
iron and identified differences in the reduced uranium products formed using XAS 
(X-ray Absorption Structure) and electron microscopy.  

Materials and Methods  

Bacterial strain Geobacter sulfurreducens (DSMZ no. 12127) was grown using 
standard anaerobic techniques. Geobacter media at pH 6.8 (DSMZ media no. 826 
and 579) was used to support what is referred to hereafter as fumarate- or iron-
grown cells (Lovley and Phillips 1988). The distinction between each growth con-
dition being the electron acceptor, either 8g/L Na2-fumarate coupled to 0.82 g/L 
Na-acetate or 13.7g/L Fe3+-citrate coupled to 2.5g/L Na-acetate. After growth, 
cells and iron precipitates (representing ca. 60% of total iron in the system as de-
termined by soluble Fe in the supernatant) were harvested by centrifugation 
(10,000*g for 5 min), washed in anaerobic buffer, and added to a closed bottle 
(20% CO2, balance N2, pH = 7.0) containing 30mM HCO3

-, 10mM PIPES, 20 mM 
acetate, and 1000 μM uranyl-citrate. Heat pasteurized controls were used to assess 
the biological component of the reduction. After one day, the cells and resulting 
precipitate were collected and processed by centrifugation under anaerobic condi-
tions, washed in 100 mM bicarbonate, followed by final resuspension in MilliQ 
prior to structural analysis.  

Composition, structure and morphology of iron precipitate particles were ex-
amined by transmission electron microscopy (TEM) and scanning transmission 
electron microscopy (STEM) imaging and X-ray energy dispersive spectrometry 
(EDS) chemical microanalysis (INCA, Oxford) in a FEI CM300UT FEG trans-
mission electron microscope (300 kV field emission gun, 0.65 mm spherical aber-
ration, and 0.17-nm resolution at Scherzer defocus). The images were recorded on 
a Gatan 797 slow scan CCD camera with a 1024x1024 pixels/14 bit detector and 
processed with the Gatan Digital Micrograph 3.11.0 software including Fourier 
filtering. Low dose illumination conditions were used to record the images in or-
der to prevent sintering of particles under the electron beam. The specimens of 
particles for TEM examination were prepared on carbon films supported by Cu gr-
ids after drying residual water. 

The phase identity was determined by analyzing selected area electron diffrac-
tion (SAED) patterns and the interpretation of images, SAED patterns and diffrac-
tograms were performed with the JEMS software package [JEMS, Stadelmann, 
http://cimewww.epfl.ch] using the known electron-optical parameters and crystal-
lographic data for several phases contained uranium [Inorganic Crystal Structure 
Database, ICSD 2003].  

Structural synchrotron and spectroscopic characterizations of biogenic minerals 
employed Uranium Extended X-Ray Absorption Fine Structure (U-EXAFS). All 
sample manipulation at SSRL was carried out under an anaerobic atmosphere (5% 
hydrogen, balance nitrogen). Centrifuged wet samples were loaded in Al sample 
holders with Kapton windows. Samples were stored wet and anaerobic until analysis. 
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U LIII-edge transmission spectra were collected at SSRL beamlines 11-2 and 10-2, 
using Si (220) double-crystal monochromators. Samples were analyzed at 77K. 
EXAFS spectra were background subtracted, splined and analyzed using SIXPack 
(Webb 2005). Backscattering phase and amplitude functions required for fitting of 
spectra were obtained from FEFF 8 (Rehr et al. 1992).  

Results and Discussion 

Reduction of soluble uranium by cells of G. sulfurreducens grown with an elec-
tron acceptor / donor coupling of fumarate / acetate were contrasted with those 
grown on Fe3+ / acetate. After growth, cells grown on fumarate were harvested 
and washed without a visible precipitate other than cellular matter. In contrast, 
growth on iron was accompanied by the formation of a reduced precipitate which 
is characterized below. Resting cell assays for each growth condition were capable 
of removing soluble uranium (Fig. 1). Fumarate-grown cells (85 mg protein L-1) 
were most effective at removing soluble uranium. While pasteurization completely 
inhibited uranium precipitation in fumarate-grown cells, it had little effect on the 
removal of uranium in a suspension of cells and iron precipitate (ca. 3mmol iron 
in 50mL). A contrast of the iron-grown pasteurized and active incubations sug-
gests that the biogenic precipitate was involved in abiotically removing uranium 
from solution through reduction or sorption. Cells and precipitates from these ex-
periments were harvested after approximately 24 hours for further analysis. At the 
time of harvest, both pasteurized and active incubations from the iron-grown sys-
tem had removed ca. 50% of the soluble uranium (data not shown).    

Bacterial reduction of Fe3+ can result in the production of soluble Fe2+ com-
plexes, precipitation of Fe2+ bearing minerals such as magnetite, siderite, vivianite 
or green rust, incorporation into clays, or sorption onto organic or inorganic phas-
es (Bell et al. 1987; Dong et al. 2000; Fredrickson et al. 2000; Kostka and Nealson 
1995; Kostka et al. 1996; O'Loughlin et al. 2003). In turn, reduced iron precipi-
tates such as ferrous sulfides (Wersin et al. 1994) , green rust (O'Loughlin et al. 
2003), and Fe2+ sorbed onto goethite (Fredrickson et al. 2000) have been reported 
to be involved in the removal of soluble U6+ from solution through sorption or re-
ductive phenomenon.   

In our batch incubations, we observed that ca. 60% of the soluble Fe3+ in solu-
tion was transformed to a white precipitate during growth. This precipitate turned 
green when exposed to oxygen. The anaerobic precipitate was analyzed by elec-
tron microscopy and demonstrated to have a mean crystal size of approximately 
500 nm that was often found in association with the outer surface of bacteria. EDS 
spectra taken from representative particles showed the following elements: C, O, 
Na, P, Fe, Cl, K, Si, as well as Cu from the Cu grid. The Fe/P ratio was deter-
mined to be 1.5 ± 0.1 (Fig. 2) and the following possible composition can be de-
termined: NaHCO3, KCl, and Fe3(PO4)2. Experimental electron diffraction pat-
terns were compared to calculated ones for all possible Fe oxides and phosphates 
and further confirmed that the bulk of the iron precipitate was Fe3(PO4)2 or vivianite. 
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A related species, G. metallireducens, produces vivianite when grown in ferric ci-
trate media (Lovley and Phillips 1988) and siderite or magnetite after manipula-
tion of soluble phosphate and carbonate concentrations (Vali et al. 2004).  

When grown on fumarate, G. sulfurreducens, produced a reduced mineral struc-
turally homologous to stoichiometric UO2 (Schofield et al. 2008). However, in the 
presence of vivianite and cells, the primary product was a reduced uranium spe-
cies lacking the U second-shell structure that is typical of UO2 (Fig. 3). This prod-
uct was determined to be sorbed species of reduced uranium that formed in asso-
ciation with the precipitate. Iron sulfides have been reported to partially reduce 
soluble uranyl to U3O8 through an analogous sorption driven phenomenon (Wersin 
et al. 1994). Thus, we hypothesize that the chemical reduction of U6+ by biogenic 
Fe3(PO4)2 leads to the formation of sorbed U4+ whereas direct enzymatic reduction 
of U(VI) by active Geobacter cells produces UO2.  
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Fig.1. Removal of uranium by resting cells of G. sulfurreducens grown in the presence of fuma-
rate/acetate (♦ pasteurized; ◊ active) versus Fe(III)/acetate-grown cells (● = pasteurized; ○ ac-
tive).  
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Fig.2. EDS analysis of the iron precipitate produced by G. sulfurreducens grown on 
Fe(III)/acetate to determine the Fe/P ratio throughout the particle. The TEM image in the up-
per right shows the representative particle used for EDS spectrum analysis.  

 
Fig.3. Uranium EXAFS and Fourier Transform spectra contrasting the reduced uranium pro-
duced by G. sulfurreducens harvested after growth on two different electron acceptors where 
FB = fumarate-grown and HC = iron-grown. The prominent peak at 3.8 Å on the Fourier 
Transform of fumarate-grown incubation provides evidence for a U-U bond characteristic of 
crystalline uraninite. This peak is absent in the iron-grown system.  
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Summary and Implications 

This work demonstrates that biogenic U4+ can exist as either a nanoparticulate, 
crystalline uraninite (UO2) or a complexed reduced form depending upon bulk 
geochemical conditions. Specifically, we have observed that in the presence of an 
iron-phosphate precipitate (Fig. 2), the reduced product is primarily complexed 
U4+ presumably due to sorption driven processes. However, in the case of direct 
enzymatic reduction in the absence of a sorption-driven process, a bulk crystalline 
product, UO2, is obtained (Fig. 3).   

The form and species of U4+ obtained by a bioremediation strategy has implica-
tions for the research direction most relevant to improving uranium bioimmobili-
zation strategies. If indeed the complexed or adsorbed U4+ species is an important 
environmental product, its stability needs to be further explored. Presumably, an 
adsorbed phase is less stable than crystalline uraninite, suggesting that emphasis 
may need to be placed on promoting optimal conditions for the preferential pro-
duction of the crystalline phase and by extension, a crystalline phase that is resis-
tant to oxidation (Schofield et al. 2008; Ulrich et al. 2008).  

Direct analysis of the state of immobilized uranium found in contaminated sites 
undergoing bioreduction is subject to interference and is precluded by the relative-
ly high concentration required for reliable in-situ U EXAFS (Kelly et al. 2008; 
Suzuki et al. 2002). In the environment, particularly under the reducing conditions 
necessary for uranium reduction, prevalent reduced iron mineral phases could do-
minate the reduction of soluble U6+ resulting in a molecular U4+ product. While 
such reactions are considered favorable for overall uranium sequestration (Fre-
drickson et al. 2000), it is likely that their presence would alter the potential for 
reoxidation and dissolution. Hence their stability and association needs to be fur-
ther studied.  

MRB have demonstrated the capability to reduce uranium in laboratory soil 
columns (Moon et al. 2007) along with the concurrent reduction of solid phase 
iron. Stimulation of MRB has also been shown to both reduce and immobilize 
uranium in pilot field studies (Anderson et al. 2003; Wu et al. 2007). We are in the 
process of adapting soil column experiments to reveal speciation via U-EXAFS of 
immobilized uranium under similar MRB conditions. This approach will enable 
further exploration of the speciation of uranium and association with Fe2+ in more 
environmentally relevant conditions.  
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Abstract. The geochemical condition in the abandoned uranium mine Königstein 

is characterized by a high acidity combined with an increased level of pollution 

mainly with sulfate, heavy metals and radionuclides. The autochthonous microbial 

community was analyzed in respect to their bioremediation potential of those in-

organic pollutants. Cultivation-independent methods, like fluorescence in situ hy-

bridization (FISH) and terminal restriction fragment length polymorphism (T-

RFLP) were used to screen various water and sludge samples for a first overview. 

16S rDNA clone libraries were constructed to obtain detailed information about 

the bacterial communities of a sludge water, an anoxic sludge and a sandstone 

sample.  

Introduction 

Since the mining activities had stopped in 1990, the uranium mine Königstein has 
been partially flooded. This resulted in an encroaching release of heavy metals and 
radionuclides as contaminants in acidic, sulfate-rich waters. Thus, a protection of 
the adjacent groundwater aquifers and the nearby river Elbe is of great impor-
tance. 

In this study the bioremediation potential of the mine environment to re-
duce the mobilization of the contaminants and thus, to reduce the treatment ef-
forts to clean the mine water should be investigated. Therefore, several 
groundwater, mine drainage water, sludge and rock samples were investigated 
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with cultivation-independent methods in respect of their microbial community 
compositions. Three characteristic samples were analyzed in detail (see Table 1). 

The microbiology of acid mine waters was described by various authors (e.g. 
Johnson 2007). Aerobic environments are characterized by mineral oxidizing mi-
croorganisms (iron and sulfur oxidizers), which form acids and mobilize metals by 
their metabolic activities. Whereas iron and sulfur reducing microorganisms use 
the oxidized compounds as electron acceptors in anaerobic environments and ena-
ble an immobilization of metals by the chemical precipitation of sulfides. 

Materials and Methods 

Sampling  

Groundwater, mine drainage water, sludge and sandstone samples were collected 
and handled in the lab under sterile conditions. Biomass for DNA extraction was 
collected by filtration through a 0.22 µm cellulose filter (Osmonics Inc., USA) 
from at least 1 L of groundwater and mine drainage water samples, respectively. 
From the sludge water sample FL-4-01 0.5 L were filtered. The filters were stored 
at –80°C until further analyses. Sludge and sandstone samples were homogenized 
under sterile conditions and stored at –80°C in aliquot parts until further analyses.  

Water and sludge samples were concentrated and fixed with a 4% paraformal-
dehyde solution as described in Amann et al. (1990a) and were stored at -20°C un-
til FISH analyses were performed. 

DNA extraction, PCR amplification and cloning 

DNA was extracted as described in Wilson (1994). PCR amplification of the 
bacterial 16S rRNA genes was performed with primers 27f (5’-
AGAGTTTGATCCTGGCTCAG-3’) and modified 1387r (5’-
GGGCGGNGTGTACAAGGC-3’) (Lane 1991; Marchesi et al. 1998). Each primer 
was added in a final concentration of 0.25 µM with a PCR premix from Abgene 

Table 1. Overview of the samples investigated in detail and their geochemical properties 
(n.d.: not determined) 

 Sludge water 
FL-4-01 

Anoxic sludge 
FL-4-01(2) 

Sandstone 
FE-4-02 

pH 2.62 6.45 n.d. 
Eh [mV] 858 236 n.d. 
SO4

2- [mg/L] 787 2220 n.d. 
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(Epsom, UK). The thermocycler was run with the following temperature program: 
(120 s, 94°C; 30 x (30 s, 94°C; 30 s, 55°C; 90 s, 72°C); 300 s, 72°C). PCR prod-
ucts were purified by Montage PCR Centrifugal Filter Devices (Millipore, USA) 
and further cloned into vector pSC-A using a Strataclone PCR cloning kit (Strata-
gene, USA) following the manufacturer’s instructions. At least 200 clones of 
every gene library were picked for amplified ribosomal DNA restriction analysis 
(ARDRA). The plasmid inserts were amplified and 3 µL of the PCR product were 
digested with RsaI and AluI, respectively. Digestion patterns obtained via gel 
electrophoresis were grouped and plasmid DNA of 1 to 3 representative clones per 
group was purified using a FlexiPrep kit (Amersham Bioscience, USA). 

Sequence analysis 

Plasmid inserts were sequenced on a Beckman Coulter CEQ 8000 sequencer using 
Genome Lab DTCS Quick Start kit (Beckman Coulter, USA). Sequences were as-
sembled by using Staden Package v. 1.6.0. Comparisons to database entries were 
performed by using BLASTN (Altschul et al. 1990). All phylogenetic trees were 
calculated with two steps using ARB (Ludwig et al. 2004): reference sequences of 
the corresponding taxonomic group were calculated with the maximum-likelihood 
algorithm by applying an adequate taxonomic filter; the clone sequences were 
added using the parsimony algorithm without changing the tree topology and the 
filter. 

Terminal restriction fragment length polymorphism 

T-RFLP was done with sequenced clones showing similarities to sulfate reducing 
bacteria, and other clones from dominant sequence groups in the libraries, respec-
tively, in order to construct a fragment library. This fragment library can be used 
to analyze the bacterial composition of various environmental samples, and batch 
experiments investigating microbial sulfate reduction.  

Genomic DNA or plasmid DNA was amplified using the primers, reagents and 
PCR run as described in the penultimate preceding paragraph except that the for-
ward primer 27f was labeled with a Cy5 fluorescence dye. PCR products were pu-
rified and the DNA concentration was fluorometrically measured (PicoGreen®; 
Mini Fluorometer TBS-380, Turner Biosystems). 50 ng DNA was digested for 3 h 
at 37°C with 0.1 U of the restriction enzyme and 1 x of the corresponding buffer 
in a 10 µl reaction mixture. The restriction enzymes were chosen due to restriction 
pattern analysis with the sequenced clones using the online program webcutter 
(http://rna.lundberg.gu.se/cutter2/). Digested DNA (1 - 2 µl) was prepared for the 
separation using Beckman Coulter CEQ 8000. 



736      Jana Seifert et al.  

Session V: Biogeochemistry of uranium 

Fluorescence in situ hybridization 

The fixed environmental samples were spotted on a Teflon-coated glass slide and 
were dehydrated using an ethanol treatment. The samples were stained with 4’,6-
diamidino-2-phenylindol (DAPI) for a first overview of the whole cell density. 
The specific detection of active bacterial genera, with the focus to sulfate reducing 
bacteria, was performed using published probes (see Table 2). 

Results and Discussion 

Water samples 

FISH analysis 

All samples were screened in respect to total cell numbers with the DAPI staining 
method. Samples of the groundwater and the water from the flooded mine area 
showed low cell densities. Hybridization experiments performed similar fluores-
cence signals using probe EUB 338. Almost no fluorescence signal was obtained 
using probes SRB 385 and SRB 385Db, which are specific for members of the 
Deltaproteobacteria. Members of this class are reported to be sulfate-reducing 
bacteria. Sample FL-4-01 showed single and irregular fluorescence signals using 
probes SRB 385Db. 

Table 2. Used probes and their respective optimized hybridization conditions 

 EUB 338 SRB 385 SRB385Db DSS 658 DSV698 
Reference Amann et al. 

1990b 
Rabus et al. 
1996 

Rabus et al. 
1996 

Manz et al. 
1998 

Manz et al. 
1998 

Sequence 
(5’ -> 3’) 

GCTGCCTCC
CGTAGGAGT 

CGGCGTCGC
TGCGTCAGG 

CGGCGTTGC
TGCGTCAGG 

TCCACTTCCC
TCTCCCAT 

GTTCCTCCA
GATATCTAC
GG 

Target 
group 

Bacteria delta-Proteo-
bacteria and 
other bacteria 

delta-Proteo-
bacteria and 
other bacteria 

Desulfobacter-
aceae and other 
bacteria 

Desulfovibrio 
sp., Bilophila 
sp., Lawsonia 
sp. 

Formamide 35 % 30% 30% 40% 35% 
Condition 90 min, 46°C 180 min, 37°C 180 min, 37°C 180 min, 46°C 180 min, 46°C 
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Sequence analysis 

DNA extraction of the various water samples was, in correlation to the low cell 
density, of minor success. The DNA prepared from sludge water sample FL-4-01 
was chosen for a detailed analysis creating a 16S rDNA clone library. 

The analysis of 235 clones revealed a dominant abundance of sequences related 
to “Ferribacter polymyxa” PSTR (see Fig.1.). This bacterium affiliating with the 
class of Betaproteobacteria and is described as an autotrophic and acidophilic iron 
oxidizer (D. B. Johnson and K. B. Hallberg, sequence accession number 
EF133508, unpublished data). The filamentous cell clusters of these bacteria were 
described in the literature as ‘macroscopic streamer’ and they were clearly visible 
in the drainage water of the mine as well (Hallberg et al. 2006). 

The second major sequence group showed similarities to Acidithiobacillus fer-
roxidans, an acidophilic iron and sulfur oxidizing bacterium (Brenner et al. 2005). 
This chemolithotrophic bacterium is the most common and best-investigated mi-
croorganism in respect to microbial leaching of sulfidic ores. 

The sequence groups of minor frequencies showed similarities to various mem-
bers of acidophilic heterotrophs. 

Sludge and sandstone samples 

FISH analysis 

The sludge samples were primarily investigated with FISH using the probe EUB 
338. The detection of a fluorescence signal was possible in all samples. The high 
background fluorescence of the sludge particles hampered the interpretation of the 

4.3% 
Acidithiobacilli

93.2% 'Ferribacter    
polymyxa'

       others
        3%

uncultured bacteria

Alicyclobacillus

Heliobacillus, 
Moorella

'Ferrimicrobium'

Acidobacteria

 
Fig.1. Results of the clone sequences and their respective frequencies in the clone library of 
the sludge water sample FL-4-01. 
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fluorescence signals resulting from the correct hybridization with the RNA or the 
adsorption properties of the inorganic particles, respectively. Nevertheless, the in 
situ hybridization using probes SRB 385 and SRB 385Db showed fluorescence 
signals in sludge sample FL-4-01(2). Probes DSS 658 and DSV 698 were used to 
specify the detection of the Deltaproteobacteria members, both probes showed 
positive results. Thus, members of the sulfate-reducing bacteria Desulfobactera-
ceae and Desulfovibrio were present in the sludge sample FL-4-01(2). 

Sequence analysis 

A clone library of the sludge sample FL-4-01(2) was constructed to get detailed 
information’s about the bacterial diversity and the expected sulfate-reducing bac-
teria. The same was done for the sandstone sample FE-4-02. 

The sludge sample revealed a low diversity, compared to the sandstone sample, 
with a dominance of sequences affiliating to the class of the Deltaproteobacteria. 
The frequencies of various bacterial classes were in a range between 7% to 20% in 
the sandstone sample (see Fig. 2).  

The phylogenetic tree (Fig. 3) shows the distribution of sequenced clones be-
longing to the classes of Firmicutes and Deltaproteobacteria from the two clone 
libraries. Both harbors genera described as sulfate, sulfite, thiosulfate, and sulfur 
reducing bacteria.  

Sequences in the clone library of the sandstone (e.g. clone N35) showed simi-
larties to Desulfitobacterium and Desulfosporosinus, which belong to the Firmi-
cutes. Desulfitobacterium are often described to reductively dechlorinate chlori-
nated compounds, to reduce sulfur compounds except sulfate, as well as reducing 
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Fig.2. Frequency of the bacterial classes obtained by sequence analyses of clone libraries  
constructed with DNA of the sludge (FL-4-01(2)) and the sandstone (FE-4-02) sample. 
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nitrate (Utkin et al. 1994). Desulfosporosinus are spore-forming, sulfate-reducing 
bacteria that have been found in profundal sediments of oligotrophic lakes (Küsel 
et al. 2001) and in acid mine water (Church et al. 2007).  

Sequences affiliating to the Deltaproteobacteria that could only be found in the 
sandstone sample were similar to Synthrophobacter, Desulfomonile and Desulfo-
bacca. All genera are chemoorganotroph, mesophil and reduce sulfur compounds 
to HSS. They were isolated from various anaerobic environments like sludge from 
waste treatment facilities, forested wetlands, fen soils or sulfidic biofilms (Kuever 
et al. 2005a).  

A number of clones from the sludge sample showed similarities to uncultured 
bacteria obtained by the investigation of subseafloor sediments and to Hippea 

 
Fig. 3. Phylogenetic tree of 16S rDNA sequences of Deltaproteobacteria and Firmicutes 
from the sludge (FL-4-01(2)) and the sandstone (FE-4-02) sample. The sequence group 
within the Desulfovibrionales branch consists of 11 sequences from both samples. 16S 
rDNA sequences of Archaeoglobus fulgidus and Methanothermus fervidus were used as 
outgroup.  
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maritima, an anaerobic, thermophilic, sulfur reducing Deltaproteobacteria. The 
organism was isolated from marine sands near to hot vents and is able to use ace-
tate, hydrogen gas, pyruvate and saturated fatty acids (Kuever et al. 2005b). 

The majority of the clones from the sludge sample and a minor number of 
clones from the sandstone sample can be related to Desulfovibrio. This anaerobic 
Deltaproteobacterium is able to reduce sulfate, sulfite, thiosulfate and nitrate by 
the incomplete oxidation of alcohols, formate, lactate and pyruvate to acetate 
(Kuever et al. 2005c). Desulfovibrio seem to be oxygen-tolerant because of their 
occurrence in oxic/anoxic interfaces of biomats or even in oxic zones of marine 
and freshwater sediments (Dolla et al. 2007). 

Conclusion 

The investigation of the sludge water sample showed a dominance of acidophilic 
iron oxidizing Betaproteobacteria, and heterotrophic acidophiles in minor parts. 

The anoxic sludge sample showed a dominance of the sulfate-reducing bacteria 
Desulfovibrio (ca. 70%) in association with other members of the Deltaproteobac-
teria, members of the Alpha-, Beta- and Gammaproteobacteria, Actinobacteria, 
and Firmicutes.  

The sandstone sample revealed a high bacterial diversity. About 20% of the 
analyzed clones can be classified to sulfate-reducing bacteria, others are similar to 
aerobic and anaerobic bacteria with various physiological properties.  

The obtained clones were used to create a fragment library for T-RFLP. This 
database was used to investigate various samples from the mine site, in which sul-
fate-reducing bacteria, like Desulfovibrio and Desulfosporosinus were detected. 

This study showed the presence of sulfate-reducing bacteria in the mine. A sti-
mulation of the growth of these organisms can be helpful to maintain a bioremedi-
ation process and inhibit the discharge of the pollutants by the flooding of the 
mine. 
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Abstract. Treatments with uranyl nitrate induced strong changes in a subsurface 

bacterial community of a uranium mining waste pile. Most of the bacterial popula-

tions, stimulated at the initial stages of the treatment, were affiliated with species 

able to use the added nitrate for respiration. Mössbauer spectroscopic analysis 

showed that at the later incubation stages, when nitrate was reduced, reduction of 

Fe(III) to Fe(II) occurred. Time-resolved laser-induced fluorescence spectroscopic 

(TRLFS) analysis revealed that most of the added U(VI) was bound in organic and 

inorganic phosphate phases both of biotic origin.  

Introduction 

The in situ bioremediation of uranium by stimulation of native U(VI)-reducing 
bacteria was under intensive investigations during the last decade (Holmes et al. 
2002,  Istok et al. 2004,  Nevin et al. 2003,  North et al. 2004,  Nyman et al. 2006,  
Suzuki et al. 2003). In these studies different organic electron donors such as ace-
tate, lactate, glucose, and ethanol were added to uranium mining waste waters or 
sediments. However, in the natural oligotrophic conditions of the uranium mining 
wastes the concentrations of the intrinsic inorganic ingredients are changed, in 
particular, those of uranium, nitrate, and sulfate (Finneran et al. 2002). Because 
the reduction of nitrate is thermodynamically more favorable than the reduction of 
Fe(III), U(VI), or sulfate, it is preferably used by microorganisms in the subsur-
face of the uranium wastes for anaerobic respiration (Finneran et al. 2002, Istok et 
al. 2004, Suzuki et al. 2003).   

The process of natural attenuation of uranium in presence of nitrate under oli-
gotrophic aerobic conditions was studied in our laboratory (Geissler and Selenska-
Pobell 2005, Geissler et al. 2005). It was demonstrated, that treatments with uranyl 
nitrate of soil samples collected from the uranium mining waste pile Haberland, 
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situated near the town of Johanngeorgenstadt, Germany, strongly influenced the 
natural bacterial community structure and resulted in U(VI) immobilization via 
sorption and biomineralization. In the present work uranyl nitrate treatments of the 
same samples, but under anaerobic conditions, which correspond to those of the 
natural habitat, were performed. The behavior of the added U(VI) as well as the 
responses of the natural bacterial community to these treatments were monitored 
for different periods of time. The role of Fe(III), found in high concentrations in 
the untreated samples, as an electron acceptor capable to support the anaerobic 
metabolism of the nitrate-stimulated bacterial populations was studied as well.  

Materials and methods 

Samples studied 

The original sample JG35-2 was collected in July 1997 from a depth of 2 m from 
the uranium mining waste pile Haberland, near the town of Johanngeorgenstadt. 
The sub-samples JG35+U4 and JG35+U3 were treated for 4 and 14 weeks, respec-
tively, with 1mM uranyl nitrate solution as described earlier (Geissler and Selens-
ka-Pobell 2005) but under anaerobic conditions. In parallel, control samples JG35-
K4 and JG35-K2 were treated with sodium nitrate for 4 and 14 weeks, correspon-
dingly, under anaerobic conditions as well (Table 1).  

Time-resolved laser-induced fluorescence spectroscopy (TRLFS) 

TRLFS measurements on uranium were carried out by a home-built spectroscopic 
system. As excitation source the output of a flash lamp pumped Nd:YAG laser 
with fourth harmonic generation (Inlite Continuum Inc., Santa Clara, USA) was 
used. The laser pulse (20 Hz repetition rate, 5 mJ per pulse) was directed to the 
sample. In a right angle set up the emitted luminescence was focused into a fiber, 

Table 1. Samples analyzed. 

Samples Treatment Incubation time Uranium con-
tent  

[mg kg-1] 

Added nitrate  
[mg kg-1] 

JG35-2 Untreated             -             26          - 
JG35+U4 Uranyl nitrate      4 weeks         ~100        30 
JG35-K4 Sodium nitrate      4 weeks             26        30 
JG35+U3 Uranyl nitrate    14 weeks         ~300       150 
JG35-K2 Sodium nitrate    14 weeks             26       150 
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propagating the light to a 270 nm spectrograph (Acton Research, Inc., MA, USA). 
The wavelength dependent intensity was measured with an intensified CCD cam-
era (Roper Scientific, 1024 pixel per line). The investigated samples were frozen 
and then put into a low temperature cuvette holder. The low temperature was pro-
vided by a cold gas system using liquid nitrogen as cooling agent. The sample 
temperature during the measurement was set to be 153 ± 2 K. 

Mössbauer spectroscopy  

0.5 g of the untreated sample JG35-2, as well as of the uranyl nitrate treated sam-
ples JG35+U4 and JG35+U3 were dried at 60 °C for 2 h in a vacuum concentrator 
(Eppendorf AG, Hamburg, Germany) and then pulverized. Mössbauer spectra 
were measured at room temperature with a conventional constant acceleration 
spectrometer in transmission geometry with a 57Co(Rh) source with an activity of 
nominally 3.7 GBq and a krypton filled proportional counter. The evaluation of 
the spectra was performed by using the NORMOS least square fitting program of 
Brand (Brand 1987). 

Molecular analysis of bacterial communities  

DNA extractions from the studied samples, PCR amplifications of the 16S 
rRNA-gene fragments by using the primers 16Sdeg43F (5’-
HRKGCBTWABRCATGCAA-GTC-3’) and 16S1404R 
(5’-GGGCGGWGTGTACAAGGC-3’), and the DNA sequence analyses were 
performed according to (Geissler and Selenska-Pobell 2005). 

Results and discussion  

Fate of the added U(VI) in the uranyl nitrate treated samples as 
estimated by TRLFS 

The uranium species formed in the uranyl nitrate treated samples JG35+U4 and 
JG35+U3 were studied by time-resolved laser-induced fluorescence spectroscopy 
(TRLFS). No analyzable uranium fluorescence spectra were obtained for the sam-
ple JG35+U4 due to the low concentration of the added uranium and the strong 
background emission which was assigned to the fluorescence of bacteria and of 
other organic compounds in the sample. The uranium fluorescence spectrum of the 
sample JG35+U3, which was supplemented with three times higher amount of 
uranium than the sample JG35+U4, were of very good quality and demonstrated 
three strong emission bands above the mentioned background which were located 
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at 496.8, 518.8 and 542.8 nm (Table 2). The red shift of about 8 nm in the emis-
sion bands of uranium compared to those of the free uranyl ion indicates that the 
U(VI) in the sample JG35+U3 was bound by phosphate groups (Bounhoure 2007, 
Koban and Bernhard 2007).  

The fluorescence spectrum of the sample JG35+U3 was compared to the most 
similar spectra of organic and mineral uranyl phosphate species described in the li-
terature. As evident from the data presented in Table 2, the fluorescence spectrum 
of the uranyl complexes found in the sample JG35+U3 is very similar to those of 
uranyl-adenosine mono phosphate (Merroun et al. 2003), uranyl glycerol- phos-
phate (DMPG) (Koban and Bernhard 2007), and also to the TRLFS uranyl spec-
trum of Bacillus sphaericus JG-A12, which was recovered from the studied ura-
nium waste (Merroun et al. 2003). Less similar but with significant matches of 
particular emission bands were also the fluorescence spectra of another uranium 
mining waste isolate, Acidithiobacillus ferrooxidans D2 recovered from Denison 
Mines, Canada (Merroun et al. 2003),  and of the purified S-layer protein of the 
strain B. sphaericus JG-A12 (Panak et al. 2000). Remarkable is also the similarity 
with the emission bands of inorganic phosphate compounds, such as phuralumite 
(Geipel et al. 2000), and uranyl hydro phosphate (Bounhoure 2007).  

Table 2. Uranium fluorescence data of the JG35+U3 uranyl complexes compared to refer-
ence uranyl compounds with the most similar emission wavelengths 

Compound/Species Fluorescence emission maxima (nm) 

JG35+U3 496.8        518.8         542.8 

UO2 
2+ 488.9        510.5         533.9 

UO2-AMP (adenosine mono phosphate) 497.0        519.0         542.0 

UO2-DMGP (1,2-dimyristoyl-sn-glycero-3-
phosphate) 

497.0        519.3         542.4 

Acidithiobacillus  ferrooxidans D2 496.3        517.5         541.6 

Vegetative cells of Bacillus sphaericus JG-
A12 

498.0        519.0         542.0 

S-layer protein of Bacillus sphaericus JG-
A12 

498.2        517.7         541.0 

UO2HPO4 497.0        517.0         541.0 

Phuralumite (Al2(UO2)3(PO4)6
.10(H2O) 496.9        520.3         542.9 
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Determination of the Fe(III)/Fe(II) ratio in the uranyl nitrate treated 
samples  

The high iron content of about 56.4 g Fe kg –1  in the original samples (Geissler 
and Selenska-Pobell 2005) arose our interest in the fate of this element, the oxida-
tion state of which can be changed by different bacterial groups resulting in bio-
transformations of the natural iron containing minerals (Petrie et al. 2003). The 
latter can strongly influence the environmental behavior of uranium (Finneran et 
al. 2002). 

The relative amount of Fe(III)- and Fe(II)-compounds in our samples, and in 
particular its change by the uranyl nitrate treatments, was determined via 
Mössbauer spectroscopy. The Mössbauer resonance absorption of the 14.4 keV γ-
line of 57Fe consists of a doublet both for Fe(III) as well as for Fe(II). However, 
the nuclear electric quadruple splitting Δ (about 0.8 mm s-1 for Fe(III) and about 
2.4 mm s-1 for Fe(II)) as well as their isomer shift δ (about 0.2 mm s-1 for Fe(III) 
and about 1.2 mm s-1 for Fe(II)) are quite different for Fe in the two oxidation 
states. This allows a separation of the two doublets when they are superimposed in 
the Mössbauer absorption of a sample containing both Fe-species.  

The Mössbauer absorption spectra of the 14.4 keV γ-line, emitted from an α-Fe 
source, were measured for the untreated sample JG35-2 as well as for the samples 
JG35+U4 and JG35+U3 treated with uranyl nitrate for 4 and 14 weeks, correspon-
dingly. They represented an unresolved superposition of the two absorption doub-
lets of the Fe(III)- and Fe(II)-compounds of our samples. We have fitted two 
doublets to these spectra with the quadruple splitting Δi and the isomer shifts δi 
(relative to the α- Fe γ-source) as well as the ratio AFe(II)/AFe(III) of the areas of the 
two doublets as fitting parameters. The area ratio AFe(II)/AFe(III) is proportional to 
the relative amount of Fe(II)- to Fe(III)-compounds in our samples. The results for 
these five parameters ΔFe(II), ΔFe(III), δFe(II), δFe(III), ΔFe(II)/ΔFe(III) from the fits are giv-
en in Table 3. The most important result is the increase of the area AFe(II) and the 
corresponding decrease of the area AFe(III) with increasing the time of the uranyl 
nitrate treatment. This clearly demonstrates that the treatments with uranyl nitrate 
lead to an increase of the Fe(II)-compounds and corresponding decrease of the 
Fe(III)-compounds in the samples. In addition, the results show that ΔFe(III) and 
δFe(III) are not changed by the uranyl nitrate treatment.  
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Interestingly, with the increase of the Fe(II) amount from 56.1% in the un-
treated sample JG35-2 to 62% (sample JG35+U4) and to 70.3% (sample 
JG35+U3), there are small but significant changes in the ΔFe(II) and in the δFe(II) as 
well. This result indicates that the biotically produced Fe(II) compounds differ 
from those originally present in the samples before the treatments (Table 3). 

Bacterial community changes induced by treatments with uranyl or 
sodium nitrate  

Molecular analyses of the bacterial community structure established after the 
treatments with uranyl or sodium nitrate under anaerobic conditions revealed 
strong changes and propagation of populations not identified in the original sam-
ple JG35-2. These populations were originally present in very low numbers, below 
the limit of detection of the used 16S rRNA-gene retrieval, in the untreated sam-
ples. This result is similar to our previous observations made after the treatments 
with the same solutions of another portion of the sample JG35-2 under aerobic 
conditions (Geissler et al. 2005). However, due to the different aeration condi-
tions, different novel groups of bacteria were established in each of the cases. The 
latter demonstrates the high capability of the natural bacterial community to “han-
dle” U(VI) and nitrate in rather high and toxic concentrations at both aerobic and 
anaerobic conditions.  

Characteristic for the anaerobically treated samples was the strong proliferation 
of Firmicutes populations, in contrast to the aerobically treated samples, where 
mainly actinobacterial and Cytophagales populations were induced (Geissler and 
Selenska-Pobell 2005).  

In the sample JG35-K4 a high number of facultative anaerobic nitrate-reducing 
Bacillales such as Bacillus bataviensis LMG 21832 and Bacillus drentensis LMG 
21831 was identified (Fig. 1). In the 4 weeks uranyl nitrate treated sample 
JG35+U4 a Bacillus population was identified, which affiliated with B. sphaericus 
JG-A12, recovered from the same uranium mining waste pile (Selenska-Pobell et 
al. 1999), while in the 14 weeks treated sample another, closely related to B. nia-
cini, population was found (Fig. 1).  

Table 3. Hyperfine parameters (δi, Δi) and spectrum areas of the studied samples  

 
Samples 

Fe(II) Fe(III) 
δFe(II) 
mm s-1 

Δ Fe(II)
mm s-1 

A 
% 

δ Fe(III)
mm s-1 

Δ Fe(III)
mm s-1 

A 
% 

JG35-2 1.211(6) 2.421(11) 56.1(1.5) 0.230(7) 0.867(14) 43.9(1.1) 
JG35+U4 1.193(5) 2.473(9) 62.0(1.3) 0.236(8) 0.849(15) 38.0(9) 
JG35+U3 1.145(3) 2.381(6) 70.3(1.2) 0.235(6) 0.850(12) 29.7(7) 

δ isomer shift in reference to α-Fe, Δ quadruple splitting, A spectrum area, value in brack-
ets is the error of the last digit(s) 
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As evident from the results presented in the Fig.1 an extremely high number of 
various clostridial groups able to fermentatively reduce nitrate to ammonia was 
found in the sample JG35-K4. In the sample JG35+U4 one relatively dense and 
obviously uranium tolerant population represented by the sequence 
JG35+U4-KF21 was identified. Interestingly, related to this population was the 
only Clostridium group identified at the later stages of the incubation in the sam-
ple JG35+U3 (sequence JG35+U3-JT4), but not in the sample JG35-K2 (Fig.1). 
One can speculate that the mentioned clostridial group was established under the 
selective pressure of the uranium added to the sample JG35+U3. In addition to ni-
trate, some Clostridium spp. are able to reduce U(VI) and  Fe(III) (Francis et al. 
1994, Dobbin et al. 1999). Because no measurable U(VI) reduction was found in 
the studied samples we suggest that the mentioned Clostridium population togeth-
er with the small Bacillus population might be involved in the observed strong 
Fe(III) reduction in the sample JG35+U3. 

The lower numbers of Firmicutes found in the sample JG35+U3 and especially 
in JG35-K2 can be explained also by the much higher concentration of nitrate 
(Table 1) added to these samples. The latter seems to be more favorable for 
other members of the bacterial community of the studied microcosm, such as 

0.1

JG35-K4-KF40 (AM292607) 19 cl.
JG35-K4-AG7 (AM403302) 8 cl.
Uncult. bacterium TANB115 (AY667268)

JG35+U3-JT4 (AM084895) 5 cl.
JG35+U4-KF21 (AM292620) 7 cl.
Uncult. bacterium Hot Creek 31 (AY168741)

Clostridium favososporum DSM 5907 (X76749)
Clostridium chromoreductans GCAF-1 (AY228334)

Uncult. bacterium P3IU-35 (AF414573)
Clostridium sp. CYP5 (DQ479415)
Clostridium tunisiense DSM 15206 (AY187622)
Clostridium sp. PPf35E4 (AY548782)

JG35-K4-KF36 (AM292617) 4 cl.
Clostridium akagii CK58 (AJ237755)

Uncult. bacterium AKAU3799 (DQ125707)
Bacillus sphaericus DSM 28 (AJ310084)
Bacillus sphaericus JG-A12 (AM292655)
JG35+U4-KF48 (AM292621) 6 cl.

JG35-K4-KF16 (AM292610) 4 cl.
Bacterium Ellin505 (AY960768)
Bacillus drentensis LMG 21831 (AJ542506)
Bacillus sp. WN559 (DQ275174)

JG35-K4-KF86 (AM292611) 2 cl.
Uncult. bacterium BSV06 (AJ229180)
Uncult. bacterium BSV05 (AJ229179)

JG35+U3-JT7 (AM084896) 2 cl.
JG35-K2-AG49 (AM403318) 2 cl.

Bacillus sp. 19498 (AJ315066)
Bacillus niacini 3 (AF468221)

JG35-K4-KF128 (AM292609) 35 cl.
Uncult. Bacillaceae bacterium EB1120 (AY395439)

Bacillus bataviensis LMG 21832 (AJ542507)

 
Fig.1. Phylogenetic tree of the 16S rRNA gene sequences affiliated with Firmicutes retrieved 
from the samples treated with uranyl nitrate JG35+U4 (4 weeks) and JG35+U3 (14 weeks) or 
with sodium nitrate JG35-K4 (4 weeks) and JG35-K2 (14 weeks). The number of clones (cl.) 
is written after the accession numbers. 
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Betaproteobacteria (see below). Recently, it was published that some Clostri-
dium-like organisms cultivated from uranium wastes possess an ability to reduce 
uranium in presence of high nitrate concentrations by using methanol or glycerol 
as carbon sources (Madden et al 2007). We suggest, however, that no Clostridium-
dependent U(VI) reduction could take place in our experiments due to the defi-
ciency of appropriate electron donors at the studied oligotrophic conditions. 

Very interesting is the response of the Betaproteobacteria to the treatments. 
The strong proliferation of diverse populations of this phylum observed in the 
sample JG35-K4 and especially in JG35-K2, which was incubated with five times 
higher amount of nitrate for 14 weeks, is in agreement with the common opinion 
that the oligotrophic and/or autotrophic Betaproteobacteria are the main denitrifi-
ers found under anaerobic conditions (Akob et al. 2007, Tiedje 1988). 

Because only one small betaproteobacterial population was found at the earlier 
stages of incubations in the uranyl nitrate treated JG35+U4, we suggest that the 
mentioned betaproteobacterial denitrifiers do not tolerate U(VI). However, most 
of the stimulated in the absence of U(VI) betaproteobacterial populations in the 
sample JG35-K2 were also predominant in the sample JG35+U3, which was incu-
bated with uranyl nitrate for 14 weeks.  In our earlier work (Geissler and Selens-
ka-Pobell 2005) we demonstrated that after such long incubations with uranyl ni-
trate under aerobic conditions the added U(VI) was no longer bio-available to the 
members of the bacterial community. The immobilization and the decrease of the 
bioavailability of U(VI) seems to be the most probable reason for the proliferation 
of the uranium sensitive betaproteobacterial populations in the sample JG35+U3 
as well.  

In accordance to the observed strong reduction of Fe(III) in the sample 
JG35+U3, we suggest that some of the identified betaproteobacterial populations 
are possibly able to reduce Fe(III) analogically to the members of the species Fer-
ribacterium limneticum (Cummings et al. 1999) or Rhodoferax ferrireducens 
(Finneran et al. 2003).  

Interestingly, no members of Deltaproteobacteria, which represented one of the 
predominant groups in the untreated sample JG35-2 (Geissler and Selenska-Pobell 
2005), were identified in the uranyl or sodium nitrate treated samples incubated 
under anaerobic conditions. This was surprising because representatives of Delta-
proteobacteria are known for their ability to reduce Fe(III) and to immobilize ura-
nium by reduction of soluble U(VI) to insoluble U(IV) (Lovley et al. 1991). One 
possible reason for our observations can be the oligotrophic conditions of our mi-
crocosms and also the high nitrate concentration during the initial stages of the in-
cubations which are unfavorable for most Deltaproteobacteria (Anderson et al. 
2003) and for the reduction of U(VI) (Finneran et al. 2002).   

Because Mössbauer spectroscopic analysis revealed an increased Fe(III) reduc-
tion by increasing the incubation time from 4 to 14 weeks, we suggest that after 
the reduction of the added nitrate, Fe(III) was the main electron acceptor used by 
the bacterial populations established in the microbial community at the later stages 
of the treatments.  

Within the time frames of our experiments most of the added U(VI) remained 
complexed by bacteria-borne phosphate groups in mixed organic and mineral 
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phases. Our results allow to conclude that the further uranium behavior will 
strongly depend on the structure of the newly established natural bacterial com-
munity in accordance to the geochemical changes in the studied environment. It is 
not excluded that immobilized U(VI) in the sample JG35+U3 will be reduced after 
some time by some of the Fe(III) reducers or by some deltaproteobacterial popula-
tions, which might start to propagate in the samples, due to accumulation of elec-
tron donors for U(VI) reduction in the biomass of the dead bacteria resulting from 
the treatments. 
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Abstract. Microorganisms are very important for the bioremediation of the envi-

ronment because they are able to adsorb radionuclides and other heavy metals. 

They significantly influence mobilization and immobilization of metal ions in 

soils. 

We investigated representative the complexation of the uranyl ion with main parts 

of bacterial cell walls. Lipopolysaccharide (LPS) is the principal component of the 

cell wall of gram-negative bacteria, whereas peptidoglycan (PGN) represents the 

basis of the cell wall of gram-positve bacteria. Both biomolecules contain a high 

density of metal-binding functionalities like carboxyl, amino, and hydroxyl 

groups. LPS offers additionally a high amount on phosphoryl groups, which are 

missing in PGN. 

We investigated the interaction of the uranyl cation (UO2
2+) with the biopolymers 

LPS and PGN by using potentiometric titration and time-resolved laser-induced 

fluorescence spectroscopy (TRLFS) over a wide pH range (2.4 – 9) and at envi-

ronmentally relevant low uranium concentrations (10-4 – 10-5 M). 

Using potentiometric titration, the dissociation constants of the respective func-

tional groups were determined. Furthermore essential uranyl complexes and their 

stability constants were identified. 

With the aid of time-resolved laser-induced fluorescence spectroscopy (TRLFS) 

the luminescence properties of uranyl complexes with the biopolymers and the 
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associated stability constants were investigated. At low pH values both biomole-

cules effect an increase of the luminescence intensity and a red-shift of about 8-10 

nm, compared to the free UO2
2+ ion. With LPS the luminescence intensity increas-

es up to pH 8. In contrast to LPS, the PGN polymer causes a decrease of the lumi-

nescence intensity over pH 4.5, indicating, that a non-luminescent complex has 

built.  

As a result from both methods, we found that the uranyl ion prefers with LPS 

phosphoryl coordination, whereas PGN, with a lack of phosphoryl groups, forms 

stable carboxylate complexes. 
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Abstract. The stimulation of microbial populations in U(VI) contaminated sites to 

promote U(VI) reduction and produce biogenic mineral uraninite (UO2) is pro-

posed as a promising strategy for remediation. The long-term success of such a 

strategy is contingent upon the enduring stability of UO2 in the subsurface envi-

ronment, not only under anoxic conditions but also during oxidation events. Sedi-

mentary UO2 often contain structural cation impurities that are shown to increase 

their stability to oxidation. By analogy, this study, considers the effect incorpora-

tion of Mn(II), a common groundwater cation, on the structure and reactivity of 

biogenic UO2.  

Introduction  

Uranium (U) contamination of ground and surface water as a result of mining ac-
tivities, use of nuclear weapons and nuclear fuel production threatens human and 
environmental health at numerous sites in the US and former East Germany 
(DOE-EM 1997; Meinrath et al. 2003). Uranium exists mainly in the hexavalent 
and tetravalent oxidation states, the former being mobile and soluble while the lat-
ter usually found to be an insoluble solid phase mineral – uraninite. In situ biore-
mediation of U(VI) contaminated sites by stimulating the indigenous U(VI)-
reducing bacterial populations such as Geobacter spp, Shewanella spp, etc has 
been proposed as a means to immobilize uranium (Judy and Lee 2006). However, 
the re-oxidation of bacteriogenic uraninite (the expected product of bioremedia-
tion) is a concern because it is susceptible to re-oxidation by a diversity of envi-
ronmental oxidants (Senko et al. 2002, 2005, 2007; Finneran et al. 2002). Identifi-
cation of factors affecting the resistance of UO2 to oxidative dissolution is 
fundamental to devising appropriate remediation strategies.  
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Naturally occurring sedimentary uraninites found in the environment serve as 
useful analogs to biogenic uraninite. They contain many structural impurities such 
as Ca2+ and Pb2+, which are believed to stabilize the UO2 structure and promote 
resistance to oxidation. Ground waters usually have large concentrations of diva-
lent cations like Ca2+, Mg2+, Mn2+, Fe2+ (USDOE). Uraninite is formed by a cas-
cade of reactions starting with the reduction of hexavalent uranium to the tetrava-
lent form followed by polymerization of U(IV) and nucleation which then leads to 
crystal growth under anoxic conditions. By analogy to sedimentary uraninites, we 
hypothesize that biogenic uraninites can acquire such cations during U(IV) poly-
merization and crystal growth and incorporate them within the crystalline struc-
ture, thereby potentially increasing the stability of the material under oxidizing 
conditions. 

In this study, we assess the potential for the incorporation of Mn(II), a common 
ground water cation, into the structure of biogenic UO2 and investigate its effect 
on reactivity of the mineral using a combination of aqueous chemical measure-
ments, trans-mission electron microscopy (TEM) and a suite of synchrotron based 
techniques.  

Materials and Methods  

Cells of Shewanella oneidensis MR-1 were grown aerobically, harvested and 
U(VI) reduction performed according to the procedure reported elsewhere (Scho-
field et al. 2008). A small amendment of Mn(II) was made from a sterile 1M anae-
robic stock of MnCl2 prior to the amendment of an anaerobic stock of 10 mM 
uranyl acetate for the production of Mn-reacted UO2. XRD was carried out on the 
experimental matrix to check for precipitation of undesirable exogenous mineral 
phases. Geo-chemical speciation of Uranium under our experimental conditions 
was simulated using MINEQL+. Biogenic UO2 obtained was subjected to an alka-
line treatment involving 1M NaOH followed by an organic solvent treatment 
(hexane) to remove the biomass as described previously (Schofield et al. 2008). 
The treated clean biomass free UO2 was stored at pH 7 in MilliQ water until use. 

The ratio of Mn(II) associated with biogenic UO2 was determined by digesting 
an aliquot of the biogenic UO2 using 0.1% HNO3 and analyzing the digest for 
U(VI) and Mn(II) content. Analyses of U and Mn were carried out by kinetic 
phosphorescence analysis (KPA) & inductively coupled plasma optical emission 
spectrometry (ICP-OES) or high-resolution ICP-mass spectrometry (HR-ICP-MS) 
respectively. To differentiate between adsorption and incorporation (the goal of 
the study was to investigate incorporation) of Mn(II) on or within UO2 respective-
ly, the characteristic sorption behavior of Mn(II) onto biogenic, NaOH-treated un-
doped UO2 was assessed. 0.1 mg UO2/L was added to polypropylene tubes con-
taining an anaerobic solution (10 mL) of 0.01 M NaCl pre-adjusted to pH values 
ranging from 3 to 10, followed by addition of 1mM Mn(II). pH was adjusted using 
0.5 M HCl or 0.5 M NaOH when necessary. Appropriate controls (no Mn(II) or no 
UO2) were maintained to account for the adsorption of Mn(II) on the experimental 
materials, precipitation of Mn or the dissolution of UO2. These tubes were 
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equilibrated overnight inside the anaerobic chamber, after which the pH was re-
measured. Samples were withdrawn, filtered (0.2 µm polyethersulfone filter) and 
analyzed for total Mn & U as above. The first few drops of the filtrate were dis-
carded to minimize errors due adsorption of analyte on the filter material.  

High resolution transmission electron microscopy was carried out as described 
previously (Schofield et al. 2008). Surface area analysis was carried out to deter-
mine the surface area of clean biogenic UO2 using a BET analyzer employing N2 
gas as the probe molecule. The cleaned biogenic Mn(II) reacted UO2 was also ana-
lyzed using a suite of various synchrotron based techniques including 1) U LIII 
edge Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, 2) Mn K-
edge EXAFS and 3) In-situ synchrotron based powder diffraction (SR-PD), all of 
which were carried out at SSRL. U LIII edge Extended X-ray Absorption Fine 
Structure (EXAFS) spectroscopy was carried out as described previously (Scho-
field et al. 2008). For Mn K-edge EXAFS sample preparation was similar to U-
EXAFS. In situ synchrotron based powder diffraction (SR-PD) was also carried 
out on the samples to determine the crystallite size of biogenic UO2.  

Batch oxidative dissolution experiments were carried out in a simple chemical 
matrix composed of 30 mM NaHCO3 and 20 mM of HEPES buffer at pH 8. 
NaOH-treated UO2 was added to the dissolution matrix and 50 mL aliquots were 
dispensed into duplicate 200 ml capacity serum bottles inside the anaerobic cham-
ber. The bottles were subsequently sealed and 50 mL of air was injected into each 
bottle. They were placed on a rotary shaker (180 rpm) at 25 ºC. At time intervals, 
1 mL of sample was withdrawn, filtered using a 0.2 µm PES filter and analyzed 
for U(VI) using the KPA. One mL of air was injected each time a sample was 
withdrawn to maintain the equilibrium pressure.  

Results and Discussion 

Mn-reacted biogenic UO2 was produced through the reduction of U(VI) by She-
wanella oneidensis MR-1 at different aqueous Mn(II) concentrations at pH 6.3 and 
8 (Fig. 1). Uranium reduction was faster at pH 6.3 as compared to pH 8 but was 
comparable in the presence and absence of Mn(II) at a given pH. This suggests 
that Mn(II) did not affect biological U(VI) reduction. Geochemical speciation cal-
culations using MINEQL+ indicate the dominance of two different uranium-
carbonate species at pH 6.3 and 8 respectively (Fig. 2). Faster U(VI) reduction 
rates (pH 6.3) correspond to the dominance of a 1:2 aqueous uranium complex 
[UO2(CO3)22-] and slower rates (pH 8) to a 1:3 species [XRD analysis reveals 
the precipitation of rhodochrosite (MnCO3) at pH 8 but not at pH 6.3 (Fig. 3). 
Hence, the characterization of biogenic UO2 was carried out with samples synthe-
sized at pH 6.3. The surface area of cleaned undoped biogenic UO2 was found to 
be about 50 m2/gram. Analysis of complete acid digests (KPA for total U; ICP-
OES for total Mn) of the clean NaOH treated, Mn(II) reacted biogenic UO2 re-
veals association of Mn(II) with UO2. To determine whether the association of 
Mn(II) with UO2 was adsorption onto or incorporation within UO2, the Mn(II) 
reacted biogenic UO2 was subjected to multiple washings (5 times until no Mn 
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was detected in wash supernatant) at pH 5. Adsorption studies involving clean 
NaOH treated undoped UO2 indicate minimal Mn(II) adsorption and UO2 disso-
lution at pH 5 in an aqueous medium devoid of carbonate. Hence desorption of 
most surface adsorbed Mn(II) is expected upon repeated washing at pH 5. An ali-
quot of the pH 5 washed Mn(II) reacted biogenic uraninite was digested with 0.1% 
HNO3 and subsequently analyzed as before. A comparison of U:Mn ratios in the 
total acid digest of Mn(II) reacted UO2 indicates a considerable fraction (50 to 
90%) of initial Mn(II) adsorbed on UO2. The remaining small fraction of Mn(II) 
that was not removed by pH 5 treatment, suggests that a fraction of Mn is loca-
lized and incorporated into the crystal lattice of biogenic UO2 and is unaffected by 
repeated washing. Thus, we conclude that a small but measurable fraction of 
Mn(II) is structurally bound to UO2. Furthermore, higher initial Mn(II) concentra-
tion during U(VI) reduction led to greater amount of Mn associated with biogenic 
UO2 which remained associated even after extensive washing at pH 5 (Table 1). 
Thus, the Mn(II) content in the UO2 crystal increases with increasing total Mn 
reacted with UO2 during its biogenic formation, consistent with incorporation of 
Mn(II) into UO2.  

Detailed characterization of the size distribution of UO2 nanoparticles obtained 
by analysis of Fourier-filtered HRTEM images of the different biogenic UO2 indi-
cate a decrease in the average particle size with increasing Mn concentration (Fig. 
4; Table 2). This suggests a systematic and progressive decrease in average nano-
particle size with increasing incorporation of Mn(II) into UO2. Rietveld refine-
ments of the SR-PD data for varying Mn concentrations also demonstrate this 
trend of decreasing crystallite sizes with increasing Mn(II) concentration (Table 
2). A possible explanation for this observation is the inhibition of particle growth 
and stabilization of small particles caused either by Mn(II) binding to the UO2 sur-
faces and the subsequent poisoning of the surfaces to further growth or by the 
structural strain induced due to the incorporation of Mn(II). 

Batch oxidative dissolution experiments were carried out at pH 8.0 in the pres-
ence of air, 30mM HCO3

- and 20 mM HEPES buffer in closed systems. There is a 
significant and reproducible difference in the rate of oxidative dissolution of the 
two uraninites (Fig. 5): unreacted UO2 re-oxidizes faster than 1 mM Mn-reacted 
UO2. The results suggest that Mn-reacted UO2 is more resistant to oxidation than 
unreacted UO2. Interestingly at pH 8.0, the Mn-reacted UO2 displays slower oxi-
dation as compared to unreacted UO2 despite its smaller particle size and greater 
surface area. Furthermore at pH 8, the potential for chemical oxidation of Mn(II) 
by O2 at pH 8 could potentially lead to accelerated oxidative dissolution of UO2 
due to the formation of Mn(IV)oxides which are potent oxidants. Quite to the con-
trary, we observe slower re-oxidation of the Mn(II) reacted UO2. The most likely 
explanation for this observation could be the tendency for the solid to be stabilized 
by the substitution of Mn in UO2. The apparent dominance of this latter factor is 
consistent with the reported increase in stability conferred by Ca2+ and Pb2+ struc-
tural impurities. 

The extent to which the incorporation of Mn(II) into the UO2 lattice decreases 
its reactivity with respect to re-oxidation (as observed in the batch system) is be-
ing studied in our ongoing work involving continuous flow-through dissolution 
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and soil column experiments in order to circumvent potential artifacts associated 
with batch systems. 

Implications for U(VI) bioremediation 

In this study, we demonstrated the incorporation of Mn(II) into the lattice of UO2 
and evaluated the structure and reactivity of biogenic UO2 produced in the pres-
ence of Mn(II). The bioremediation of U(VI)-contaminated groundwater to pro-
duce UO2 will invariably occur in the presence of divalent cations, including 
Mn(II). Under the conditions considered in the present work, results suggests that 
Mn(II) incorporation into the lattice confers improved stability to biogenic UO2. If 
this observation is confirmed in more environmentally-relevant systems, it would 
strongly support the notion that the reactivity of uraninite is influenced its intrinsic 
composition and the geochemical conditions prevalent in the surrounding envi-
ronment. 
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Fig.1. U(VI) reduction by Shewanella oneidensis MR1 at pH 6.3 and 8 in the 
presence of varying Mn(II) concentrations.  
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Fig.2. Initial U(VI) speciation in 30 mM HCO3

- at various pH values.  

 

Fig.3. XRD indicating the presence of rhodochrosite at pH 8.   

        

Fig.4. A) Scanning TEM showing the accumulation of UO2 around Shewanella oneidensis 
MR1. B) Fourier-filtered HRTEM image of bacteriogenic UO2. 
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Fig.5. Comparison of initial U(VI) released by oxidative dissolution of biogenic UO2 in air 
in a closed system at pH 8 in 30 mM NaHCO3 and 20 mM HEPES. Data are indicated by 
symbols: unreacted UO2 (♦) and 1 mM Mn-reacted UO2 ( ).  

Table 1. Ratios of U:Mn in various UO2 synthesized under different concentrations of Mn 
– before and after pH 5 wash.  

 

Mn(II) conc. (mM) 
 

# Washes 
 

U: Mn ratio 
 

Before wash After wash 
0.1 5 150 : 1 340 : 1 
1 5 4.91 : 1 32 : 1 
5 5 0.33:1 1.2 :1 

Table 2. Summary of particle and crystallite size obtained by HRTEM and in-situ synchro-
tron powder-diffraction data for Mn-reacted biogenic uraninite. Decreasing particle size 
with increasing Mn(II) conc.  

 

Mn(II) Conc. Average particle/Crystallite size (nm) 
HRTEM SR-PD 

No Mn 2.5 3.52 
0.1 mM Mn 2.2 2.36 
1 mM Mn 2.2 2.35 
5 mM Mn 1.9 1.45 
8 mM Mn 1.6 - 

A  B 
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The effect of temperature on the speciation 
of U(VI) in sulfate solutions  

Linfeng Rao and Guoxin Tian 

Lawrence Berkeley National Laboratory, Berkeley, California 94720, U.S.A. 

Abstract. Sulfate, one of the inorganic constituents that could be present in the 

nuclear waste repository, forms complexes with U(VI) and affects its migration in 

the environment. Results show that the complexation of U(VI) with sulfate is en-

hanced by the increase in temperature. The effect of temperature on the complexa-

tion and  speciation of U(VI) in sulfate solutions is discussed.  

Introduction 

Uranium is the most abundant radioactive element in the nuclear wastes generated 
by the nuclear industry including uranium mining and spent nuclear fuel repro-
cessing. Safe management of the nuclear wastes, the high-level nuclear wastes 
(HLW) in particular, calls for proper treatment and long-term disposal in geologi-
cal repositories. Engineered barrier systems (e.g., waste packaging and drip 
shields) are implemented to prevent the waste forms from being eroded and/or 
breached. Though the engineered barrier systems are expected to last a very long 
time after the repository is closed, they may gradually deteriorate and eventually 
lose integrity. If this disastrous scenario occurs, water could contact the waste 
form, dissolve it, and carry radionuclides out of the repository. The migration of 
radionuclides, including uranium, in the post-closure environment of the reposito-
ry is a great concern to the long-term performance assessment of the nuclear waste 
repository.  

Complexation of U(VI) with inorganic ligands that exist in the groundwater of 
the repository (e.g., OH-, F-, SO4

2-, PO4
3- and CO3

2) could affect the speciation of 
U(VI) and its migration in the environment. Moreover, the temperature of the 
HLW repository could remain significantly higher than the ambient even thou-
sands of years after the closure of the repository. As Fig. 1 shows, the projected 
temperature in the vicinity of the waste form in the Yucca Mountain Repository of 
the United States is around 80-100oC, even a thousand years after the closure of 
the repository (OCRWM 2002). As a result, predictions of the migration behavior 
of U(VI) in the repository cannot be made without taking into consideration the 
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effect of temperature on the complexation of U(VI) with the ligands that may exist 
in the groundwater of the repository. Unfortunately, data on the complexation of 
U(VI) with many inorganic as well as organic ligands at elevated temperatures are 
not available at present (Grenthe et al. 1992, Guillaumont  et al. 2003). To help 
with the performance assessment of the HLW repository and fill the gap in ther-
modynamic data on actinide complexation at elevated temperatures, we have stu-
died the complexation of actinides with selected organic and inorganic ligands at 
elevated temperatures. This paper briefly summarizes the results on the complexa-
tion of U(VI) with sulfate at elevated temperatures and discusses the effect of 
temperature on the speciation of U(VI) in sulfate solutions. 

 
Fig.1. Temperature distribution at 1,000 years along NS#2 cross section of Yucca Moun-
tain Repository (with ventilation) from the Mountain-Scale Thermal-Hydrologic Model 
(OCRWM 2002). The color band indicates that the temperature of the waste forms (200 - 
300 meters below the ground surface) is around 80 – 100oC.  
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Experimental  

Chemicals 

All chemicals were reagent grade or higher. Milli-Q water was used in prepara-
tions of all solutions. Preparation and standardization of the stock solution of 
uranyl perchlorate have been described elsewhere (Zanonato et al. 2004). A stock 
solution of sodium sulfate was prepared by dissolving appropriate amounts of so-
dium sulfate solid in water. The ionic strength of all solutions used in spectropho-
tometric titrations was adjusted to 1.0 M Na(ClO4/SO4) at 25oC. All the molar 
concentrations in this paper are referred to 25oC. 

Variable-temperature spectrophotometry 

UV/Vis absorption spectra of U(VI) (380 - 480 nm, 0.2 nm interval) were col-
lected on a Varian Cary-5G spectrophotometer equipped with sample holders that 
were maintained at constant temperatures by a 1×1 Peltier controller. 10 mm 
quartz cells were used. Before being inserted into the sample holders, the sealed 
cells were immerged in an external constant-temperature water bath to be pre-
equilibrated at the required temperature. This procedure successfully prevented 
condensation of water on the top of the cells during the titrations at high tempera-
tures. Multiple titrations with different concentrations of U(VI) were performed. 
In each titration, appropriate aliquots of the Na2SO4 solution were added into the 
cell and mixed thoroughly before the absorption spectrum was collected. Usually 
10 - 15 spectra were collected in each titration. Stability constants of the 
U(VI)/sulfate complexes (on the molarity scale) were calculated by non-linear 
least-square regression using the Hyperquad program (Gans et al. 1996). 

Results and discussion  

Stability constants of U(VI)/sulfate complexes at variable 
temperatures (25 – 70oC) 

Spectrophotometric titrations were conducted at 25, 40, 55 and 70oC. The absorp-
tion spectra of a representative titration at 55oC are shown in Fig. 2. The first 
spectrum (the bottom one) shows the characteristic vibronic bands of free UO22+ 
in the UV/Visible region (�max ≈ 414 nm). Two distinct changes were observed 
as the concentration of sulfate was increased: (1) the positions of the absorption 
bands of U(VI) were shifted to longer wavelengths; (2) the absorbance of U(VI) 
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solutions increased significantly. Both changes suggest that U(VI)/sulfate com-
plex(es) formed. Factor analysis of the absorption spectra by the Hyperquad pro-
gram indicate that there are three absorbing species of U(VI), i.e., free UO22+ and 
two U(VI)/sulfate complexes. Therefore, the spectra were best-fit with the forma-
tion of successive 1:1 and 1:2 complexes, UO2SO4(aq) and UO2(SO4)22-, 
represented by equations 1 and 2. 

UO2
2+ + SO4

2- = UO2SO4(aq) (1) 

UO2
2+ + 2SO4

2- = UO2(SO4)2
2- (2) 

The stability constants of UO2SO4(aq) and UO2(SO4)2
2- at 25, 40, 55 and 70oC 

were calculated and summarized in Table 1. In the calculation, the protonation 
constants of sulfate at different temperatures from the literature were used (Rao 
et al. 2006). Data in Table 1 indicate that U(VI) forms moderate complexes with 
sulfate and the complexes become stronger at higher temperatures – 2-fold and 10-
fold increases in the values of β for UO2SO4(aq) and UO2(SO4)2

2-, respectively, as 
the temperature is increased from 25 to 70oC.  

 
Fig.2. A representative spectrophotometric titration of U(VI)/sulfate complexation at 55oC. 
I = 1.0 M Na(ClO4/SO4). Initial solution: 2.50 mL, 0.071 M UO2(ClO4)2/0.085 M HClO4; 
titrant: 0.5 M Na2SO4. Final solution: 6.08 mL. The arrow indicates the increase of the sul-
fate concentration. The spectra are normalized for the concentration of U(VI). 
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Speciation of U(VI) in sulfate solutions at variable temperatures 

The stability constants of U(VI)/sulfate complexes in Table 1, in conjunction with 
the equilibrium constants of U(VI) hydrolysis at elevated temperatures in the lite-
rature (Zanonato et al. 2004), allow us to calculate the speciation of U(VI) in sul-
fate solutions at variable temperatures as a function of acidity. The calculated 
speciation diagrams at 25 and 70oC are shown in Fig. 3.  

At 25oC, in the absence of sulfate (Diagram A), the hydrolysis of U(VI) starts 
at about pCH (i.e., -log[H+]) 3.5 and the trimeric (UO2)3(OH)5

+ species becomes 
dominant when pCH > 5. The presence of 1 mM sulfate (Diagram B) only slightly 
changes the speciation. However, the presence of 100 mM sulfate (Diagram C) ef-
fectively suppresses the formation of the monomeric and dimeric hydrolysis spe-
cies (UO2OH+ and (UO2)2(OH)2

2+), significantly altering the speciation of U(VI) 
in the low pCH region (from 3.5 to 5). When the pCH is above 5, formation of the 
trimeric (UO2)3(OH)5

+ species starts and becomes dominant at higher pCH, where 
the strength of U(VI)/sulfate complexes is not sufficiently high to compete with 
hydrolysis.  

At 70oC, the trends in speciation as the sulfate concentration is increased from 
0 (Diagram D), 1.00 mM (Diagram E) to 100 mM (Diagram F) are similar to those 
observed at 25oC. However, because both the hydrolysis of U(VI) and the com-
plexation of U(VI) with sulfate are enhanced at higher temperatures, the speciation 
at 70oC differs from that at 25oC. In particular, the U(VI) sulfate complexes, 
UO2SO4(aq) and UO2(SO4)2

2-, dominate in the low pCH region when the sulfate 
concentration is 100 mM, with UO2(SO4)2

2- accounting for 80% up to pCH 5.  

Table 1. Equilibrium constants of the protonation and complexation of sulfate with U(VI). 

Reaction T /oC Methoda log β
(I = 1.0 M) 

Ref.b 

H+ + SO4
2- = HSO4

- 25 cal 1.07 ± 0.09 (Rao et al. 2006) 
 40 cal 1.14 ± 0.12  
 55 cal 1.28 ± 0.09  
 70 cal 1.38 ± 0.09  
UO2

2+ + SO4
2- = UO2SO4(aq) 25 sp 1.96 ± 0.06 p.w. 

 40 sp 2.04 ± 0.06  
 55 sp 2.20 ± 0.06  
 70 sp 2.32 ± 0.03  
UO2

2+ + 2SO4
2- = UO2(SO4)2

2- 25 sp 2.97 ± 0.03 p.w. 
 40 sp 3.34 ± 0.03  
 55 sp 3.71 ± 0.06  
 70 sp 3.94 ± 0.15  

a Method: cal – calorimetry; sp - spectrophotometry. 
b p.w. – present work. 
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Fig.3. Speciation of U(VI) as a function of acidity in sulfate solutions at 25 and 70oC (I = 1.0 
M). CU(VI) = 1.00 mM. Csulfate = 0 mM (A, D), 1.00 mM (B, E), 100 mM (C, F). Temperature: 
25oC (A, B, C), 70oC (D, E, F). Species: 1 - free UO2

2+, 2 - UO2OH+, 3 - (UO2)2(OH)2
2+, 4 - 

(UO2)3(OH)5
+, 5 - UO2SO4(aq), 6 - UO2(SO4)2

2-.  
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In summary, the presence of sulfate in high concentrations significantly affects 
the speciation of U(VI) in the low pCH region (< 5), but has a negligible effect 
when pCH > 5 where the higher hydrolysis species (e.g., (UO2)3(OH)5

+) forms. The 
importance of U(VI)/sulfate complexation and its effect on U(VI) speciation in the 
low pCH region is more significant as the temperature increases.  
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Abstract. The most important barrier of the multi-barrier system is the confining 

host rock of a repository for high-level radioactive waste. The repository system, 

subsystems and components provide safety functions to prevent or delay the re-

lease of radionuclides from the waste to the biosphere. Geochemical processes 

within the waste, waste matrix and the near field provide some of these safety 

functions for isolation and retardation and can be characterized as effective, latent, 

supplementary or reserve safety functions. This paper focuses on safety functions 

related to geochemical processes. 

Introduction 

All chemical processes in a final repository can be called geochemical, including 
those in the waste and waste canister, since they take place in geological environ-
ment. Geochemical processes vary with the material, its location within the reposi-
tory and with time. The most important geochemical processes are dissolution, 
precipitation and sorption. A detailed geochemical approach considers the interac-
tions of the waste composition, the container materials, the different features of 
surfaces and transportation pathways in space and time. This results in complex 
interdependencies and cannot be modeled straightforward. 

The implementation of geochemical processes in safety analyses using thermo-
dynamic modeling has gained importance within the last years (Köster and Ru-
dolph 1991; Kienzler et al. 2007). There are still open questions with regard to 
reaction rates of geochemical processes (Brown and Lowson 1997), the require-
ments of quasi-closed systems for geochemical modeling (Kienzler et al. 2007) 
and the quality of the thermodynamic data bases (Altmaier et al. 2008). 
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Currently, national and international work focuses on the generation of a con-
sistent thermodynamic database for the geochemical modeling of radionuclides 
and solutions. The geochemical behavior of radionuclides on transportation and 
their reaction rates is less well known. The formation of colloids can not be mod-
eled using thermodynamic data. 

For the definition of source terms in numerical long-term safety analyses, time-
dependent radionuclide concentrations are required. Therefore, research and de-
velopment focused on geochemically based radionuclide concentrations. For prac-
tical reasons, solubility limits for radionuclides have been used that were obtained 
by geochemical modeling of equilibrated systems. 

The following paper names geochemical safety functions and assigns them to 
technical components of the repository system. The geochemical processes that 
have been considered in the definition of geochemical safety functions are pre-
sented in the following. 

Geochemical processes 

Dissolution 

Dissolution is the most important process controlling the release of radionuclides 
since dissolution in a fluid is the most important prerequisite for the transportation 
of radionuclides to the biosphere. 

The dissolution process of spent fuel elements and vitrified radioactive waste 
was investigated in some detail e.g. by Bruno et al. (1998) and Grambow et al. 
(1996), respectively. Dissolution rates strongly depend e.g. on pH, Eh, speciation 
of radionuclides and radiolysis. 

An integration of dissolution rates into safety analysis was not done so far be-
cause it is currently not possible to predict dissolution rates in a reliable way due 
to the high complexity of the mechanisms involved. In safety analyses, dissolution 
is often considered to be instantaneous for a certain period of time. 

Precipitation 

Precipitation takes place, when the solubility limit of a compound is reached. Pre-
cipitation is the reverse process of dissolution. Coprecipitation and the formation 
of solid solutions are similar processes. A reliable prediction in time is not consi-
dered to be possible in a number of cases since precipitation may be kinetically 
hindered e.g. by metastable phases. The geochemical equilibrium of dissolution 
and precipitation (which actually is rate dependent) is modeled using thermody-
namic data. 
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Since precipitation and dissolution rates can not be predicted reliably in a num-
ber of cases, the geochemical equilibrium of a quasi-closed system with selected 
mineral phases is modeled to obtain the solubility limits of radionuclides. 

Sorption 

Sorption is a reversible (or irreversible) physical or chemical interaction of a dis-
solved species with surfaces which removes the species from the transporting me-
dium. Sorption depends on surface characteristics, the sorbet, the sorbens, compo-
sition of the solvent, competition of ions, temperature and other physical 
conditions. 

Reversible sorption delays the transport of radionuclides and can decrease their 
concentration in the fluid. If experimental data is available, sorption is considered 
in the transport calculation of the safety analysis. 

Radiolysis 

The radioactivity of high-level waste affects geochemical processes in the near 
field. Radiolysis will generate highly reactive products from water, an oxidizing 
environment and will enhance the dissolution and corrosion of constituents of the 
waste and the waste containers. 

Gas generation 

Gas generation is correlated with other geochemical processes such as corrosion, 
microbial degradation and radiolysis and can contribute to the transportation of 
(gaseous) radionuclides to the biosphere. Microbial degradation is not of relevance 
for high-level radioactive waste because of the low or missing amounts of organic 
compounds. Gas generation has not been considered in modeling of geochemical 
equilibriums due to a lack of suitable databases. 

The relevance of gas generation can be illustrated using an example. Hydrogen 
gas formed by corrosion of steel or radiolysis embrittles the zircaloy cladding and 
may provide a reducing environment. 

Colloids 

Mobile and sorbing Colloids are considered to enhance the mobility of radionuc-
lides. However, mobile colloids may be rare in the fluid phase of the near-field 
because of the high salinity of the fluids in most cases. 
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Other processes 

Other geochemical processes might gain relevance in a repository system such as 
the volume increase due to the corrosion of metals, passivity of metal with in-
creasing pH, dissolution of gas, swelling of minerals, saturation of fluids and seal-
ing of pore space by mineral growth, mineral alteration, dilution effects and so on. 

Repository system 

The repository system comprises the repository and its geological environment, 
which includes all rock areas that have to be considered for the compliance proof 
of the safety principles and protection objectives for final disposal. 

The repository is part of the repository system in which the radioactive wastes 
will be placed. It comprises the repository mine, the host rock and the isolating 
rock zone. 

The isolating rock zone is part of the geological barrier which has to ensure the 
confinement of the waste for the isolation period in conjunction with the technical 
and geotechnical barriers assuming the “normal” or “expected” evolution of the 
repository. 

The repository system and its subsystems with components of a high-level 
waste repository are depicted in Fig. 1 as proposed by GRS. 
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Fig.1. Schematic sketch of a final repository system with subsystems and components 
(barriers). 
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Safety functions 

The concept of safety functions has recently been introduced into the safety evalu-
ation of radioactive waste disposal systems (NEA 2004; IAEA 2006). It has been 
attempted to use safety functions to describe the defense-in-depth architecture of a 
repository system and to derive scenarios for safety analysis by analyzing relevant 
factors that may affect safety functions. 

Top-level requirements for primary safety functions are “isolation or contain-
ment” or “limited or delayed release / retardation”. In the context of geological 
disposal the difference between isolation and delayed release is a gradual one. The 
isolating rock zone may allow some minor release of radionuclides as long as pro-
tection objectives are met. The isolation function of a component may also be re-
stricted to a limited period of time leading to a delayed release on the long-term.  

The current definition for safety functions (Baltes et al. 2007) and related ter-
minology is given below: 

A safety function is a function, which fulfills safety relevant requirements in a 
safety related system, subsystem or single component. Through interaction of such 
functions the containment (isolation) as the primary safety function of the reposi-
tory system shall be guaranteed as well as the compliance with safety principles 
and protection objectives both in the operational phase and post closure phase of 
the repository. 

The characteristic of a safety function depends on its time of effectiveness, its 
relation to components, subsystems and other safety functions, its potential for a 
quantitative assessment and evaluation criteria. 

Safety functions have been characterized as “effective”, “latent”, “supplemen-
tary”, and “reserve” in a first attempt which has to be elaborated further. 

“effective” safety function 

Effective safety functions are those safety functions which in connection guaran-
tee that the protection objectives are met for likely evolutions of the repository 
system. They are applied in a safety analysis and can be limited to certain time 
frames. An example would be the solubility of radionuclides which is limited by 
the geochemical environment or the isolation of the canister for a given time span.  

“latent” safety function 

This safety function takes action in a safety analysis if effective safety functions 
fail. Thus, they come into play in less likely evolutions of the repository systems.  

This characterization is important for a number of geochemical safety func-
tions. For example, the sorption of radionuclides on corrosion products and the vo-
lume increase of corrosion products depend on the evolution of the corrosion 
process and may not be active from the beginning. In the course of time, the safety 
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function “isolation” of the canister will be lost and the safety function “sorption on 
corrosion products” will be added. 

“supplementary” or “reserve” safety function 

This safety function is available but not applied in the safety analyses due to large 
uncertainties. Reserve safety function might for instance not be properly assessa-
ble, vary in their performance, or depend on certain circumstances et cetera. An 
example is the case of low dissolution or high precipitation rates which increase 
retardation but are usually neglected.  

Geochemical safety functions 

Geochemical safety functions of a general nature have been assigned to the tech-
nical components of the repository system in the following tables 1 – 5. The iso-
lating rock zone (part of the host rock), the host rock and the geological environ-
ment provide additional safety functions related to geochemistry which are not 
covered here. 

A further breakdown of the listed safety functions is possible. Detailed 
processes connected to the given general geochemical safety functions have to be 
specified with respect to the repository system and concept under consideration. 

Table 1. Component: Waste. 

Waste type Waste Primary safety 
function 

Geochemical safety 
function 

Vitrified Vitrified HAW1 Retardation Low dissolution rate 
CSD-C1 Compressed 

pellets, HAW 
Retardation Low dissolution rate, 

low oxidation rate 
spent BWR1 and 
PWR1 fuel elements 

Spent fuel Retardation Low dissolution rate 

spent THTR / AVR1 
fuel elements 

Spent fuel Retardation Low dissolution rate 

                                                           
1 HAW: High Active Waste, CSD-C: Colis Standard de Déchets Compactés, BWR: Boiling 

Water Reactor, PWR: Pressurized Water Reactor, THTR: Thorium-Hoch-Temperatur-
Reaktor, AVR: Arbeitsgemeinschaft Versuchreaktor 
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Table 2. Component: Waste Matrix. 

Waste type Waste 
matrix 

Primary safety 
function 

Geochemical safety function 

Vitrified Glas Isolation, 
retardation 

Low dissolution rate of glas, 
formation of gel layer 

CSD-C Metal  Isolation, 
retardation 

Low dissolution rate of metal, 
volume increase of corroded metal, 
sorption on corrosion products 

Spent BWR 
and PWR fuel 
elements 

Oxide, 
zircalloy 

Isolation, 
retardation 

Low dissolution rate, volume 
increase of corroded metal, 
sorption on corrosion products 

Spent THTR / 
AVR fuel 
elements 

Oxide, 
silicide, 
carbon, 
zircalloy 

Isolation Low dissolution rate, volume 
increase of corroded metal, 
sorption on corrosion products 

Table 3. Component: Waste container. 

Waste 
container 

Primary 
safety function 

Geochemical safety function 

Concrete 
container 

Isolation Sorption of radionuclides, favourable geochemical 
conditions for precipitation of radionuclides, passivation 
of metal, delayed fluid access  

Steel 
container 

Isolation, 
retardation 

Sorption on corrosion products, delayed fluid access, 
volume increase of corroded metals 

Table 4. Component: Backfill. 

backfill Primary safety function Geochemical safety function 
Concrete Retardation Sorption and precipitation of radionuclides, 

passivation of metals 
Crushed 
salt 

Retardation Sorption and precipitation of radionuclides 

bentonite Retardation Sorption and precipitation of radionuclides, 
swelling of bentonite 

Table 5. Component: Geotechnical barriers, additional barriers. 

barriers Primary safety function Geochemical safety function 
Concrete, bentonite, steel Retardation Sorption, precipitation, passivation 
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Conclusion and outlook 

Geochemical safety functions were defined and assigned to technical components 
of the repository system, leading to the conclusion that there are many possibilities 
to implement geochemical safety functions in the design of a repository.   

The distinction between effective, latent, and reserve safety functions clarifies 
the role of a specific safety function within the argumentation of the safety case. 
Due to data uncertainty and to the complexity connected to geochemical 
processes, presently many geochemical safety functions have to be characterized 
as “reserve”. Therefore, attempts ought to be made to improve the characterization 
and quantification of geochemical safety functions in order to take advantage of 
them as effective or latent safety functions in the safety case. 
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Abstract. This contribution presents data on the long-term retentive ability of di-

verse mineral infill of hydraulically active faults in respect to radionuclides mi-

grating within the vadose zone of crystalline massifs by the example of the vein-

type Tulukuevskoe uranium deposit in SE Transbaikalia, Russia. 

Introduction 

Conceptual approach to the spent nuclear fuel (SNF) isolation within the vadose 
zone of crystalline massifs is based on the assumption that oxidized meteoric wa-
ter will inevitably destroy fuel rods and assemblages (Vadose Zone 2000). As a 
result the vast majority of the actinides and fission products will be leached from 
the uranium dioxide crystal lattice and may be transferred to the environment in 
unacceptable concentrations. The main pathways for transferring are hydraulically 
active fault zones. However, this probabilistic scenario does not mainly take into 
account the fact that different types of reactive barriers where retention of U(VI) 
and its reduction again to insoluble U(IV) form could be originated and preserved 
inside the fault zones over a long period of time. 

These processes were indicated and studied in the vadose zone of the Tuluku-
evskoe deposit mined by an open pit in welded tuff strata up to the depth of 200 
m. The vein-type primary pitchblende mineralization is located within the hy-
draulically active Fault 1A zone and exposed to oxidation and destructive trans-
formation. As the result of ancient hypergene alteration and current oxidation the 
uranium undergoes to redistribution around the ore body, partial leaching and dis-
placement downstream of redox front along the fault. A number of uranium con-
centrators were indicated inside the fault zone as follows: a) oxyhydroxides of Fe, 
Mn and Ti (hematite, goethite, leucoxene-like aggregates, etc.); b) solid and stable 
to oxidation carbonic matter in concentration up to 0.4 mass%; c) hypogene tucho-
lite with uranium content up to 10 mass% formed as a result of interaction be-
tween bituminous matter and uranium-bearing hydrothermal solutions; d) aggregates 
of protoferrihydrite and ferrihydrite as a result of current microbial activity. These 
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materials form fault-related reductive and sorptive geochemical barriers for ura-
nium transport in oxidizing unsaturated conditions. 

Thus, the example of the Tulukuevskoe deposit’s vadose zone shows that reac-
tive barriers of high reductive-sorptive ability regarding to actinides can be formed 
along and inside the fluid conductive fault zones. This phenomenon has to be stu-
died in detail and to be considered during conceptual and numerical filtration-
transport modeling as well as in the context of the total system performance as-
sessment of SNF underground facilities. 

Results 

The Mesozoic (135 Ma) welded tuffs, which have hosted the Tulukuevskoe ura-
nium deposit, provide an outstanding example of processes governing uranium 
migration and accumulation in oxidizing fractured porous environment (Petrov et 
al. 2005). The vein-type deposit contains primary uraninite mineralization occur-
ring as pitchblende subjected to secondary transformations within the upper part 
of the deposit, mined by the Tulukuevsky open pit (TOP) since 1972 till 1998.  

Reconnaissance investigations at the TOP during 2000 have shown that the pit 
NW wall is the most convenient block to investigate the pathways preferential for 
meteoric water infiltration and redox front propagation in connection with ura-
nium redistribution. The block consists of fresh and altered welded tuff varieties, 
the steeply-dipping Fault 1A zone at the flank and accompanying fracture net-
work, ore body inside the fault zone at the depth of 60 m from the modern surface, 
and primary and secondary uranium mineralization of the ore body. 

At seven levels of the block, the Sample Lines (from SL-A at 710 m asl to SL-
G at 520 m asl) up to 200 m length are provided with Sample Points (SP) located 
every other 5 m. Besides, the gallery 250 m length located at SL-G along the Fault 
1A footwall was investigated (Fig.1). Reasoning from the requirements of meteor-
ic water filtration and uranium migration studies the following fieldwork activities 
in every basic SP have been performed: a) geological-structural surveying; b) in-
vestigation of lithological composition, nature and degree of hydrothermal-
metasomatic alteration and oxidation of the rocks; c) sampling for subsequent pe-
trographic, mineral-chemical, isotopic-geochemical, and petrophysical tests. Eight 
fracture water sources at the bottom and three sources inside the gallery of the 
TOP as well as atmospheric precipitates (water and snow) were sampled for hy-
drochemical and isotopic-geochemical analysis during 2001-2007. Fieldworks and 
laboratory tests consist of the following procedures: 
• statistical data analysis of fractures, including strikes, dips, morphology, spac-

ing and aperture, and mineral filling in order to quantify the hydraulic proper-
ties of the fracture network; 

• radiometric profiling to obtain information on radioactivity of wall rocks and to 
identify ore accumulations; 

• mineral-chemical analysis of differently altered rock varieties including optical 
microscopy, “wet” chemistry, XRF, INAA, X-ray diffraction diagnostics of 
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clay minerals, electronography, transmission electron microscopy for studying 
of Fe-oxyhydroxides, fission-track radiography analysis, coulometer titration 
for carbonic matter content determination; 

• optical microscopy, ultraviolet lighting, scanning electron microscopy and 
energy-dispersion spectrometry studies of primary and secondary uranium min-
erals; 

• isotopic-geochemical analysis of rocks using isotopic dilution method (isotope 
composition of U and Sr), ion-exchange chromatography (total concentrations 
of U, Rb, and Sr), mass-spectrometry (δ18O) analysis; 

• hydrochemical tests consist of evaluation of the major constituents (Na+K, Ca, 
Mg, Fesum, HCO3, Cl, SO4, NO2, NO3, NH4), U and total mineralization of wa-
ter samples, ionometric measurements of the redox potential (Eh) and acidity 
(pH), mass-spectrometry (234U/238U relations, δD and δ18O) measurements. 
The analysis and synthesis of the data allow compiling a whole series of factors 

affecting ancient and recent redox front development and peculiar properties of 
uranium transport inside the Fault 1A zone. 

 

Fig.1. Surveying plan of the Tulukuevsky open pit (TOP) showing location of the Sample Lines 
(from A to G), gallery, Fault 1 zone, exposed ore body, and fracture water sources (black 
circles). 
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Mineral and weathering zoning 

The Late Mesozoic hydrothermal processes in the strata are appeared as pre-ore, 
ore-related and post-ore mineral paragenesis (Andreeva and Golovin 1998). They 
organize external, intermediate and internal zones of mineral associations con-
trolled by the Fault 1A zone. Relatively fresh rocks of gray-violet color deter-
mined by the fine-grained hematite form external zone where biotite is well pre-
served or partially replaced by ankerite. Intermediate zone consists of preserved 
fine-grained hematite and replaced feldspar by carbonates (ankerite, calcite and 
sideroplesite), mixed-layered illite-smectite, illite and quartz. Internal zone deeps 
along the Fault 1A with most intensive expansion of light-colour micas, carbo-
nates and quartz as well as cataclasis and substantial fracturing. Post-ore argilliza-
tion (smectite, kaolinite) is superposed predominantly on this zone. 

Initial and hydrothermally altered rocks have undergone ancient and recent 
oxidation. Ancient processes form three horizontal subzones of hypergenesis 
(from top to bottom of the TOP): leaching (ancient vadose zone, SL-A+B+C at 
710-630 m asl), complete oxidation (SL-D+E at 630-570 m asl) and incomplete 
oxidation (SL-F+G at 570-520 m asl). A horizon of the secondary uranium 
enrichment (ancient transition zone) is located at depth of 640 m asl. The ancient 
oxidation zone belongs to a hydroxide-silicate type with gradual transition of pri-
mary ores to uranium hydroxides and silicates and unchanged morphology of pri-
mary segregations (Belova 2000). This process can be described schematically by 
the chain: UIVO2 + O2 + H2O (pitchblende) → UVIO3 x nH2O + Me (hydropitch-
blende) → MeUVI

2O7 x nH2O + Si (hydroxides such as velsendorphite) → 
Me(UO2)2[SiO4]2 x nH2O (silicates such as uranophane), where Ме = Ca, Pb, Ba, 
Sr, K, Na. 

The development of modern oxidation is revealed by the formation of Fe and 
Mn oxyhydroxides such as goethite (FeOOH), Fe-vernadite (MnO2 x nH2O), he-
matite (Fe2O3), and (proto)ferrihydrite (2.5Fe2O3 x 4.5H2O). Goethite and Fe-
vernadite have predominantly areal distribution along SL-A and B, whereas hema-
tite is characterized by areal occurrence in the upper part of the section and linear 
distribution in its lower part in connection with steeply-dipping fractures. 

There are prominent changes in δ18О and Fe(III)/Fe(II) values of rock due to 
their degree of oxidation and position relatively the fluid-conductive Fault 1A 
zone. The δ18О values into the Fault 1A core have no variations at different hyp-
sometric levels. With the growth of distance from the fault core to the zone of dy-
namic effect a dramatic increase of 18О concentration in rock takes place, and then 
it gradually declines in protolith. Evident growth in δ18О values is observed in 
case of hydraulically active fracture occurrences in protolith. The profile of this 
type reflects long-term fluid-rock interaction, and most probably more than one 
stage of this interaction. The degree of Fe oxidation in the upper part is by far 
higher than in the lower part of the TOP. At the upper part the process of Fe(II) 
oxidation is approaching the completion, in rocks of the medium part this process 
is more developed while in rocks of lower part the process is at the initial stage. In 
addition, the behavior of the Fe(III)/Fe(II) value correlates with the behavior of 
the isotopic composition of oxygen. 
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One of the striking indicators of hypergene transformation of the rock is pre-
sented by clustered aggregates of ferrihydrite and protoferrihydrite, which occur 
inside the Fault 1A zone at the lower part of the TOP. Ferrihydrite is a broadly 
met unstable hypergene mineral belonging to the group of Fe(III) oxides. It might 
be viewed as a typical product of Fe(II) oxidation. Its formation is usually a result 
of vital function of Fe-bacteria, which are active at pH 6-7 and at a temperature 
ranging from 4 to 27oC (Chukhrov et al. 1975). As it follows from experimental 
data, ferrihydrite is an unstable mineral. Therefore its natural occurrence is possi-
ble only in geologically young formations. With time it spontaneously turns into 
hematite or, in the absence of substantial oxygen, it changes into goethite. 

Distribution of carbonic material 

Following to Melkov and Sergeeva (1990) definition we understand under the 
term “carbonic material” the carbon-hydrogen complexes containing variable 
amounts of O, N and S in solid, viscous and liquid state. 

Within the TOP a solid carbonic material (SCM) is founded. Obtained data 
show that SCM occurs along the Fault 1A and diagonal fracturing zone with con-
centration ranges from 0.05 to 0.4 mass%. Inside the fault core there are not trails 
of SCM due probably to intensive oxidizing transformation of the matter. Because 
of ultra-fine size (<<0.001 mm) of SCM we did not perform its diagnostics for a 
while. Contrary to this the variety of SCM such as hypogene tucholite was 
founded into the Fault 1A core 10 m below the ore body. Tucholite is black 
amorphous material with chemical compositions (mass%): C 49.47, O 29.08, Mg 
0.28, Ca 1.58, Al 0.81, Si 0.43, S 0.59, U 10.72 (in sum 92.96). Tucholite forms 
thin (0.5-1 mm) veinlets in calcite surroundings. In this case, tucholite aggregates 
have massive structures, and they form globular accumulations differing in size 
(0.2-2.5 mm) cemented with carbonate. The latter fact presumably reflects interac-
tion (probably, immiscibility) of liquid bitumen and hydrothermal mineral-
forming solution in fractured porous space of the Fault 1A. Time relations of tu-
cholite and primary pitchblende are still vague, whereas neoformed fibrous urano-
phane is developed at the surface of tucholite aggregates. 

Hydrochemistry and isotopy 

Hydrochemical tests show that fractured waters percolating through the welded 
tuff block are characterized by carbonate-sulphate-chloride-sodium composition 
when carbonate and sulphate can change their position due to time. For the analy-
sis of the change of such major constituents as HCO3, SO4, Na+K and Ca we used 
the concentrations of the Cl- ion in the waters as a conservative tracer. There is 
positive correlation between values of the constituents and Cl- with more and more 
scattered character of the fields with time. The total mineralization of the water is 
practically stable or shows the tendency to slightly increase whereas uranium con-
centrations decrease during observation period. 
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Seven-year investigations of change in Eh-pH conditions (Fig.2) show, that 
meteoric water is characterized by high oxidizing potential and mean acidity. 
However, there is a trend for atmospheric precipitates to become more acid. At the 
same time, fracture waters show tendency to shift from neutral-alkaline to neutral 
field and to become more oxidized from 2001 to 2003 and to revert to status of 
2001 similarly to cyclic regime. In addition, the fracture water and atmospheric 
precipitates become closer in terms of oxidability. 

The residence time of water in fracture-pore system of welded tuffs has been 
evaluated on the behavior of δD values in different sources (Dubinina et al. 2007).  

In general, in sources controlled by the Fault 1A zone of discharge the resi-
dence time varies from 24 to 26 months while sources located at some distance 
from the fault show period from 30 to 42 months. The 18О system behavior proves 
current interaction of water with a large oxygen reservoir of the rock silicate ma-
trix. During the isotopic exchange with silicates at an ambient temperature the iso-
topic composition of water might tend towards 18О enrichment. The 234U/238U rela-
tions in fracture water show a substantial 1.5-2.5-fold growth of 234U content as 
compared to the equilibrium value. The variations of 234U/238U between different 
sources reach 90%. It is connected with different content of uranium in rocks, du-
ration of water-rock interaction and climatic factor. 

It is evident, that uranium in the context of denoted Eh-pH conditions of the 
vadose zone of the TOP should be in the +6 oxidation state and presents in solu-
tion in UO2(CO3)3

4- and/or UO2(CO3)2
2- complexes. 

 

Fig.2. Dynamics of Eh-pH changes for fracture water and atmospheric precipitates of 
the TOP during 2001-2007. 



Fault-related barriers for uranium transport      785 

Session VI: Environmental behavior 

Uranium repartition 

Repartition of uranium in variously altered (external, intermediate and internal 
zones of mineral associations) welded tuffs and at different distances from the 
Fault 1A core was studied using fission-track radiography, ion-exchange chroma-
tography and isotope dilution method. 

Uranium of the external zone is mainly concentrated in the matrix (up to 10 
ppm), and to a lesser extent in fiamme. The maximum density of tracks (up to 30 
ppm) is observed near biotite and its opacitized leaflets as well as in rock debris. 
Quartz, plagioclase and K-feldspar fragments are disengaged from uranium. With 
the transition to the intermediate zone partial dilution of hematite, which serves 
one of the principal uranium sorbents, and the development of fine-grained carbo-
nate-hydromica aggregates in the main mass take place. Uranium concentrations 
in minerals replaced by hydromica and carbonates remain low. Some portion of 
uranium is connected with impurities of leucoxinized accessory minerals (up to 
150 ppm) and veinlets of Fe-Mn oxyhydroxides (up to 250 ppm). These processes 
of uranium redistribution are most clearly observed in upper part of the TOP out-
side the Fault 1A and uranium ore body. 

As compared with the upper part of the section more contrast and intensive re-
distribution of uranium occurred at the bottom of the TOP. In the intermediate 
zone the ore-related Fe-chlorite (berthierine) intensively gathers uranium (up to 
300 ppm). In the areas, where berthierine is absent, such minerals as carbonate, il-
lite-smectite and a thin fringe of hematite, which sorbs uranium, develops on bio-
tite. On the whole, higher concentrations of uranium are met in matrix near the 
grain boundaries of minerals and rock fragments as well as in mineralized micro-
cracks (up to 500 ppm). High density of tracks in pseudomorphoses of hematite 
and leucoxene-like aggregate on titanomagnetite and biotite while decrease of 
track density in matrix and complete exportation of uranium from fiamme is ob-
served. 

The processes of uranium redistribution and accumulation are clearly connected 
with internal zone of mineral transformations and Fault 1A zone. Higher concen-
trations of uranium (up to 2500 ppm) in the areas of cataclasis and microbreccia-
tion are associated with the contacts of fragments of rock and feldspar aggregates, 
as well as with mineralized fractures containing Fe, Mn and Ti oxides and hydrox-
ides (up to 10000 ppm). Uranium could have been perfectly accumulated in hema-
tite-leucoxene material due to redistribution and exportation from adjacent areas 
of matrix and fiamme. Thus, assessing the uranium distribution in various parts of 
internal zone of mineral transformations one can note that the highest concentra-
tions of uranium are associated with minerals characterized by high sorption ca-
pacity such as Fe, Mn and Ti oxides and hydroxides, leucoxene-like aggregate, 
and berthierine. 

Particularly remarkable is the behavior of uranium in connection with fluid-
conductive Fault 1A zone at the ten-meters scale. Comparative analysis shows that 
uranium content in the fault core increases towards the lower hypsometric levels 
of the TOP from 15 ppm to 150 ppm. However, of SL-B and C the concentration 
of uranium demonstrates a trend to decrease towards zone of dynamic effect and 
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protolith. Contrary to that, at the SL-F decrease of uranium content at the distance 
no more than 3 m (zone of dynamic effect of the fault) and once again increase di-
rectly to protolith is recorded. The 234U/238U relation in rock components (extract 
and restite) differs from the equilibrium (5.5 x 10-5). It indicates the development 
of younger than 1 Ma processes of uranium migration. Different nature and shift 
of 234U/238U deviation from the equilibrium value show that intensity of uranium 
migration processes at various hypsometric levels of the TOP vary substantially. 

At the one-meter scale of fluid conductive fracture the change in uranium con-
tent is more complicated. Inside the fracture core (0 – 50 cm) high concentrations 
of uranium in Fe-Mn oxyhydroxide infill decreases at first, but than increases 
again at the distance of 1 m into the zone of dynamic effect which accompanied 
mainly by the pre-ore mineral associations. After that at the distance from 1 to 5 m 
uranium content decreases gradually to background values towards slightly altered 
and fresh protolith. 

Discussion and conclusion 

Natural analogue investigations aim to understand key phenomena and processes 
in natural systems related to those expected to occur in radioactive waste reposito-
ries and have become an integral part of the safety assessment of SNF facilities at 
the vadose zone of crystalline massifs (Smellie et al. 1997). Radionuclide trans-
port processes (advection, matrix diffusion, dispersion, sorption, colloid-facilitated 
transfer, radioactive decay, chemical/biological transformation, etc.) at the vadose 
zones directly depend upon water flow behavior into the hydraulically active 
pathways due to liquid water is considered to be the principal medium in which 
solutes are transported through the rock sequences. 

Summing up obtained field and lab test data on the vadose zone of the Tuluku-
evskoe deposit we could say that the overriding characteristic of the interactions 
results from coupled processes. The dominant processes can be grouped into two 
categories: those contributing to uranium release versus those contributing to ura-
nium retardation. The significance and magnitude of the coupling varies both spa-
tially and temporally. To identify priorities, the dominant processes were consi-
dered. This idea can be shown conceptually by using an interaction matrix (Fig.3) 
of the type offered by Wilder (1997). Here the key components are shown along 
the diagonal, and the interaction of processes is shown off diagonal. Rather than 
showing all components and all coupling, which can be very complex, it is the ob-
jective of this matrix to focus on the key parameters or components and on the key 
processes. In addition, the matrix should be considered as a basis of future investi-
gations. Mainly, it is relevant to impact of colloids and microbiotic conditions on 
uranium migration and accumulation. 

Within the vadose zone of the Tulukuevskoe uranium deposit there is fault re-
lated hydrothermal vein-type ore body subjected to ancient hypergene transforma-
tion and current oxidation. Ancient transformation forms three horizontal sub-
zones: leaching (ancient vadose zone), complete and incomplete oxidation. A 
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horizon of secondary uranium enrichment indicates ancient transition zone. The 
ancient zone of oxidation belongs to a hydroxide-silicate type, of which the gra-
dual transition of primary ores to uranium hydroxides and silicates is typical, with 
preservation of initial hydrothermal mineral morphology. The deposit opening by 
the open pit caused the recession of the groundwater table, and the ancient trans-
formation zone turned out to be exposed to the effect of current oxidation 
processes. The current oxidation zone is characterized as immature, the one in the 
process of formation including neoformed minerals, such as uranophane, heyviite, 
carbonates and soluble uranyl sulphates, etc. 

The current oxidation processes are controlled by steeply-dipping Fault 1A 
zone and large fracture families which form V-shape structure that appears for the 
preferential flow of liquid and gaseous phases of descending meteoric water. As 
the result of redox front propagation the uranium undergoes to redistribution 
around the ore body, partial leaching and displacement downward the fault. How-
ever the zonal interference of hydrothermal ore formation, ancient hypergene 
transformation and current oxidation makes complexity for deciphering of ura-
nium transport processes. The mechanisms of uranium redistribution reflect the 
cumulative effect of hypogene (rock and ore) uranium behavior in hydrothermal 
conditions, which was later involved to redistribution in the course of the forma-
tion of the ancient and modern oxidation zones in U(VI) form. 

The main difference in the behavior of hypogene and hypergene uranium is 
chiefly determined by the opposite trends of uranium migration processes: during 
ore forming stage uranium migrated from the central part of the Fault 1A to the 
adjacent rocks. In hypergene conditions, just on the contrary, uranium was redi-
stributed and “moved” towards the central part of the Fault 1A, which was a chan-
nel for meteoric water flow. 

Nevertheless within the fluid conductive Fault 1A zone a number of mineral 
phases with high sorption capacity regarding to actinides was originated and pre-
served over a long time. These mineral phases can be organized to the following 
row (in descending order): amorphous Fe oxides → ferrihydrite → goethite → 
hematite → leucoxene-like mineral → solid carbonic material → siderite, ankerite 
→ oxidized berthierine and pyrite → calcite, smectite, mixed-layered minerals → 
illite → kaolinite → feldspars → quartz. Note that the sorption capacity of organic 
compounds (ferrihydrite) and solid carbonic materials needs to be further investi-
gated. 

Thus, the example of the Tulukuevskoe deposit’s vadose zone shows that min-
eral and geochemical barriers controlled by structural elements are involved in the 
processes of retaining and accumulation of uranium. Particular importance of 
sorption and reducing barriers confined to hydraulically active faults and fractures 
must be taken into account for the development of conceptual and numerical mod-
els of actinide migration in oxidizing conditions. It is fundamentally important for 
evaluating of the long-term safety of SNF underground facilities located within 
the vadose (aeration) zones of crystalline rock formations. 
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Uranium glasses: the experimental leaching 
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Charles University, Prague, Czech Republic 

Abstract. Corroded surface layers were formed naturally on the historical ura-

nium-coloured glasses. Comparative batch leaching test was performed in labora-

tory and the glass dissolution rates with respect to main components including 

uranium were established. The residual alkali-leached surface corrosion layers 

even of experimental or natural origin showed the stable concentration of uranium. 

Introduction 

Historical uranium-coloured glasses deposited in the soil for 150 years have been 
invoked as natural analogues of nuclear waste to help to bring more light on long-
term glass corrosion mechanisms, as they are valid real-time examples of degrada-
tion in natural environment. The glasses show massive corrosion layers developed 
on their surface during the burial period.  

Laboratory leaching tests can predict the basic trends of glass leaching and se-
lective dissolution of the glass components that leads to the surface corrosion lay-
ers formation. The validation of the natural dissolution rates by laboratory experi-
ments gives more confidential results. 

The glasses 

The samples of historical glasses were collected in Czech Republic at the extinct 
dumps of the former glassworks in Podlesí near Kašperské Hory in Šumava region 
and in Kristiánov nad Kamenicí in Jizerské hory region. The glasses stemmed 
from the period from 1835 to 1865. The historical glasses contained typically 0.3 
to 0.4 wt% of uranium in bulk. 
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The comparative laboratory leaching experiment was performed using the 
commercial uranium coloured glass pearls made recently by Jablonex a. s. manu-
facturer from Czech Republic. 

Experimental and analytical methods 

The bulk composition and SEM-BSE (scanning electron microscopy - backscat-
tered electrons) micrographs of the glasses and surface crusts were performed on 
resin-impregnated polished sections using Cameca SX 100 electron probe micro-
analyzer (EPMA) at an accelerating voltage of 15 KV and beam current of 10 nA. 
A counting time of 10 s and SPI Supplies 53 Minerals Standard set #02753-AB 
were used for the major elements. An acquisition time of 40 s and the U-REE 
glass standard (certified by MAC) were employed for uranium analysis.  

Infra red spectra were recorded from powdered samples in mixture with KBr 
using micro diffuse reflectance method (DRIFTS) on a Nicolet Magna 760 FTIR 
spectrometer (range 4000-600 cm-1, resolution 4 cm-1, 128 scans, Happ-Genzel 
apodization) equipped with Spectra Tech InspectIR micro FTIR accessory. 

Thermo-gravimetric analysis was carried out using Stanton Redcroft Thermo-
balance TG 750 device at heating rate 10 °C min-1 in dynamic air atmosphere at 
flow rate 10 ml min-1.  

The leaching experiment protocol 

Laboratory kinetic batch leaching experiment was performed on uranium glass 
pearls at a glass-surface-to-solution-volume (S/V) ratio of 40.05 m-1 in deionized 
water as a leaching medium (MilliQ+, Millipore® water purifying system). Before 
the experiment, the glass pearls were treated in an ethyl alcohol bath in ultrasonic 
cleaner. The leaching was conducted at 22 ± 3 °C in 250-ml HDPE bottles for 1, 
2, 3, 6, 12, 24, 48 hours, 4, 7, 15, 30 days, 2, 6, 10 and 14 months.  

Major cations (K, Na, Ca, Mg, Si) in leachates were analyzed by flame absorp-
tion atomic spectrometry under standard analytical conditions (AAS; Varian Spec-
trAA 280 FS). Uranium and aluminum were determined by inductively coupled 
plasma mass spectrometry (ICP-MS; VG Elemental PlasmaQuad 3). 

Dissolution rate for each glass component was calculated from the experimen-
tal laboratory leaching data at each leaching time using the normalised glass mass 
lost value (NL) given by the following equation (Gin et al. 1994): 

SAiwt
ViCiNL
*)%(

)()( =    (1) 

where NL(i) is the normalized weight lost in g m-2, C(i) is the concentration of 
element (i) in the leachate in mg l-1, V is the leachate volume in ml, wt%(i) is the 
elemental fraction of the element in the original solid phase in wt %, and SA is the 
specimen geometric surface area in cm2. 
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Natural leaching of the historical glass samples 

As evidenced by SEM-BSE the glasses were naturally leached up to depth of 
0.6 mm. The leached phase appears darker in BSE (because lower average atomic 
number) cracked by many fissures, which can be attributed to volume changes as-
sociated with the glass corrosion (Fig.1). 

 
Fig.1. The SEM-BSE micrograph of the naturally leached historical uranium glass with the cor-
roded surface layer cross-section. 

Table 1. The composition of the historical glass coloured by uranium and its natural corrosion 
layer analysed by means of the EPMA (electron micro-probe analysis). The affected layer is 
poorer in alkalis whilst uranium concentration is stable. 

wt % Intact glass SD Leached glassa SD 
Na2O 1.42 0.16 0.19 0.07 
MgO 0.79 0.08 1.05 0.09 
Al2O3 0.19 0.04 0.19 0.04 
SiO 74.85 0.45 81.77 0.47 
P2O5 1.91 0.11 2.71 0.13 
SO3 0.52 0.06 0.28 0.05 
K2O 14.26 0.27 3.30 0.13 
CaO 2.78 0.07 3.01 0.08 
UO3 0.35 0.11 0.39 0.11 
   
Total 97.07  92.89  
a Natural leaching  
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According to compositional changes evidenced by EPMA analyses of glasses 
and residual layers the preference release of alkalis occurred. This is explained by 
the selective ion-exchange of K+ and Na+ from the glass for H+ ions from the natu-
ral leaching solution (Ojovan et al. 2006). The concentration of K2O decreased 
from 14.26 wt % (bulk glass) basically to one quarter (3.30 wt %) in the ion-
exchanged layer (Table 1). According to this a relative arise of SiO2 concentration 
took place. Despite of massive changes involved by natural leaching uranium con-
centration remained stable or even higher in the residual glass (Table 1). 

The hydration of glasses was investigated using the methods of infrared spec-
troscopy and thermogravimetry. The infrared spectra of original and leached glass 
showed several differences (Fig.2). Presence of the molecular H2O was confirmed 
in the leached glass by features attributed to bending H-O-H and stretching OH 
vibrations (Table 2). The presence of silanol (≡Si-OH) groups is expected as well. 
Uranium in the glass is present in the form of uranyl ion (UO2)2+ (Maeda et al. 
2001). Antisymmetric stretching vibration of uranyl group at the region of 1000 to 
850 cm-1 did not came out probably because low concentration of (=UO2) groups 
moreover due to overlaping with principal Si-O vibration. 

 
Fig.2. The IR spectra of the original and naturally corroded historical uranium glasses. 

Table 2. Identification of the IR spectra features (intact and naturally corroded glass). 

Intact glass Leached glass Tentative assignment 
798 cm-1 ms 801 cm-1 s symmetric stretching SiO vibration 
1026 cm-1 vs 1093 cm-1 vs, 982 cm-1 sh antisymmetric stretching SiO vibration 
 1650 cm-1 w bending H-O-H vibration 
 3380 cm-1 mw symmetric stretching OH vibration 
ms: medium strong; s: strong; vs: very strong, mw: medium weak; w: weak; sh: shoulder 



Uranium glasses      795 

Session VI: Environmental behavior 

The weight ignition loss of historical samples was measured in the unaffected 
glass core as well in naturally hydrated surface layer by thermo-gravimetry. At 
800°C the decrease was 1.6 wt % for the original intact glass and 8.1 % for the 
leached glass (details in Fig.3). This indicates a large surface hydration, which oc-
curred in the natural burial environment. 

Leaching experiment with recently made glass 

Leached surface layer of the thickness up to 3.4 µm (Fig.4) developed during the 
14-month laboratory leaching experiment. According to the SEM-BSE observa-
tions the layer appears darker with the obvious micro-porosity. 

As evidenced by WDS electron micro-probe analysis of the leached glass zone, 
uranium concentration remains stable although there is the significant release of 
Na and K. Sodium content decreased from 14.22 wt % (original glass) basically to 
one third (4.57 wt %). Potassium concentration in the leached layer was found de-
creased to 84% of the former glass. This is in agreement with the dissolution rates 
(given as NL(i)) established from the analyses of extracts after 14 months of 
leaching. These were highest for sodium (3.56 g/m2) followed by potassium (2.34 
g/m2). Uranium final lost NL(U) was 1.98 g/m2 and silicon NL(Si) was 1.96 g/m2. 
The evolutions of NL values for all principal glass elements are illustrated in the 
Fig.5. 

 

 
Fig.3. The thermogravimetric curves of original historical glass and naturally corroded sur-
face layer. 
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Fig.4. The SEM-BSE micrograph of the glass surface zone (cross section) after leached ex-
perimentally for 14 months period. 

Table 3. The composition of recent-made uranium glass and the leached surface layer de-
veloped throughout laboratory leaching. 

wt % Intact glass SD Leached glassa SD 
Na2O 14.22 0.46 4.57 0.32 
MgO 2.35 0.27 2.11 0.26 
Al2O3 0.09 0.08 0.22 0.08 
SiO 70.93 0.90 76.70 0.99 
K2O 5.25 0.33 4.41 0.31 
CaO 4.11 0.18 4.14 0.19 
UO3 0.45 0.14 0.50 0.14 
    
Total 97.40  92.65  
a Experimental leaching  
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Fig.5. Experimental normalized glass mass losts (NL - given in grams of dissolved glass 
per square meter of the glass surface) calculated with respect to the main glass components. 

Discussion 

Maximal natural corrosion velocity values reach up to 4 µm/year (up to 0.6 
mm/150 years). The leached layer developed during 14 months experimentally 
exhibits a thickness of up to 3.4 µm (Fig.4). Slightly lower values can be obtained 
by calculation of glass dissolution through the NL values. Considering the normal-
ized glass mass lost calculated from the amount of Si as a major component re-
leased and the glass density of 2.76 g/cm3, the hypothetical depth of congruent 
dissolution after 14 months would correspond to a 0.7 µm thick layer of com-
pletely dissolved glass. For uranium the leaching test showed the equivalent theo-
retical alteration depth as in the case of silicon. It is possible uranium can be fixed 
effectively in the leached layer by sorption on residual the glass (Procházka 2007). 
The glass mass lost calculated with respect to Na released corresponds to a theo-
retical depth of 1.3 µm of completely Na-removed glass. The only element de-
creased with time in the extract was Al, probably due to precipitation of newly 
formed solids.  
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Conclusion 

The comparison of natural and experimental long-term corrosion of uranium-
coloured glass characterizes the glass hydrolysis and preferential dissolution of 
particular glass components. The corrosion crusts observed during the laboratory 
experiments exhibit the same characteristics as these found on naturally altered 
glasses. The leached glass layer is depleted in alkalis relatively enriched in Si but 
exhibits no significant change in uranium concentration. The depth observed for 
experimental alteration (up to ~ 2.9 µm/year) corresponds with the average glass 
alteration rate calculated from the natural corrosion layer thickness (up to ~ 4 
µm/year). 
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Abstract. A present conference describes the methods for determination of U and 

thorium isotopes in natural samples and the study of their adsorption by the new 

activated adsorbents. The first part was carried out by using alpha spectrometry. 

The thin alpha sources were prepared by chemical electroplating of U and Th. 

Both elements were separated by using the ion-exchanges chromatography before 

their deposition. The dissolution of major solid sample was made by using alka-

line fusion by LiB4O7 and LiBO2. The proposed methods have been applied for 

U, Th isotopes determination in the sedimentary rock: phosphate and its deriva-

tives products and in the extracted solution from the black shale. The second part 

of the work was focused on the study of U, Th isotopes adsorption by new oil 

shale activated adsorbents. 

Introduction 

The present work is developed in the nuclear metrology field and its applications. 
It concerns essentially, the radionuclides analysis of three natural radioactive de-
cay series: 238U, 235U and 232Th. The radionclides concentration is in general, esti-
mated from the radioactive equilibrium between the parent and decay product. 
However, this condition is frequently disturbed considering the different physical, 
chemical and geochemical properties of these elements in the nature. In such case, 
the determination of the radionuclide concentration requires the acquaintance of 
the sample nature and chemical and geochemical properties of each element. So, it 
is necessary to develop for each natural sample, the specific radioelement methods 
analysis (Galindo, 2006; Azouazi, 2000). It is this context that the present study 
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has been undertaken aimed both in the development of measuring techniques and 
the determination of the specific radioactivities of naturally occurring radionu-
clides in various natural samples: phosphates ores, phosphogypsum, phosphoric 
acid and black oil shale.  

The second part of the work was focused on the study of U, Th isotopes adsorp-
tion by new activated oil shale adsorbents. Their preparation was carried out 
through different chemical and thermal procedures. The texture and composition 
of the raw rock as well as the adsorbents were studied before their use in the tests 
for elimination of the radionuclides from standard solutions prepared from uranyl 
and thorium nitrate (Khouya, 2005; Khouya 2005). Before that, the partitioning of 
U and Th in Moroccan black shale was studied by sequential extraction by means 
of the appropriate reagents (Galindo, 2007). 

The measures are, generally, carried out by alpha spectrometry|. The thin alpha 
sources of U and Th isotopes are prepared by electroplating deposition. Both ele-
ments (U and Th) being firstly separate by ionic exchange chromatography. The 
influence of the sample dissolution step was studied by using alkaline fusion by 
LiB4O7 and LiBO2 (Galindo, 2007).To dose the total quantities of the uranium 
and thorium simultaneous determination of uranium (VI) and thorium (IV) ions by 
UV-Visible Spectrophotometry in Conjunction with Solvent Extraction was de-
veloped (Azouazi, 2003).  

Experimental  

Radiochemical separation  

Generally 0.5 to 1g of the sample were ground, ashed at 850°C for 2 h and com-
pletely dissolved by peroxide fusion. The subsequent radiochemical procedure in-
cluded enrichment of the radionuclides by coprecipitation with Fe(OH)3. U and Th 
were subsequently isolated by conventional anionic exchange and extraction 
chromatography, followed by an electroplating step   (Galindo, 2006).  

Uranium and Thorium deposition 

The sources for alpha counting were prepared by electroplating according to the 
protocol developed by Talvitie (Talvitie, 1972). For this propose uranium and tho-
rium fractions were heated with 1 mL of concentrated H2SO4 and evaporated to 
about 1mL. After cooling to room temperature, the solutions were brought to 10 
mL with doubly distilled water and the pH of each solution was adjusted to 2.3 
with concentrated NH4OH. The final solutions of uranium and thorium were trans-
ferred to the electroplating cell with a platinum disc anode (d = 15 mm and e = 1 
mm) and a stainless steel cathode (d = 15 mm and e = 1 mm). The electrodeposition 
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of uranium and thorium were conducted at 1.2 A and 2 V during 60 and 120 min 
respectively.  

Alpha Spectrometry 

The alpha counting was carried a using the CANBERRA Alpha Analyst spectro-
meter. The ion-implanted silicon detectors have sensitive areas of 450 mm2 and 
20-30 keV resolution through in the region interest, the detection efficiency was 
about 25%. Thin samples of thorium were counted on the day to minimize interfe-
rence from 224Ra daughter ingrowths, which has an alpha emission near that of 
228Th. Spectra were analyzed with the VisuAlpha software (Automatismes et 
Measures, Doudan, France). 

Search of materials of nuclear interest 

Preparation of adsorbents  

New activated adsorbents have been produced from Moroccan oil shale. Their 
preparation was carried out through different chemical and thermal procedures:  

Preparation of a powder from the raw rock. 

The adsorbents were prepared from the powder R using two processes; the first is 
purely chemical and the second is based on a thermal treatment (Khouya, 2005). 
The materials obtained by both sequences are then activated by potassium per-
manganate, by H2SO4 or by H3PO4 acids (Khouya, 2006). 

Adsorption Tests   

A mass of 0.5g of each adsorbent is added to 200 ml of the uranyl nitrate or uranyl 
thorium   solutions. The mixture was agitated in a batch reactor at atmospheric 
pressure and room temperature. The pH was maintained around 7 by addition of 
NaOH 0.1M or HCl 0.1M. 

After a 2h shaking time to reach equilibrium, the solids were separated by fil-
tration. The quantity of radionuclide adsorbed on the solid was determined by 
measuring the radioactivity in aliquots of the separated solution and comparing it 
with that of the initial solution by γ-ray spectrometry and UV Visible spectropho-
tometry method (Azouazi, 2003) 
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Distribution of natural-occurring U and Th in Black shale  

Considering the interest of the use of Moroccan black oil shale as the raw material 
for production of a new type of adsorbent and its application to U and Th removal 
from contaminated solutions, the purpose of this part of work was to determine, by 
sequential extraction, its proper and natural content in U and Th.  

Sequential Extraction  

The sequential extractions (Galindo, 2007), described in Table 1 were performed 
under oxic conditions in constantly agitated centrifuge tubes with a sample size of 
3 g. After each extraction stage, supernatant was separated from the residue by 
centrifugation at 3000 x gravity for 15 min and then passed through a 0.45 µm 
membrane filter into polypropylene bottles for analysis. The residue was rinsed 
twice with deionized water, hand shaken and separated by centrifugation and fil-
tration. Inclusion of the filtration step proved necessary for adequate phase separa-
tion and reproducibility. The quantity of leached radionuclide was determined by 
alpha-ray spectrometry as described below. 

Table 1. Sequential extraction procedure (RT: room temperature). 

Fraction Extracting agent 

Extraction conditions 

Shaking 
time 

Temperature 

Method 1 

F1. Water soluble 30 mL deionized water 2 h RT 

F2. Exchangeable 25 mL 1M MgCl2  24 h RT 

F3. Carbonates 35 mL 1M CH3COONa + 1M CH3COOH pH = 
4.75  

24 h RT 

F4. Manganese / iron
hydroxides and oxides 

35 mL 0.04M NH2OH.HCl + 25% v/v 
CH3COOH pH=2 (adjusted with HNO3) 

24 h RT 

F5. Organic matter + py-
rite 

25 mL 30% H2O2 + 15 mL 0.02M HNO3  
(pH = 2) 

15 mL 30% H2O2 + 9 mL 0.02M HNO3  
(pH = 2) 

2 h   

3 h 

85°C 

85°C  

35 mL 3.2M CH3COONa in 20%HNO3 0.5 h RT 

F6. Residual / / / 
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Results and discussion 

The results obtained by radiochemical analysis and measure the uranium and tho-
rium isotopes by alpha spectrometry in the sediment phosphate and its derivatives 
products are summarised in the table 2.  

The analysis of the results of the table 2 shows that: 
• the sediments phosphates are not altered, because 238U; 234U, 230Th are in radio-

active equilibrium. 
• the specific activity associated with 238U is around 1156 Bq.Kg-1, that is equiva-

lent to 108, 8 ppm.  
• the lower 232Th/238U reveals that the sediments  phosphates are a marine origin 
• the most salient observation is that the uranium was concentrated in the 

phosphogypsum at the level of 70 % and at the level of 1.9 % for the phospho-
ric acid. 

• The phosphogypsum and phosphoric acid obtained from calcinated phosphates 
samples, concentrate uranium at the level of 22. 84 % and 70.24 % respec-
tively. 

• the radionuclide specific activities (Bq/Kg) in the fertilizer (F1 :DAPC) are 
relatively higher than those of the phosphates. These values must be corrected 
in considering the yield of the mass of the fertilizer product and the engaged 
mass of the phosphate. 

Table 2. Specific activities of the radionuclides (in Bq.Kg-1) found in the sedimentary phos-
phates rock and its derivatives products. 

Sample  
 

238U 
(Bq /Kg) 

235U 
(Bq /Kg) 

234U 
(Bq /Kg) 

232Th 
(Bq /Kg) 

230Th 
(Bq /Kg) 

Phosphate  1156 ± 46 72 ± 5  1168 ± 46 8 ± 1 1182 ± 71 

F1 Fertilizer 1528 ± 115 67 ± 15 1548 ± 116 26 ± 7 1958 ± 432 

Phosphogypsum 
(PGc) 

264 ± 9 23 ± 1 252 ± 9 

 

  

Phosphogypsum 
PGnc 

811 ± 43 38 ± 3 830 ± 45   

phosphorique acid 
PHc 

812 ± 31 50 ± 3 807 ± 36   

phosphorique acid 
PHnc 

22 ± 1 1 ± 0.05 24 ± 1   

with:  PH: phosphate sample from the Youssoufia mining center,  
F1: Fertilizers sample; (DAPC) The treated grains phosphates without organic matter 
PG nc: phosphogypsum from not calcinated phosphate  
PGc: phosphogypsum from calcinated phosphate 
PHnc: phosphoric acid from not calcinated phosphate 
PHc: phosphoric acid from not calcinated phosphate 
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Leaching results for U and Th 

The activities of the natural radionuclides 238U, 235U, 234U, 232Th, 230Th and 228Th 
in the bulk shale sample are given in Table 3. The 234U/238U and 228Th/232Th activ-
ity ratios are near unity.  

The raw black shale characterised by the lower 232Th/238U reveals that the 
sediments are a marine origin. It constitutes a closed system; because 238U and its 
decay product 234U, 230Th are in radioactive equilibrium (the isotopic ratio is equal 
to the unity). 

The sequential leaching results according the different stages (F1 to F6) as il-
lustrated in the table3 show that: 
• the water leaching phase (F1) contain less than 2% of  U and Th, 
• for the easily exchangeable fraction (F2), only 4% of the total 238U was ex-

tracted and less than 1% of 232Th, 
• for the carbonate- bound fraction (F3), 10% of initially present 238U was re-

moved due to the dissolution of carbonates, 
• for the destroyed reducible phase, 8% of 238U is detected in the extracted frac-

tion 
•   the amount in percent of  uranium and thorium extracted during the step F5 

from  organic phase are 75 and 51 respectively, 
• The silicates minerals contain only 3% and 49% of total U and total Th respec-

tively. 

Table 3. Leaching results for U and Th isotopes. 

Element 
Fraction 

238U 
(Bq.kg-1) 

235U 
(Bq.kg-1) 

234U 
(Bq.kg-1) 

232Th 
(Bq.kg-1) 

230Th 
(Bq.kg-1) 

234U/238U 230Th/238U 

Bulk 
sample 522 ± 41 26 ± 2 521 ± 41 21.9 ± 2.1 519 ± 48 1.0 ± 0.1 1.0 ± 0.1 

F1 4.0 ± 0.4 < 0.2 7.4 ± 0.6 < 0.2 26 ± 2 1.8 ± 0.2 6.5 ± 0.9 

F2 17 ± 1 1.1 ± 0.2 32 ± 2 < 0.2 2.9 ± 0.9 1.9 ± 0.2 0.17± 0.06 

F3 53 ± 3 2.9 ± 0.5 100 ± 5 < 0.2 3.9 ± 0.9 1.9 ± 0.1  0.07 ± 0.02 

F4 44 ± 3 2.1 ± 0.4 60 ± 3 < 0.2 4 ± 2 1.4 ± 0.1 0.09 ± 0.05  

F5 394 ± 22 23 ± 2 308 ± 18 11.9 ± 1.3 371 ± 66 0.78 ± 0.06 0.94 ± 0.05 

F6 19 ± 1 0.8 ± 0.2 19 ± 1 11.4 ± 1.3 92 ± 9  1.01 ± 0.09 5.4 ± 0.7 

HCl + HF 
leaching 16 ± 1 0.8 ± 0.1 23 ± 2 13 ± 1 118 ± 10 1.5 ± 0.2 7.4 ± 0.8 
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Adsorption tests of radionuclides by the Black shale 
activated adsorbent 

The yield of trapping of the radionuclides by the activated adsorbents is repre-
sented in the Fig.1 and Fig. 2. 

Among the activated adsorbents which were the object of this part of study, the 
one prepared by thermal process, followed by activation by KMnO4 ( RTa) is very 
effective for the elimination of the 235U, 234Th and 226Ra radionuclides (Fig.1 and 
Fig 2). It traps respectively 98 % of uranium, 99 % of thorium and 95 % of radium 
(Fig.1). The study of the kinetics of adsorption of uranium, thorium and radium by 
RTa product (Fig.1), shows that the thermodynamic equilibrium, at ambient tem-
perature and pH = 6.8, between the aqueous phase and the adsorbent is reached af-
ter 2 hours for 235U and 234Th, and 8 hours for radium. During these times, the rate 
of adsorption of the three elements increases rapidly versus time before reaching 
maximal values, to which correspond an adsorption yield of about of 100 % for 
uranium and thorium, and 85 % for radium.  
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Fig.1: Kinetics of adsorption of 235U, 234Th and 226Ra by (RTa). 
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Fig. 2: Kinetics of adsorption of 228Ac and 208Tl by (RTa). 



806      Said Fakhi et al. 

Session VI: Environmental behavior 

 Conclusion 

The achieved works by the Moroccan group in collaborations with  Laboratoire 
RAMSES de l’Institut Pluridisciplinaire Hubert-Curien- IPHC de Strasbourg- 
France is subdivised into three basic groups:  
• the development  of the nuclear metrology  of measure and applications; 
• the development of the analytical and radiochemical methods;  
• the study of the physicochemical procedures of selective adsorption and separa-

tion of elements. 
The present conference constitutes a part of the accomplished works in those 

three categories. It concerns important applications of the sciences of the nuclear 
metrology and radiochemical analysis and the geochemical studies of the envi-
ronmental samples.  
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Abstract. It is acknowledged that colloids can be important for determining con-

taminant availability and mobility. We have used size exclusion chromatography 

(SEC) and asymmetrical flow field-flow fractionation (As-FFFF) coupled with re-

fractometry (RI), multi angle laser light scattering (MALLS), ultraviolet (UV) and 

inductively coupled plasma mass spectrometry (ICP-MS) detectors to study col-

loidal binding of uranium in leachates. The nature, the molecular and size distribu-

tion and the quantitative uranium distribution over the colloidal phase are ob-

tained. 

Introduction 

The IUPAC definition of colloids refers to compounds (organic or inorganic) with 
size ranged from 1 nm to 1 µm in one dimension. Natural colloids are extremely 
diversified in the environment, covering a large variety of different entities in en-
vironmental media such as clays, iron hydroxide, humic compounds, micro organ-
isms, their associations, aggregates and many others (Buffle and Leppard 1995). 
Environmental colloids are of high interest because of their role especially in trace 
element mobility, bioavailability and transfer (Buffle and van Leeuwen 1992; Ci-
teau et al. 2003). 

In the past decades, the single radionuclide transport facilitated by colloids has 
attracted lots of researcher’s attention (Kersting et al. 1999, Dai et al. 2001, 2002, 
Chunli et al. 2001, Matsunaga et al. 2004). In some cases, colloids are assumed to 
be responsible for this transport thanks to a strong chelating capacity and an 
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important specific surface (Ticknor et al. 1996, Moulin and Moulin, 1995, Kerst-
ing et al. 1999). Despite a great deal of scientific interest, much information re-
mains unknown. Classical studies use sequential fractionation (ultrafiltration) and 
off-line analysis (inductively coupled plasma mass spectrometry (ICP-MS) or 
thermo-ionisation mass spectrometry (TIMS) (Kersting et al. 1999, Dai et al. 
2001, 2002). Although their high sensitive, such methods suffer from poor resolu-
tion and repeatability, and provide no information about the nature of the colloids. 

The aim of this study is to characterize the interactions between uranium and 
colloids by using powerful on-line fractionation multi-detection techniques, allow-
ing complementary information to be obtained (Jackson et al. 2005). The analyti-
cal techniques are size exclusion chromatography (SEC) coupled with refractome-
try (RI) and multi angle laser light scattering (MALLS) and asymmetrical flow-
field flow fractionation (As-FFFF) coupled with UV, MALLS and ICP-MS. Thus 
it is possible to determine the nature (organics, inorganics or auto-colloids), the 
molecular mass and the size distribution (hydrodynamic and gyration diameter) 
and the quantitative uranium distribution over the colloidal phase. 

Materials and methods 

Soil sample 

The present study concentrates on the influence of colloids on the migration beha-
viour of uranium in soil from a French nuclear site. The site is located at 25 km of 
Reims (Champagne). In situ experiments led to the dispersion of U-metal. 
Samples were collected from the same location and at different depths: 0-30 cm 
(samples 1-A) and 30-60 cm (samples 1-B). Samples 1-A are supposed to be rich 
in humic substances and clays and 1-B is composed of chalk (mainly CaCO3). 
Samples were collected in plastic bags and stored at 4°C. 

Leaching experiments 

Batch experiments were performed with two solutions. The first one represents ar-
tificial rain solution. The following inorganic salts were added per 1 liters of deio-
nized water to prepare artificial rainwater (Davies et al. 2004): NaNO3, 4.07 g; 
NaCl, 3.24 g; KCl, 0.35 g; CaCl2 2 H2O, 1.65 g; MgSO4 7 H2O, 2.98 g and 
(NH4)2SO4, 3.41 g. The resulting solution has an ionic strength of 0.3 mM and a 
pH of 5.2. The composition of the artificial rainwater used is typical of many re-
ported in the literature for studies carried out in both the Northern and Southern 
hemispheres. The second solution is water equilibrated with the samples 1-B. It 
represents in-depth conditions in the soil. 500 g of soil were placed in 1L polypro-
pylene vials with 1 liter of deionized water. Then the conductivity was measured 
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regularly. When the value was stable, the equilibrium was assumed to be obtained 
(Collon et al. 2001). 

The liquid/solid ratio (L/S) varied between 1 and 100 L/kg. The samples were 
shaken for 24 hours and subsequently centrifuged at 3500 rpm for 30 minutes. 
Then each sample was filtered using 0.45 µm filters before analysis.  

Size exclusion chromatography 

Size exclusion chromatography was carried out using two Shodex OH-pack-SB 
columns. These columns separate compounds within the approximate MW range 
102 – 106 Da. The eluant for all SEC experiments was 2×102 M NaNO3 and the 
sample injection was 100 µL. The detectors used were multi-angle laser light scat-
tering (MALLS)-(DAWN HELEOS II, Wyatt technologies) and refractive index 
(RI)-(Waters 2410). Calibration of the detectors was performed using POE 20 
kDa. 

Asymmetrical flow field flow fractionation 

The asymmetrical flow field-flow fractionation used was an Eclipse 2 (Wyatt 
technology). The spacer had 250 µm thickness for humic substances analysis and 
350 µm for nanoparticles experiments. The channel dimensions were 26.5 cm in 
length and from 2.1 to 0.6 cm in width. The membranes used were 1 kDa for hum-
ic substances experiments and 10 kDa for nanoparticles analysis. Flows were con-
trolled were controlled with an Agilent 1100 series isocratic pump equipped with a 
micro vacuum degasser. Detection chain consists in variable wavelength ultravio-
let/visible spectrometer (UV)-(Agilent technologies 1100 series) and a multi angle 
laser light scattering (MALLS)-(DAWN DSP-F from Wyatt technologies). All in-
jections (200 µL) were performed with an autosampler (Agilent technologies 1100 
series). Data from UV and MALLS detectors were collected and treated with As-
tra 5.3 software (Wyatt technologies). 

Results and discussion 

Size exclusion chromatography 

According to fig 1, there are two populations of particles for the water equilibrated 
with the sample 1-B and 4 populations for artificial rain water.  
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Fig.1. Chromatograms obtained with samples 1A (up) and 1B (down) and with refractome-
try (right axes) and MALLS (left axes) detection. 

All these different populations could be humic substances as the protocol used 
(Hongve et al. 1996) is dedicated to extract them. So, the nature of the leaching 
agent seems to have a strong influence on the number and molecular masses of the 
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leached particles. In addition, transport of uranium could be support by rain water 
in the soil surface. However, more data are necessary to confirm this assumption.  

Thereafter, the different ratios L/S were compared. 
 

 
Fig.2. Comparison of the SEC/MALLS chromatograms obtained for various L/S ratios.  

The chromatogram corresponding to L/S=1 shows a higher peak-1 than the 
chromatograms obtained with L/S= 10 and L/S=100, with similar retention times. 
Thus, it could be assumed that more colloids are extracted from the sample with a 
L/S ratio of 1 than with ratios of 10 and 100, partly due to dilution effect. 

Asymmetrical Flow Field Flow Fractionation 

The run sequences contained first, two short and consecutive steps of elution and 
focusing without injection to equilibrate the system and follow the signal baseline. 
Then, the injection started during a focus step. After the sample injection, the fo-
cus step was then kept to reduce the lateral extension of the sample due to the in-
jection. Finally, the elution started with crossflow, leading to colloidal fractiona-
tion. When the fractionation step was over, a rinse step without crossflow was 
applied. 

Two sets of operating conditions were used in order to make possible the frac-
tionation of 2 types colloids: humic substances and nanoparticles. These condi-
tions are presented in table 1 (Dubascoux et al, 2007, 2008). 

The fractograms obtained for each condition are presented in fig 2. 
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Table 1. Analytical conditions for the fractionation of humic substances and nanoparticles. 

 Humic substances Nanoparticles 
spacer (µm) 350 250 
membrane 10 kDa 1 kDA 
carrier liquid NH4NO3 10 mM NH4NO3 1 mM 
flow (ml min) 1 1 
crossflow (ml min) 3 0.8 
time of analyze (min) 40 50 

 

 
Fig.3. As-FFFF fractograms obtained for various L/S ratios and leaching reagents. 
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Only one population is observed for humic substances whereas 1 to 2 popula-
tions are present for nanoparticles. In the case of humic substances, L/S ratio 
seems to have a strong influence on the intensity of the signal and consequently on 
the concentration, whereas both L/S ratio and leaching reagent could strongly in-
fluence the nanoparticles signal. So, the influence of the L/S ratio on the concen-
tration of colloids extracted is confirmed. 

Molecular masses have been calculated with calibration curves using polysty-
rene sulfonate standards from 910 to 145 000 Da. The results are presented in 
table 2. 

For L/S ratio equal 10, humic substances and nanoparticles leached with water 
equilibrated with chalk are smaller than when leached with artificial rain water. 
Moreover, for artificial rainwater, L/S could influence nanoparticles molecular 
masses. This phenomenon will must be confirmed by further study. 

Conclusion 

In this first work, information about influence of L/S ratio and leaching reagent on 
molecular masses has been obtained. At the same time, As-FFF and SEC frac-
tionation have been optimised. 

Another result wills be presented in the poster especially concerning uranium 
long-term behaviour and its mobility. 
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Table 2. Molecular masses calculated for humic substances and nanoparticles. 

conditions of leaching humic substances 
Mw (Da) 

nanoparticles 
Mw (Da) 

L/S = 10, water equilibrated with chalk 1773 4780 
L/S = 1, artificial rain water 2139 76544 
L/S = 10, artificial rain water 2286 6147 
L/S = 100, artificial rain water 2020 4162 
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Abstract. Due to the increase concerns about the environmental pollution prob-

lems, it is so important in waste disposal management to perform an accurate ex-

ploration of geological barriers, which must be suitable for waste materials dis-

posal. Clay sediments play an important role as natural adsorbents to immobilize 

heavy and nuclear metals contaminants. 

For the present study, the clay samples were collected from either clay exploita-

tion localities or from nearby radioactive mineralization in Egypt. Obtained results 

indicated that uranium adsorption and desorption differ importantly in accordance 

with the source of clay sediment used. In addition, its adsorption increases by in-

creasing uranium initial concentration. The obtained data were found to fit of 

Langmuir equation isotherms.  

Adsorption maxima (B) for uranium were high for Abu Tartur bentonite followed 

by El Hafafit vermiculite and was the least for Kalabsha kaolinite. However, the 

binding energy (b) that affects the adsorption process can be arranged in the oppo-

site direction. Desorption of uranium by HCl, NaOH and tap water show clear 

ability of the different sediments to release uranium. This was a function of leach-

ing solution and binding energy. Finally, the changes in the clay sediments 

through adsorption and desorption processes were investigated in detailed by I.R 

spectroscopy.
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The Importance of Organic Colloids for the 
Transport of Uranium and other Decay Chain 
Elements in a Boreal Stream Network 

Fredrik Lidman, L. Björkvald, B. Stolpe, S. Köhler, M. Mörth and H. Laudon 

Umeå University, EMG, 90187 Umeå, Sweden 

Abstract. Krycklan is a 68 km2 catchment in northern Sweden, where hydrologi-

cal, hydrochemical and biogeochemical research has been carried out for more 

than 30 years. Hence, the area has a well developed sampling infrastructure and 

long time-series, which has lead to a good understanding of the hydrological 

processes. During two years uranium activities in streams from 10 sub-catchments 

in the area were followed, which has resulted in more than 400 measurements. 

The material was then analyzed from a geostatistical perspective, and it could be 

shown the forest and wetland percentage was the single most important factor for 

explaining the spatial and temporal variability in uranium transport within the 

catchment. 

The objective of the research has been to relate the large-scale landscape fate of 

uranium and other decay chain elements to specific biogeochemical processes, and 

therefore the connection between groundwater and surface water has been empha-

sized. Streams in the boreal region are typically characterized by a high content of 

dissolved organic carbon (DOC), and it has been found that uranium almost en-

tirely is bound to DOC both in surface water and ground water in the Krycklan 

catchment. Therefore, Field-Flow Fractionation coupled to ICP-MS was used to 

investigate the size distribution of these organic carries and its variation through-

out the spring flood, which is the main hydrological event in this area. A certain 

kind of 0.5-5 nm big organic colloids were found to play a very important role in 

the migration of uranium in from both mineral soils and wetlands to the streams.  
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The material is now being completed with measurements of uranium, thorium and 

radium isotopes. In many cases considerable disequilibria have been observed 

throughout the decay chains, which has provided additional information on the 

dynamics of the processes governing the migration of uranium, thorium and ra-

dium in the boreal region. 



Assessments and decreasing of risks and 
damages from outbursts of Tien-Shan high 
mountains lakes 

Alexander N. Valyaev1, S.V. Kazakov 1, S.A. Erochin2 and T.V. Tusova2  

1 Nuclear Safety Institute, RAS, Moscow, Russia 
2 Institute of Water Problems and Hydro Energy, NAS, Bishkek, Kyrgyz Republic 

Abstract. Great ecological risk in Central Asia results from natural and man-made 

catastrophes and cataclysms (earthquakes, slips and others) Kyrgyzstan  numerous 

U, Sb, Au and Hg tailing storages are often located near main rivers with power 

hydro electric stations (HES) with huge reservoirs and Tien-Shan high mountain 

outburst lakes. Their dams destroys from disasters or directed terrorist acts may 

cause huge over damming break water wave with great irreversible negative res-

ponses on environment and populations and hazard pollution of vast territories. 

Geophysical and engineer –geologic studying of some  huge lakes, including the 

uranium isotope indicator for water dynamic, show their outburst growing in result 

of water volume increasing and underground thermo caster processes. Possible 

outburst scenarios parameters, risk and damages assessments are under considera-

tion. Results will be applied for lakes classification on dangerous levels, risk man-

agement and development of counter measures for prediction/prevention of lakes 

catastrophes and reducing of negative damages. This approach may be used for 

many dangerous objects, such as HES, oil pipelines and others. 

Motivation  

All water objects (WO), such as rivers, lakes, seas and oceans, the artificial water 
constructions and the different water resources have the essential and important 
political, economic and ecological significance for any country. The constantly 
growing intensive industrial and agricultural activity made worse the WO situa-
tion. Non satisfactory or non sufficient systems of hydrological control of river’s 



820      Alexander N. Valyaev et al. 

Session VI: Environmental behavior 

flows and lakes, radiological and geo chemical monitoring created new negative 
problems both at regional state and global international levels. Especially complex 
and stress situation has been formed in the countries of Central Asia and Cauca-
sus. It is connected with the following main moments (Valyaev et al. 2008a, 
2008b): 
1.  The most part of WO is located in the mountain seismic active and dangerous 

regions with high probability of the natural catastrophes and cataclysms such as 
earthquakes, landslips, mudflows and others, which simulate the negative struc-
tural changes in the earth surface crust. In result some water sources may be 
disappeared and amounts of ground and underground water storages will be 
greatly depleted with the large additional pollution of water in WO. 

2. Under the existence deficit of the natural and artificial water sources here the 
hot and drought climate causes the increasing water consumption on different 
industrial, agricultural and social needs. 

3. It is necessary to provide the WO right management and its safety exploitation 
in conditions of its specifically complex construction and the large cumulative 
mechanical and corrosive wear of their elements: high dams with huge water 
mass in artificial reservoirs; significant drifts in rivers and water arteries. the 
huge water masses in artificial reservoirs press on the earth crust surface and 
stimulate frequent and intensive earthquakes, observed now in the regions of 
Kazakhstan and Kyrgyzstan Republics (Valyaev et al. 2008a, 2008b). 

4. At the mountain territories of some Central Asia and Caucasus countries the 
high power operated and non operated industrial objects (nuclear power plants 
and nuclear reactors with their water heat sinks, nuclear fuel and weapon pro-
duction plants with the numerous huge uranium tailing storages, tanks for sav-
ing of high radioactivity materials, rocket fuel and others) are often located near 
natural and industrial WO (Valyaev et al. 2008a, 2008b; Kazakov et al. 2006). 
These objects are very attractive especially for “terrorists of new generation”, 
who have wish to realize global ecological catastrophes with using of nuclear 
or radioactive weapon, to create “dirt nuclear bombs.” (Vandeenhove et al. 
2003). Opportunity to perform deliberate attacks of terrorists near current cen-
ters of international terrorism, located in Chechnya, Afghanistan and some oth-
ers so called zones of “frozen conflicts” with the using of explosives may cause 
such catastrophes and stimulate natural calamities. Consequences will be fol-
lowed extremely negative irreversible environmental global effects such as pol-
lution of World Ocean. at Kyrgyzstan territory there are about 100 mountain 
lakes with separated surface square value more than 1 km2 and about 70 the 
large and dangerous lake outbursts have been happened during last 50 years. 
The prediction of WO behavior and decreasing of their risks are very important 
today. 
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Physical processes under outbursts of mountain WO and 
their risk assessments  

Mountain WO is the high complex dynamic non equilibrium critical systems, that 
functioned in conditions of response of many and often non controlled natural and 
man-made factors. The direct physical experiments on such open systems and 
their natural modeling are impossible. It is effective to use the special space tech-
niques and methods for these WO monitoring (Valyaev et al. 2003; Valyaev et al. 
2005). Any mountain lake is represented as the space-temporal dynamic object 
with its transformations at the following stages: (1) slow evolution lake processes 
without collapse;(2) slow accumulation of lake defects till their collapse values; 
(3) instant catastrophic collapse of the lake. Two last collapse stages with lake 
outburst or its dam destroy in result earthquake, blast or rock slips, will create a 
huge break-through water wave (BWW) and its propagation over vast territories 
with huge economic and ecologic damages. BWW parameters and flooding size 
may be estimated for the separate lake and its high mountain location with using 
of special model or data on Regional Water Register. 

Today we have very insufficient information on these thematic problems. And 
our consideration is only our first step in this direction. The lake outburst can be 
realized by the three following mechanisms: (1) Its dam destroy; (2) Subterranean 
outburst along intra-glacial and intra-moraine tunnels; (3) Coincidence of dam de-
stroy and subterranean outburst. 

We used the uranium-isotopic method to determine sources of moraine-glacial 
lakes feeding and assess of its outburst danger. Mountain moraine-glacial lakes are 
formed from atmospheric precipitates in melted snow water form, “young” ice of 
glacier beetling over lake (meteoric waters) and water from melted “aged” buried 
ice, lying in adjoining rocks of lake edges and bottom (waters, leached from rocks; 
Tuzova et al. 1994; Tuzova 2006; Erohin 2006). Waters from first source are cha-
racterized by extremely low U content and balanced ratio of its even isotopes (С = 
(0.39± 0.02) ррm; 1.02±0.02= ץ) (Valyaev et al. 2008b). Waters from melted bu-
ried ice are noted for higher U content and non-equilibrium γ ratio (С range = 
2.48 ± 0.08 - 28 ± 0.2 ррm; γ range = 0.862 ± 0.007 – 1.16 ± 0.02). More role of 
buried ice in lake feeding is, more water in moraine-glacial lakes deflects from 
glacial melted water by corresponding C and ץ values, which allows to determine 
main feeding sources. The latter testifies about lake instability state and increasing 
of its outburst probability. The presented method is confirmed by our inspection of 
five Kyrgyz lakes (Valyaev et al. 2008b): maximum C and ץ deflections from the 
same values in meteoric waters were in Teztor-1 lake (С=23± 2 ррm; 0.93=ץ 
±0.01) and Atjailoo lake (С=1.69 ±0.05 ррm; ±0.01 0.89=ץ). After that Teztor-1 
had several outbursts; the last was in 2004. Atjailoo outburst was in 1997 and to-
day it is in constantly growing outburst stage. Another three lakes are stable and 
their uranium-isotopic parameters are close to meteoric waters: for Teztor-2 lake 
С=1.14±0.03 ррm; ±0.02 1.00=ץ; for Kashkasu and Tuuktor lakes С=1.39 ±0.05 
ррm; ±0.01 1.06=ץ.  
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Also we notice three variants of lake outbursts, connected with their origina-
tion: 
1. Surface overflow. It is typical for lakes of obstructed type, much less possible 

for glacial and moraine lakes, and even less possible for moraine-glacial and 
moraine-nogging types of lakes.  

2. Subterranean outburst along intra-glacial and intra-moraine tunnels. Tunnels 
bring out water beyond bounds of moraine-glacial complex down to a valley. 
This outburst is typical for lakes of glacial and moraine-glacial types, rarely for 
moraine-nogging and moraine types.  

3. Compound outburst. Outburst starts subterranean way, and during a process of 
outburst underground canal of drain widens so much that its roofing doesn’t 
bear load of overlying and descends. Outburst becomes surface; usually in this 
case volume of outburst greatly increases. The third variant of outburst is most 
typical for moraine-glacial and moraine-nogging lakes, rarely for obstructed 
lakes. These observations  show more complex nature of lake outburst 

Break-through water wave propagation 

Let us consider the most catastrophic processes after mountain lake outburst, 
caused by the total dam destroy and the next generation of huge break-through 
water wave (BWW). At first BWW will create the intense shock mechanical re-
sponse on all natural and artificial objects along its propagation and then it will be 
transformed in water space submergence zone. The evaluation of BWW parame-
ters will be included the following: (а) maximum possible height and speed of 
break-through wave propagation; (b) estimated time of coming of wave crest 
(front) onto selected object or point of territory; (c) boundaries of possible sub-
mergence zone in the vicinity; (d) maximum depth of submergence for every defi-
nite locality ant time of its submergence; (e) to point out all main objects, that will 
be under wave response.   

As for last case, the following explanations have to be done. Some objects may 
be only under response of break-through wave front for the shot time without the 
next submergence for long time. It will only result to mechanical total or partial 
destroy of these objects with next water wash-out of soil and artificial construc-
tional elements. This situation will be analyzed in according to the results, caused 
damages and consequences.  

For estimates of BWW parameters we use the computer modeling with taking 
into account the real profiles of local earth’s crust and mountains valley (including 
its rock and soil materials), another water reservoirs, such as lakes, small rivers 
and other natural objects. When WO is a lake or another huge water reservoir and 
it has a river, flowing through or out of it, and one or few natural or man-made 
dams, separated this river from WO. Then the possible scenarios of examined ca-
tastrophic flooding, related with dam destroy, will be elaborated on the base of 
method of the geographic analogous (Malik et al. 1998). BWW height is deter-
mined as a sum of upper and lower waves of destructed dams, height of the 
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seasonal high-water (flood) according to data of Water Register in certain parts of 
rivers. This method allows to determine BWW parameters and consequences of 
damages under the various order of dam total or partial destroy or damage. The 
calculations results will be usually presented on the special map, which allows to 
determine the extensions of damage and to develop the measurements on preven-
tion of the negative consequences in accordance with distinguished hazard zones.  

In the case of the wave propagation will located at different industrial zones, 
liquid and water objects, such as tailing storages, heat sinks, artificial water reser-
voirs and others, that contained different hazard pollutants (toxins, radionulclides, 
heavy metals, toxins and others), we have to take into account the influence of 
these objects on wave propagation and their additional hazard response on envi-
ronment after wave response. Our consideration will include the analysis of the 
possible scenes of realization of situations on pollutant migration from these ob-
jects, for example, from tailing storage: (a) constant pollutant migration without 
damage of tailing storage dams; (b) similar migration with the partial damage of 
tailing storage dams, for example, under landslide or earth flow; (c) pollutant mi-
gration under total dam destroy; (d) pollutant migration in result of: (1) partial 
flowage; (2) total one;  

Under realization of last two scenarios it is possible two following cases of de-
velopment of catastrophic situation: (1) all tailings are washed off by a river flow 
during few days; (2) all tailings are washed off by a river flow instantly.  The last 
situation is the most extreme and dangerous, because it will cause the maximum 
pollution with maximum losses both for environment and population. For all cases 
it is necessary to take into account the following kinds of possible damages caused 
by: (1) people victims and hazards to human health; (2) pollution of wide scale 
territories with subsequent losses in forest, agricultural and fish industries; (3) 
wide pollution of buildings and constructions; (4) pollutant migration in basins of 
the large rivers. Under radiological risk assessments it is necessary to take into ac-
count the possible chemical nuclear reactions and transformations of pollutants in 
soil, water and air. For example, transport calculation will be done for decay chain 
238U > 234U> 230Th> 226Ra. 

Assessment of damages  

We use our method for assessment of damages, which includes the following (Va-
lyaev et al. 2008a, 2008b). Let us consider the common case of any object explo-
ration for the fixed time interval under the following assumptions: (1) at initial 
state the object is in normal (non accidents) exploitation; (2) the different kinds of 
accidents may be occurred as noticed i =2, 3, …, m, where m is the total number 
of possible accidents (m=1 is corresponded to the normal regime); (3) every acci-
dent may create the different kinds of damages. Assuming that j is the kind of 
damage with aj. value. Then j = 1,2, …n, where n is the total number of possible 
kinds of damages; (4) realization of i accident creates the damage of j kind with Pij 
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probability, thus the matrix of risks (probabilities) is determined. Then the total 
vector of limited losses limа  may be determined on next formula (Tuzova 2006): 

∑
=

+=
m

i
naPа

2
1lim )1( jij aP̂  (1) 

where P(1) is the probability of damage formation under normal exploitation; 

na1  is the vector of limited damages under regular exploitation. Pijaj coordinate 
vector value in sum is equal the damage value of j kind under realization of i kind 
accident. Obviously that at normal mountain lake state P(1) =0. At extreme case 
of the lake outburst the possible economic damage may be assess as total material 
losses, caused by break-through water wave, resulted to numerous destroys of dif-
ferent agricultural and industrial constructions, pollution of vast territories and 
others. Assessment of this wave parameters and size of flooding territories have to 
be done for selected lake on the method, described above.  

Here we pay some attention to mountain lakes of Kyrgyzstan. The main natural 
and manmade water objects are presented in Fig.1. 

The total or partial destroys of their natural and artificial dams from above 
mentioned disasters or directed water terrorist acts may cause huge water wave 
and its great irreversible negative responses on environment and populations with 
wide scale global hazard pollution of vast and transboundary territories (in Uzbe-
kistan, Tajikistan and others), including water basins of Syrdarya and Amurdarya 
main rivers in Central Asia (see Fig.1). The Petrov unique huge mountain lake is 
located at the moraine and glacial complex of Petrov large glacier, flowing from 
the western slope of Ak-Shyirak mountain range.  The Kumkor river, tributary of 
Naryn river, flows out the lake. The maximum registered Kumkor river flow is 

 
Fig.1. Map of Kyrgyzstan Republic. 
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66.2 m3/s, its usual average value is varied from 2.9 to 25.2 m3/s from June to Sep-
tember. Petrov lake parameters are the following: 3734 m height at sea level; 60.3 
million m3  water volume; the ice dam; 15- 24 m lake depth range; 19-21 km bot-
tom width range The lake feeds on melting ice from the glacier. The total glacier 
area of is 69.8 km2.  

The recent detail geophysical and engineer –geologic studying of Petrov lake, 
including uranium isotope indicator for water dynamic, shows the growing of the 
lake outburst dangerous in result of its constant water volume increasing and cur-
rent underground thermo caster processes (Tuzova 2006; Erohin 2006). This out-
burst will cause destroys and hazard pollution of Naryn river head with some dan-
gerous for the operative mountain gold mines of Kumtor Operating Company. 
Also the outburst wave may stimulate the dam destroys at the huge water reser-
voirs of Naryn five high power operated HES, that supply energy for all Republic. 
The most Torkogul HES reservoir (Fig.1) has accumulated 20 billion m3 water 
with the height of its dam ~ 200 m. Its dam destroy will have the global cata-
strophic consequences for all Central Asia. 

Conclusion 

Under consideration and analysis of high mountain lake outbursts we have deal 
with the large scale open non equilibrium chaotic system, exposed to numerous 
external natural and man – made factors. Most part of them is non controlled or 
non known yet as their actions on system. As for forecast and assessment of poss-
ible economic and ecological damages, caused by catastrophes and cataclysms, the 
most difficult problem is the assessment of elements for Pij matrix of risks and 
damages in (1) formula. One of the main reasons here is connected with insuffi-
cient representative statistic on such dangerous objects or often it’s full absent. 
The analysis of all calculations results will be taken into account for these lakes 
classification on their dangerous degrees, management of their risks, development 
of counter measures for prediction/prevention of the lakes catastrophes, some ter-
rorist acts, management of risks, reducing and softening of their negative damag-
es. It will promote to substation and safety development of vast regional and 
transboundary territories of many countries. This approach has the universal cha-
racter and may be used for many dangerous natural and man- made objects and al-
so in development of common system for emergency prevention/elimination. 
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Abstract. Mountain moraine-glacial lakes are formed from atmospheric precipi-

tates in melted snow water  form, “young” ice of glacier beetling over lake (mete-

oric waters) and water from melted “aged” buried ice, lying in adjoining rocks of 

lake edges and bottom (waters, leached from rocks; Tuzova et al. 1994). Waters 

from   first source are characterized by extremely low U content and balanced ra-

tio of its even isotopes (С = (0,39± 0,02) ррm; 1,02±0,02= ץ) [2].  Waters from 

melted buried ice are noted for higher U content and non-equilibrium γ ratio (С 

range = 2,48 ± 0,08 -  28 ± 0, 2 ррm; γ  range = 0,862 ± 0,007  -  1,16 ± 0,02). 

More  role of buried ice in lake feeding is,  more water in moraine-glacial lakes 

deflects from glacial melted water by corresponding C and ץ values, which allows 

to determine main feeding sources.  The latter testifies about  lake instability state  

and increasing  of its outburst probability.  The presented method is confirmed by 

our inspection of five Kyrgyz lakes (Tuzova 2006): maximum  C and ץ deflections  

from the same values in meteoric waters were in Teztor-1 lake (С=23± 2 ррm; 

 After that .(±0,01 0,89=ץ ;С=1,69 ±0,05 ррm) and Atjailoo lake (±0,01 0,93=ץ

Teztor-1 had several outbursts; the last   was in 2004. Atjailoo outburst  was in 

1997 and today it is in constantly growing outburst stage.  Another three  lakes are   

stable and   their uranium-isotopic parameters are close to meteoric waters:  for 

Teztor-2 lake С=1,14±0,03 ррm; ±0,02 1,00=ץ; for Kashkasu and Tuuktor lakes 

С=1,39 ±0,05 ррm; ±0,01 1,06=ץ.  
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Abstract Uranium has been mined in the Limousin area (France) until the end of 

the 90’s. Nowadays mines are closed and environmental monitoring is conducted 

by the former operator (AREVA-NC) under the control of the French administra-

tion. In the year 2006, the French safety authority board has created a pluralist ex-

pert group (GEP) that enjoin experts, stake holders and government representa-

tives, to improve the environment protection concerning the process of uranium 

mines closure and rehabilitation. A part of the work is devoted to the study of 

mines as radionuclides sources and to the transport of radionuclides in the envi-

ronment. According to regulation, site waters must be collected, and when neces-

sary treated, before being released into the environment. Those waters constitute 

the main vector of radionuclides transportation. Several previous studies revealed 

an accumulation of radionuclides in lake sediments downstream mines inputs. 

This phenomenon is illustrated on the Ritord watershed; in an artificial lake 

created only few kilometres downstream one of the main treated mine waters re-

lease. To identify the mechanisms of the radionuclides accumulation in sediments, 

the GEP has investigated, through the environmental survey database, the water 

treatment efficiency and the behaviour of 238U and 226Ra from mines to the river. It 

concluded that a part of particles containing 226Ra produced in the water treatment 

station is not trapped but released to the river. The reduction of the water flow 

velocity where the stream enters the lake leads to the particles deposition. As a 
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consequence, the water treatment station has been modified to reduce the particle 

outflow. The uranium and radium content on particulate, colloidal and dissolve 

fractions were then investigated over a year all along the treatment process as well 

as downstream the water release point. Results of this specific study will be pre-

sented. 

Introduction 

Uranium has been mined in the Limousin area (France) until the end of the 90’s. 
Nowadays mines are closed and restored. Rehabilitation operations were devoted 
to assure the stability of land and infrastructures as well as to the collection of 
mine’s waters to keep under control the radionuclide release into watersheds. En-
vironmental monitoring is conducted by the former operator (AREVA-NC) under 
the control of the French administration which defines the objectives of environ-
mental and population protection against radiations. Concerning natural radionu-
clides from former uranium mining installations, the French Decree 90/222 indi-
cates that dissolved 226Ra and 238U activities in water released into the 
environment must remain under the limits of 0.74 Bq.l-1 and 22.4 Bq.l-1, respec-
tively. The waters flowing out the mines are collected and analysed to determine 
their 226Ra and 238U contents. When necessary, waters are treated before being re-
leased.  

In the year 2006, the French safety authority board has created a pluralist expert 
group (GEP) that enjoin experts, stake holders and government representatives, to 
improve the environment protection concerning the process of uranium mines clo-
sure and rehabilitation. A part of its work is devoted to the study of mines as ra-
dionuclides sources and to the transport of radionuclides in the environment. The 
group have examined many documents dealing with the environmental monitoring 
and impact of former mines and focused on accumulation of radionuclides in lake 
sediments downstream mines inputs.  

This phenomenon is illustrated on the Ritord watershed in an artificial lake cre-
ated only few kilometres downstream mines. To identify the mechanisms of the 
radionuclides accumulation in sediments, the GEP has investigated, through the 
environmental survey database, the water treatment efficiency and recommended 
to the operator to conduct a complementary study to determine the speciation of 
238U and 226Ra from mines to the lake. The work was conducted between October 
2006 and October 2007. Results are presented conjointly with previous investiga-
tions hereafter and interpreted from the management options point of view. 
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Area 

About 73 000 tons of uranium were extracted from the 200 French uranium mine 
sites. The Crouzille mining division (~ 300 km²) produced 24 000 tons of uranium 
from 24 underground and open mines. Seven watersheds compose the hydrologi-
cal web of the Crouzille Division area. Among them, the Ritord basin (figure 1) 
was selected to illustrate the impact of mine’s waters outflow. It corresponds to a 
small brook connecting two lakes. The upper one named “Gouillet” could be con-
sidered as not influenced by mines. Its outflow is the Ritord stream witch collects 
water from seven mine sites. Waters from St Sylvestre, Fanay-Augères and Silord 
are treated before being released into the environment due to their 226Ra activity 
level higher than the authorized limit of 0.74 Bq.l-1. Waters from Borderie and 
Vénachat do not require any treatment and no water flowing out the Bachellerie 
and Santrop sites was identified. It can be seen on figure 1 that in term of uranium 
production, the most important production comes from the Fanay-Augères site. 
The Ritord flows into the “Saint Pardoux” lake created in 1976 by the building of 
a dam on the river Couze flow about 1.5 km downstream the Couze/Ritord conflu-
ence. 

Impact of mine’s waters inflow to the Ritord 

On the base of the survey operated by AREVA-NC under the control of the 
French administration (waters) or on itself decision (sediments), the impact of the 
mine’s waters outflow in the Ritord brook was investigated in terms of radiologi-
cal content. 

Figure 2 presents, on its upper part, the dissolved 238U (squares) and dissolved 
226Ra (lines) activities in waters from the Gouillet lake and all along the Ritord 
flow.  On its lower part, 238U, 226Ra and 210Pb activity levels in sediments are 
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Fig.1. Production of uranium from mines in the Ritord watershed  
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presented. The influence of each mine water inflow may be deduced from the-
comparison of measurements conducted up and downstream the releasing point 
represented by dashed lines on figure 2. Waters were analysed monthly between 
1990 and 2006; all data are reported except for the ones under the detection limit. 
The 238U, 226Ra and 210Pb activity levels in sediments reported on figure 2 corre-
spond to the mean values of measurements conducted near annually between 1992 
and 2004.  

Results on waters are analysed on the spatial and temporal dimensions. On the 
Gouillet lake, dissolved 238U and dissolved 226Ra activities fluctuate respectively 
around 0.01 Bq.l-1 and 0.04 Bq.l-1 with a more important variability for the 226Ra. 
Downstream the St Sylvestre site, activity level increase slightly compared to the 
Gouillet lake. Downstream the Fanay-augères site activity levels reach the higher 
values measured on the Ritord stream. Then the Fanay-Augères site could be con-
sidered as the main source of radionuclides to the Ritord. This is confirmed by a 
mass balance along the Ritord flow which indicates that more than 90% of the 
238U and the 226Ra entering the Saint Pardoux lake through the Ritord comes from 
the Fanay-Augères outflow. Influence of Silord, Borderie and Vénachat is limited 
compared to the Fanay-Augères one’s. It can also be noted that the increase is 
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Fig.2. Influence of mine waters input on water and sediments radiological content in the Ritord 
stream and Saint Pardoux lake.  
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more important for the 238U than for the 226Ra.  Considering the temporal variation 
higher activities correspond to the beginning of the 90’s. They are contemporary 
with the restoration works on the Fanay-Augères site. Nowadays, dissolved 238U 
and 226Ra activity levels in the Ritord’s water -downstream the Fanay-Augères wa-
ter release point- are both around  0.1 Bq.l-1 and the main influence remained 
linked to the uranium release.  

Results on sediments show that activity level of the three radionuclides ana-
lysed is higher on lakes than on the Ritord. This could be linked to the size of 
sediment’s grains which is bigger on rivers than on lakes. As the specific surface 
is inversely proportioned to the size of grain, specific activity increase when the 
particle size decrease. As a consequence, activity levels in sediments are higher in 
lakes than in rivers. Considering the two lakes, the comparison of activity levels in 
sediments shows an important increase up to down stream. Sediments from Saint 
Pardoux lake were sampled near the Ritord entrance into the lake and higher val-
ues were fund in the literature (up to 20 000 Bq.kg-1 of 238U were measured). 
The increase of the activity level in sediment may be linked to the input by mine 
waters.  

The increase of activity level in water and sediments may be considered as a 
potential radiological hazard. Apart from this aspect, the French authority asked to 
AREVA-NC to work on treatments to keep 238U activity level in sediments of 
Saint Pardoux lake under the value of  3 700 Bq.kg-1. 

Efficiency of Mine’s water treatment 

As more than 90% of uranium and radium come from the Fanay-Augères treat-
ment station, the study focus on it. The actual regulation impose to AREVA-NC to 
keep dissolved 238U and dissolved 226Ra activity in water flowing  out the station 
respectively under 22.4 Bq.l-1 and 0.37 Bq.l-1. Then chemical treatment applied by 
AREVA-NC focus on dissolved 226Ra which is transformed as insoluble specie by 
BaSO4 precipitation before to settle in retention basins. 

Figure 3 shows the Fanay-Augères mine’s water treatment efficiency between 
1993 and 2006. The first graph presents the activity level of dissolved 226Ra in wa-
ter entering and exiting the water treatment station. The difference between the 
two corresponds to the efficiency of the transfer of dissolved 226Ra on the particu-
lar form. The main yield over the duration of the study reaches 90%. Then the 
treatment seems very efficient. Nevertheless, the comparison between total 226Ra 
entering and exiting the station shows that the total yield is 70%. That means a 
part of particles produced in the station does not settle in the basin and escape. 
They are released into the Ritord and may settle when they reach the lake. The last 
graph on the figure 3 presents activity levels of dissolved 238U entering and exiting 
the treatment station. It shows that the chemical treatment applied is not efficient 
for uranium. In fact, as the dissolved 238U activity level in water entering the sta-
tion is under the legal limit of 22.4 Bq.l-1 (annual mean), no treatment is deployed 
for uranium. 
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Nevertheless, as the objective is to reduce the 238U activity level in sediments, 
developments were conducted to increase the settling in the basin and to remove 
uranium from water. 
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Fig.3. Fanay-Augères mine’s water treatment efficiency 
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Fig.4. Distribution of 238U and 226Ra in water from mines and in the different water treatment 
steps before and after changes in the water treatment station. 
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Efficiency of developments in the Fanay-Augères water 
treatment station 

Developments proposed by AREVA-NC consist in building a new settling basin, 
using new chemical agents, and optimising the flow in the station to increase the 
residence time in the station. Waters flowing out the mines are collected in a basin 
(not represented on figure 4) and convoyed to the treatment line where chemical 
agents are added in the flow. Then waters pass through four basins before being 
released in to the Ritord flow. Basins 1 and 2 work in parallel on waters exiting 
the chemical treatment line. Waters exiting theses basins are directed to basins 3 
and 4 in series. The efficiency of developments was assessed through the meas-
urement of 226Ra and 238U in dissolved and particulate fraction in waters entering 
the station, all along the treatment (basin 1+2; basin 3 and basin 4) and down-
stream the release point in the Ritord. Results are presented in figure 4 with ones 
of a similar previous study conducted in 2001. At this time waters flowing out the 
chemical treatment line flowed through three basins in series. Waters from mines, 
from the last basin and from the Ritord downstream the release point were ana-
lysed in 2001. Results are presented on figure 4.  

Results show a strong decreasing of uranium in water from mines over time. 
This trend is weaker for the 226Ra. Activities of 226Ra measured on the basin 4 dur-
ing the year 2007 are lower than ones obtained on basin 3 during the year 2001. 
That attests the improvement of the water treatment yield on the 226Ra. Indeed, in 
water from mines 226Ra is on the soluble form. As mentioned above, the chemical 
treatment produces particles able to catch the radium. It appears that changes on 
the flow in the basins are efficient to increase the settling of particles. Most of 
them are retained in basins 1 and 2, but some settled in basins 3 and 4.  On the op-
posite, a small proportion of uranium is trapped during the treatment and most of 
uranium remained on a soluble form when it reaches the Ritord flow.  

Between 2001 and 2007, the concentration in uranium is divided by 3.2 in exit 
of treatment. It reverberates by a content of uranium divided by 2.4 in the Ritord 
flow. For radium, the concentration also decrease and are divided by 2 in water at 
the exit of basin of treatment and by 1.2 in the Ritord. The water samples of Ritord 
downstream Augères effluents have intermediate characteristics between two 
poles:  The diluting pole: water of refill (rainwater having more or less interacted 
with the granitic substratum, and the typical pole of water of mine which is char-
acterized by contents relatively rich in Ca, Mg, U, SO4 and Ba (Ba is an agent of 
treatment of the mining effluents). The proportion of the pole "mining water" in 
waters of Ritord remains weak and decreases in a significant way since 2001. 

Conclusion 

Dissolved 238U and dissolved 226Ra activities in natural waters of the Limousin re-
gion (France), vary respectively around 0.01 Bq.l-1 and 0.04 Bq.l-1. Corresponding 
activities in waters flowing out former mines are around 1 Bq.l-1. As these waters 



Impact of uranium mines water treatment on the uranium and radium behaviour      837 

Session VI: Environmental behavior 

may, locally, constitute the main contribution of the flow, the radiological impact 
on the environment is monitored. In order to satisfy the French regulation chemi-
cal treatments are applied by the operator to limit the release of radionuclides.  

That work indicates that activity levels in the environment depend on the flux 
released but also on the environment collecting and convoying flux. It shows the 
importance of lakes which presents the capability to trap radionuclides within their 
sediments. To limit the accumulation of “radioactives particles” in lakes, the func-
tioning of the water treatment station was optimized. From the general point of 
view, the quality of the natural water of the Ritord increase. It results not only 
from changes operated in the station but also from the decrease of 238U content in 
water flowing out the mines. Results of the monitoring of the Saint Pardoux Lake 
do not show a significant improvement in the radiological characteristics of the 
sediments, what demonstrates the efficiency limit of the chemical treatment. 
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Abstract. Saline waters from underground coal mines in Poland often contain 

natural radioactive isotopes, mainly 226Ra from the uranium decay series and 228Ra 

from the thorium series. More than 70% of the total amount of radium remains 

underground as radioactive deposits due to spontaneous co-precipitation or water 

treatment technologies, but several tens of MBq of 226Ra and even higher activity 

of  228Ra are released daily into the rivers along with the other mine effluents from 

all Polish coal mines. Different technical measures such as inducing the precipita-

tion of radium in gobs, decreasing the amount of meteoric inflow water into un-

derground workings etc., have been undertaken in several coal mines, and as a re-

sult of these measures the total amount of radium released to the surface waters 

has diminished significantly during the last 15 years.Mine waters can have a se-

vere impact on the natural environment, mainly due to its salinity. Additionally 

high levels of radium concentration in river waters, bottom sediments and vegeta-

tion were also observed. Sometimes radium concentrations in rivers exceeded 0.7 

kBq/m3, which was the permitted level for waste waters under Polish law. The in-

vestigations described here were carried out for all coal mines and on this basis the 

total radium balance in effluents has been calculated several times within last 20 

years. Measurements in the vicinity of mine settling ponds and in rivers have giv-

en us an opportunity to study radium behaviour in river waters and to assess the 

degree of contamination. 
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Introduction 

Very often human activity, connected with the exploitation of mineral resources, 
leads to the contamination of the natural environment. Sometimes natural radionu-
clides are released or concentrated as waste material. In Poland the main source of 
waste and by-products with enhanced concentration of natural radionuclides is 
power industry, based on the coal exploitation and combustion. In hard coal min-
ing industry 50 million tons of different waste materials are produced annually. As 
a result of coal combustion in power plants, the area of fly ash and sludge piles is 
increased by several  km2 per year (Michalik et al., 1995). 

Upper Silesian Coal Basin (USCB) is located in the Southern-West part of Pol-
and. Presently there are 35 underground coal mines there extracting approximately 
100 mln tons of coal per year. The depth of mine workings is from 350 to 1050 m. 
Upper Silesia is characterized by a very complicated and differentiated geological 
structure with numerous faults and other tectonic dislocations. Additionally, the 
area is very affected by mining 

Two hydrological regions of the Coal Basin have been distinguished. First re-
gion is located in southern and western Silesia with thick strata of sediments cov-
ering carboniferous formation. This overlay is built mainly by Miocene clays and 
silts. The thickness of this rocks is up to 700 m. Such strata make almost impossi-
ble migration of water an gases. In the second region Miocene clays do not occur. 
Carboniferous strata are covered by and Quaternary sediments, slightly com-
pacted.  

The oldest formations of this area form isolated sediments of Permian or Trias-
sic limestone strongly fissured. There are numerous outcrops of coal seams. These 
formations enable very easy migration of water and gases. 

An additional and unexpected component of the radioactive contamination of 
the natural environment, and different from that usually associated with this kind 
of industry, is caused by underground coal exploitation. In many of coal mines, 
located in Upper Silesian Coal Basin waters with enhanced radium content occur 
(Lebecka et al., 1986). Sometimes in radium-bearing brines barium ions are also 
present, in concentrations up to 2 g/l. Such waters were classified as radium-
bearing type A waters. On the other hand, in the second kind of waters, which 
have been called type B, no barium can be found but radium and sulphate ions are 
present.  

In the area of Upper Silesian Coal Basin (USCB) operate of about 35 under-
ground coal mines. The total water outflow from these mines is about 750 000 
m3/day. The salinity of these brines is far higher than that of ocean water. The to-
tal amount of salt (total dissolved solids - TDS) carried with mine waters to the 
rivers is about 10 000 tonnes/day.  The commonest ions in these brines are Cl- and 
Na+ with concentrations up to 70 g/l and 40 g/l respectively, additionally brines 
usually contain several grams per litre of Ca2+  and Mg2+  and significant amounts 
of other ions (Tomza & Lebecka, 1981). Waters with high radium concentration 
occur mainly in the southern and central part of the coal basin, where coal seams 
are overlaid by a thick layer of impermeable clays (Rozkowski & Wilk, 1992). 
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These saline waters cause severe damage to the natural environment, owing main-
ly to their high salinity (sometimes > 200 g/l), but also their high radium concen-
tration, reaching 390 kBq/m3 (Skubacz et al., 1990). 

The presence of barium in waters is the most important factor for the further 
behaviour of radium isotopes in mine galleries or on the surface. From type A wa-
ters radium and barium always co-precipitate as sulphates, when such waters are 
mixed with any water containing sulphate ions. As a result of  the precipitation, 
barium sulphate deposits with highly enhanced radium concentrations are formed 
(Lebecka et al., 1986, Michalik et al., 1999). The total activity of radium isotopes 
in these sediments may sometimes reach 400 kBq/kg. In comparison, average ra-
dium content in soil is 25 Bq/kg (UNSCEAR, 1982). In case of radium-bearing 
type B waters, no precipitation occurs due to the lack of the barium carrier, and 
that is why the increase of radium content in sediments is much lower that ones 
originated from type A waters. 

Applied methods and instrumentation 

Radioactivity of waters from coal mines is mostly from radium isotopes - 226Ra 
from the uranium series and  228Ra from the thorium. A method of chemical sepa-
ration of radium, developed by Goldin  (Goldin, 1961),  has  been modified for 
liquid scintillation  counting  (Chalupnik & Lebecka, 1990; Chalupnik & Lebecka, 
1993).  Radium is co-precipitated with  barium  in  form  of  sulphates  and  this 
precipitate is mixed with liquid gelling scintillator. The prepared samples were 
measured by a  low  background liquid scintillation spectrometer (QUANTULUS, 
PerkinElmer).  This counter  is equipped in alpha/beta   separation and anti-
coincidence shield, which enables measurements of    226Ra concentration above 3 
Bq/m3  with simultaneous  measurements  of     228Ra  (LLD  =  30 Bq/m3) and    
224Ra (LLD = 50 Bq/m3). In addition,  the procedure  enables  the simultaneous  
preparation  of   210Pb,  which  can  separated from radium isotopes at the last 
stage of analysis and also measured  in   the LS spectrometer with a detection limit 
of  20 Bq/m3. 

System of monitoring in the vicinity of coal mines 

In the mining industry in Poland, monitoring of the radioactivity of mine waters, 
precipitates as well as gamma doses was obligatory since 1989 till 2003. 

Monitoring of radioactive contamination caused by effluents and tailings from 
coal mines must be done since 1986 (Guidelines, 1986). Due to these regulations 
the following measurements must be done in mine’s vicinity: 

I. The concentration of 226Ra and 228Ra in effluent from the settlement pond, in 
river above and below the discharge point, in water supplies nearby discharge 
point. 
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II. The concentrations of natural radionuclides in solid samples, dumped onto 
the piles. 

Such complex monitoring system gives an opportunity to obtain a complete 
picture of the influence of a certain mine on the underground and surface employ-
ees as well as on inhabitants of adjoining areas. 

Concentration of radium isotopes in original water samples from different coal 
mines varies in a very wide range - from 0 to 110 kBq/m3 for 226Ra and  from 0 to 
70 kBq/m3 for 228Ra (Report, 2004).  In 80’s waters with radium concentration 
above 1.0 kBq/m3 were found in 43 out of 65 coal mines in Upper Silesian Coal 
Basin. The highest concentrations of radium were measured in highly mineralised 
waters from deeper levels in radium-bearing waters type A. The ratio of  226Ra to 
228Ra in radium-bearing waters type A was in average of about 2:1. Contrary in 
radium-bearing waters type B  there were more 228Ra than 226Ra,  the ratio  226Ra: 
228Ra was from 1:2  up to 1:3.   Concentration of 226Ra in these waters reached 20 
kBq/m3, while maximum concentration of 228Ra was as high as  32  kBq/m3.  
These values justify the statement that Upper Silesian radium-bearing waters be-
long to the waters with highest known radium concentration. 

Original waters flowing into mine workings from the rocks from different aqui-
fers are collected in gutters in underground galleries, brought together from differ-
ent parts of  the mine, clarified and pumped out to the surface.  Radium concentra-
tion in these mixed waters was lower than in original water and did not exceed  25 
kBq/m3 of  226Ra  and  14   kBq/m3 of 228Ra (Report, 2004). 

Basing on the results of measurements of radium concentration in the original 
waters inflows into the mine workings and on data on the flow rates of water pro-
vided by the mine hydrologists, the total activities of both radioisotopes of radium 
flowing with water to different parts of mines and to different mines were calcu-
lated. This results were compared with values obtained using radium concentra-
tions in mixed waters taken from the drainage system (from gutters) from different 
parts of mines and corresponding flow rates obtained from the mines.  The differ-
ence is indicating the activity of radium remaining in underground mine workings 
due to spontaneous precipitation of radium and barium sulphates or due to applied 
purification of water. The calculated activity of  radium remaining in underground 
mine workings as deposits in all Upper Silesian coal mines is  580 MBq/day of 
226Ra and 530 MBq/day of 228Ra.  These values can not be considered as very ac-
curate, since the uncertainty of measurements of flow rates of small inflows is 
rather large. The approximate amount of 226Ra in water inflows in coal mines in 
USCB have been calculated as high as 650 MBq/day (i.e. 230 GBq per year) while 
for 228Ra this value is of about 700 MBq/day or 255 GBq per year. Although ra-
dium concentrations in waters type B were usually lower than in waters type A the 
total inflows to mines where radium-bearing waters type B occur were much 
higher. As a result the total activity of radium carried with water type B was 
higher. The highest values for a single mine (with waters type B) were: 78 MBq 
per day of 226Ra and 145 MBq per day of 228Ra. 

In comparison corresponding values of inflows of radium with saline waters in 
4 copper mines in Poland were: 31 MBq of 226Ra and 3 MBq of 228Ra per day. 
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Assessment of radium balance in discharge waters 

One of the biggest advantages of the monitoring system in Upper Silesia region is 
a possibility to make an assessment of radium balance in discharge waters periodi-
cally. For instance in years 1987, 1995, 2003 and 2006 such assessments have 
been prepared. For the calculations of about 300 results of mine waters have been 
taken as well as 40 analyses of river waters have been done. The term „mine wa-
ters” means not only mine waters but also river waters close to the discharge 
points. Term “river waters” is used for the samples taken at the sampling points of 
regional monitoring system of water quality. All the data are included in the mine 
waters database in the Laboratory of Radiometry as the element of the radiation 
hazard monitoring and environmental monitoring. A comparison of assessment re-
sults in chosen periods is shown in table 1.  

The assessment of the total activity of radium released from coal mines in Up-
per Silesia with waste water is based on: 
• results of  determination of radium isotopes in waters released by collieries; 
• data on amount of water released by individual mines. 

We have also made an estimation of total activity of radium which remains in 
underground workings in a form of deposit precipitated out of radium-bearing wa-
ters either due to unintended mixing of natural waters of different chemical com-
position or due to the purification of radium-bearing waters. This estimation has 
been done basing on: 
• results of determination of radium isotopes in original waters inflowing to the 

underground mine workings from the rocks; 
• rough estimation of the amounts of water inflows from different sources or 

parts of mines; 
• calculated value of the total activity of radium pumped out from underground 

mine workings with waste waters by individual mines. 
Much more accurate were the results of calculations of the total activities of ra-

dium present in water pumped out from individual mines. These values were cal-
culated basing on the radium concentration determined in these waters and on data 
of amount of water provided by mines.  

Samples of discharged waters were taken from settling ponds.  In outflows 
from thses ponds in 87 % mines 226Ra concentration exceeds 0.008 kBq/m3,  in 
25% 226Ra concentration is higher than 0.1 kBq/m3 and in 8 % exceeded permissi-
ble level - i.e. 0.7 kBq/m3 (Decree, 1989). 

In rivers enhanced concentrations of radium can be observed many kilometres 
down from the discharge points. This is mainly true for radium-bearing waters 
type B, because out of these waters radium is not easily precipitated. The highest 
value of 226Ra concentration was as high as  1.3 kBq/m3 - it was found in a small 
stream near it’s conjunction with Vistula river. 
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The significant decrease of daily discharge of radium was observed in the pe-
riod 1987 -1995. Very first assessment of radium 226Ra in mine affluents has been 
done in 1987, giving the value of the daily release at level 400 MBq. At that time 
no results of 228Ra measurements were available. Results of another assessment, 
prepared in 1995 showed a significant decrease of radium activity in mine waters, 
released into natural environment, roughly by factor 2. There were two reason of 
this effect. Firstly, the purification of A type mine waters has been started in 

Table 1. Comparison of radium balance assessment in rivers from Upper Silesia region 

Catchment area Total activity 
1995 
[MBq/day] 

Total activity 
2003 
[MBq/day] 

Total activity 
2006 
[MBq/day] 

 226Ra 228Ra 226Ra 228Ra 226Ra 228Ra 

Inflows into “OLZA” 
pipeline from 11 mines 

9.8 6.7 6.8 6.8 6.5 6.5 

Olza River – discharge of 
„Olza” pipeline 

1.6 1.4 2.5 1.8 2.3 1.6 

Ruda-Nacyna Rivers  
(3 mines) 

2.2 1.4 0.7 0.7 1.2 1.1 

Bierawka  River  
(5 mines) 

1.6 1.2 2.7 3.2 1.8 1.4 

Bytomka River (5 mines) 0.4 0.5 1.5 3.0 1.2 1.9 

Kłodnica River (7 mines) 2.6 2.9 2.6 3.7 2.8 2.9 

Rawa River (4 mines) 0.2 0.2 1.2 2.7 0.6 2.1 

Brynica River (4 mines 0.7 0.7 1.4 2.4 1.2 1.8 

Przemsza River  
(2 mines) 

0.4 0.4 2.3 5.6 1.2 2.4 

Bobrek River (3 mines) 0.2 0.2 0.3 1.2 0.8 1.5 

Black Przemsza River  
(4 mines) 

1.6 3.1 1.3 2.3 1.5 2.8 

Gostynka River  
(3 mines) 

133.9 248.1 61.1 147.6 52.4 128.5 

Mleczna River (2 mines) 1.3 2.4 1.5 3.3 1.5 3.3 

Upper-Vistula (4 mines) 73.0 117.2 42.9 84.2 8.9 19.8 

Total: 
35 active mines 
30 abandoned 

219.1 380.1 120.1 258.2 77.4 169.5 
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several coal mines in catchment areas of Olza river and Upper Vistula. The anoth-
er reason was due to economical changes in the mining industry – dewatering of 
deep mines was more and more expensive and hydro-technical solutions have 
been applied in numerous mines to reduce water inflows into underground galle-
ries, with special emphasis on brines. 

In the last decade the decrease of radium activity in discharge waters is mainly 
due to the purification of B type brines in Piast Colliery (started in 1999) and con-
struction of another treatment station in the year 2006 in Ziemowit Mine. In Piast 
Mine the implementation of the treatment technology on deeper of the horizons in 
the mine caused the decrease of radium release from the mine at level 150 
MBq/day – 60 MBq/day of 226Ra and 90 MBq/day of 228Ra. Additionally, purifica-
tion system for second horizon of Piast mine is under designing, and it will solve 
most of the problems with radium contamination of river waters in Upper Silesia 
region. 

The process of water treatment is based on the dissolutionof barium chloride 
and immediate co-precipitation of barium and radium ions sulphates. This reaction 
is possible due to the surplus of sulphate ions in brines (30-50 times more than re-
quired for steichiometric reaction). This reaction is shown below: 

BaCl2 → Ba2+ + 2Cl- (dissolution of barium chloride) 

Ba2+ + Ra2+ + 2SO4
2- → BaRa(SO4) 2 (co-precititation) 

Ba2+ + SO4
2- → BaSO4↓ 

The solubility of barium sulphate is roughly 0.002 g/l, and presence of sulphate 
ions in the water makes the dissolution of barium sulphate impossible. Moreover, 
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Fig.1. Results of water treatment in Piast Mine in years 1999-2000. 
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the solubility of radium sulphate is two orders of magnit ude lower, therefore se-
diments are stable, and no back leaching is predicted. 

In 90’s enhanced radium concentrations were mainly observed in the Vistula 
river, into which most of the radium is discharged with B type waters - approxi-
mately 200 MBq of 226Ra and 350 MBq of 228Ra per day.  Concentration of 226Ra 
(0.035 kBq/m3) was observed in Vistula in Cracow - 70 km downstream from Up-
per Silesia. Some of these waters were not discharged directly to Vistula river, but 
to it’s tributaries. The influences of singular inflows were very clearly. Moreover, 
waters from first mine were A type and the difference of radium behaviour (fast 
precipitation) in comparison with other 3 mines (waters B type) was very evident. 
Different situation was observed in the vicinity of Oder river, where in coal mines 
occur mainly waters type A. The amount of radium discharged into this river was 
much lower - 20 MBq per day of 226Ra and 25 MBg/day of 228Ra. As a result  con-
centrations of radium in Oder were below 0.01 kBq/m3. 

At the beginning of new century a  treatment of mine waters (type B – without 
barium) has been started in underground galleries of Piast mine (1999). The total 
activity of radium isotopes in discharge waters decreased significantly, but still 
concentrations of radium isotopes in some rivers in Upper Silesia were clearly en-
hanced as compared with natural levels. In comparison with data  from other loca-
tions, concentrations of radium isotopes in rivers in USCB are significantly 
higher. Enhanced concentrations of radium in river waters in Upper Silesia are 
caused solely by the influence of mine waters. 

One of the collieries, releasing radium isotopes into surface settling pond and 
finally into Vistula River was Ziemowit Mine. In this mine saline brines are very 
common, and the total inflow into mine galleries exceeds 20 m3/min. Radium con-
centration in these brines is as high as 12 kBq/m3 for 226Ra and 20 kBq/m3 for 
228Ra. Due to the lack of barium in brines (type B waters) from Ziemowit Mine the 
spontaneous coprecipitation of radium was negligible and only small part of ra-
dium remained underground as a result of adsorption on bottom sediments in un-
derground water galleries. Therefore Ziemowit Colliery was the main source of 
the contamination of small brook, called Potok Golawiecki, a tributary of Vistula 
River and Vistula itself. In 2003 almost 50% of total activity released from all 
mines in USCB was dumped into surface waters from Ziemowit. Of about 60 
MBq of 226Ra and 100 MBq of 228Ra was released daily, despite the fact, that con-
centrations of radium isotopes in effluents from Ziemowit Mine weren’t very high, 
reaching 1.3 kBq/m3 in case of 226Ra and for 228Ra - 2.5 kBq/m3. 

The ecological effect of the purification is the most important issue. At the out-
flow from the purification system, at the level -650m the removal efficiency is 
above 95%. On the surface the efficiency is lower, due to mixing with untreated 
waters from level -500m, But at the inflow of saline waters into the settling pond, 
as well as at the outflow from that pond, concentrations of radium isotopes are ap-
proximately 80-85% lower than before purification. It corresponds to the decrease 
of about 40 MBq for 226Ra and 60 MBq for isotope 228Ra of daily release from the 
Ziemowit Mine. It means, that the total amount of radium, discharged into the Po-
tok Golawiecki and Vistula rivers is much lower, by a value 100 MBq/day (see 
fig.2.). 
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Due to release of  radium-bearing mine waters from coal mines there is a con-
tamination of river waters. As a result radium concentration in some small rivers 
exceeds permissible level for radioactive wastes. Therefore development and ap-
plication of purification methods is justified and further efforts should be done to 
reduce the contamination of rivers, particularly of Vistula River and it’s tributaries.  

On the other hand we must take into account, the exploitation of deeper coal 
seams will cause more problems with inflows of radium-bearing brines into un-
derground workings, even in these mines where no radium problems exist right 
now. Therefore periodical monitoring of discharge waters is necessary. Another 
legal problem must be also solved - responsibility for monitoring of waters, re-
leased from abandoned mines 

Summary 

• Coal mining may cause significant pollution of the natural environment due to 
release of waste waters with enhanced concentrations of natural radionuclides 
(mainly radium isotopes. This phenomenon is well known not only in Upper Si-
lesian Coal Basin but also in other regions of underground exploitation of coal 
(Ruhr Basin), oil and gas or other resources.  

• Due to mitigation measures, undertaken by mines, the significant improvement 
can be observed during last two decades. In most cases radium concentrations 
in discharge waters are low and surface waters are not contaminated. Moreover, 
further decrease of radium release is predicted as a result of underground mine 
water purification in two collieries. 
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Fig. 2.  Changes of radium concentration (kBq/m3) in Potok Golawiecki as a result of water 
treatment in Ziemowit Mine. 
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• Monitoring system of natural radionuclides in waste waters and river waters is 
an important element of the prevention against the pollution of the natural envi-
ronment. Moreover, it is a source of data for optimization of ground reclama-
tion of previously contaminated areas (mainly settling ponds) of abandoned 
coal mines. 
Of course, further improvement of the system is required as well as solution of 

important legal problems, related with liquidation of coal mines, harmonization 
with EU regulations etc. 
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Radium transfer from solid into liquid phase – a 
theoretical approach to its behaviour in aquifers 

Stanislaw Chalupnik 
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Pl. Gwarkow 1,  POLAND, s.chalupnik.@gig.katowice.pl 

Abstract.  In the paper, a theoretical approach to the problem of radium presence 

in mineralized mine water, is presented. Two main types of radium-bearing waters 

have been found in Polish coal mines. In type A waters, radium isotopes are 

present together with barium, while concentrations of sulphate ions are very low. 

Additionally, in these waters a ratio of 226Ra:228Ra activity is usually higher than 1. 

In type B waters, no barium can be fund, but radium together with sulphate ions. 

Contrary, in such waters the isotopic ratio of radium 226Ra:228Ra is below 1, and 

activities of both isotopes of radium are lower as in type A waters. No other dif-

ferences in chemical composition of mine waters have been observed. Analysis 

shows, that the activity ratio of radium isotopes is related to the dynamics of ra-

dium adsorption on the grains of solid phase in the aquifer. During analysis must 

be taken into account, that the radium build up in formation water due to recoil ef-

fect, is stable in time. Additionally, no correlation with elevated concentrations of 

uranium and thorium in rocks, have been observed. Therefore the enhanced ra-

dium content in formation waters must be caused by its mineralization. The rela-

tively short half life of 228Ra (6 years) shows, that the process of radium transfer 

from solid into liquid phase is a short term process for geological scale. Therefore 

radium content in mine waters must be related to the concentration of natural ra-

dionuclides in the close vicinity of the aquifer or the water reservoir.  
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Introduction 

Enhanced levels of gamma radiation were discovered in Polish coal mines during 
the early 1960’s by Saldan (1965) who concluded that this resulted from uranium 
mineralisation. More detailed investigations were initiated by Tomza & Lebecka 
(1981), and subsequently undertaken on a regular basis by the Laboratory of Ra-
diometry in the Central Mining Institute, Katowice, Poland. Investigations are fo-
cused on the enhanced concentrations of radium isotopes in brines and in precipi-
tates from radium-bearing waters. The results of the investigations show, that 
scales of barium and radium sulphates had been mis-identified as uranium minera-
lisation by Saldan(1965). No elevated concentration of either uranium or thorium 
have been found in coal seams or the Carboniferous host rocks  (Michalik et al., 
1986; Wysocka and Skowronek, 1990) or in the brines (Pluta, 1988). 

Similar phenomena in underground non-uranium mines in other countries have 
been described by other scientists. For instance in the Ruhr Basin, enhanced ra-
dium concentrations in brines were reported by Gans et. al. (1981). Other investi-
gators reported only the presence of barium in mine waters from coal mines, for 
instance Younger in the UK (1994) or Martel and co-workers in Canada (2001). 
Reports of inflows of saline waters with elevated barium concentration came from  
a diamond mine in Russia (Kipko et al., 1994). Based upon our experience (e.g. 
Lebecka et al., 1991) the presence of barium in mine water is likely to be corre-
lated with enhanced radium concentration. High radium concentrations in forma-
tion waters from oil fields is widely, reported by scientists from USA, Romania, 
Ukraine or Norway (Tanner, 1964, Peic et al., 1995, Gucalo, 1964, Sidhu, 2002). 
All these reports confirm the thesis, that the phenomenon of radium presence in 
brines is rather common, especially in confined aquifers, isolated from the influ-
ence of meteoric waters by impermeable layers, like clays or other deposits with 
low porosity (Tomza & Lebecka, 1981, Klessa, 2001) or even a thick permafrost 
layer. 

In Polish coal mines two types of radium-bearing brines have been distin-
guished  (Lebecka et. al., 1994). The first type, called type A radium-bearing wa-
ters, contain radium and barium ions, but no sulphates. Type B waters, contain ra-
dium and sulphate ions but no barium. The presence of barium in brines is a very 
important factor controlling the behaviour of radium, because barium acts as a car-
rier. Therefore radium can be easily co-precipitated on barium from type A waters 
as scales of barium/radium sulphate. This chemical reaction leads to the formation 
of highly radioactive deposits in underground galleries and surface settling ponds 
and rivers. In type B brines no carrier for radium exist and the main processes, 
leading to the decrease of the concentration of radium isotopes are adsorption on 
bottom sediments in settling ponds and rivers and dilution. Radioactivity of sedi-
ments in the vicinity of mines, discharging B type radium-bearing waters into en-
vironment, is not very high but often clearly enhanced. 

The results, show little differences in the dissolved solids fractions of the two 
brines. The major difference is the absence of sulphate ions in type A and no ba-
rium in the B type water. Another significant difference is in the isotopic ratio of 
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radium in both brines. Typically, in A type waters radium 226Ra concentration is 
higher than the 228Ra content – typically this ratio is about 2:1. In B type water 
the opposite can be seen - 226Ra to 228Ra ratio can be as low as 1:2 but sometime 
even 1:3.  

In table 1 typical chemical analyses of the two different radium-bearing brines 
are presented. 

The occurrence of radium-bearing waters in different coal mines in the Upper 
Silesian Coal Basin, the range of radium concentrations in brines, and its’ influ-
ence on the natural environment have been investigated since the 70’s and is well 
recognised. On the other hand, the origins and difference between the two types of 
is still a problem without adequate explanation. 

Table 1. Comparison of chemical composition of brines A and B types. 

  type A type B 
Conductivity  [μS/cm] 151000 91000� 
pH  [-] 7.25 7.53 
TDS at 378K [mg/dm3] 124300 85300� 
226Ra  [Bq/dm3] 62.76 3.449 
228Ra [Bq/dm3] 34.67 5.10 
Cations    
Ca2+ [mg/dm3] 6500 1840 

Mg2+  [mg/dm3] 3750 1980 

Na+ [mg/dm3] 34720 28050 

K+ [mg/dm3] 299 268 
Fe [mg/dm3] <0.05 <0.05 
Mn2+ [mg/dm3] <0.05 <0.05 

Ba2+ [mg/dm3] 1480 - 
Total [mg/dm3] 46740 32140 
Anions�    
Cl- [mg/dm3] 77350 50830 

SO4
2-� [mg/dm3] 0.0 2140 

CO3
2-� [mg/dm3] 0.0 0.0 

HCO3
-� [mg/dm3] 24.4 67.1 

SiO4
4-� [mg/dm3] 2.00 3.45 

Br-� [mg/dm3] 241 155 

J- [mg/dm3] 10.9 11.2 
Total [mg/dm3] 77630 53210 

 



854      Stanislaw Chałupnik 

Session VI: Environmental behavior 

Radium transfer and migration with water 

The process of radium transfer from solid phase into water consists of three phases 
(Starik, 1964): 
• transfer of radium from the crystalline lattice into capillaries or pores in the 

mineral or rock, caused by the alpha-recoil effect resulting from the decay of 
parent nuclei, respectively 230Th for 226Ra; and 232Th for 228Ra; 

• in pores an equilibrium between radium in solution and radium adsorbed on the 
surface of the mineral phase is established. 
Starik furthermore stated that most of the radium seems to be adsorbed on sur-

faces; 
• when mineral grains are in contact with flowing water, some of the radium may 

diffuse out of pores and capillaries (if a concentration gradient exists), but si-
multaneously part of radium can be desorbed from surfaces to balance the con-
centration. 
Aqueous radium migration studies  have been carried out by numerous scien-

tists, but mainly for groundwater aquifers (Davidson & Dickson, 1986, Morse et. 
al., 2000, Benes, 1990). One of the most important investigations has been per-
formed by Krishnaswami and co-workers (1982) who assessed the adsorp-
tion/desorption ratio for radium and estimated the retardation factors for radium 
migration in the ground.  

The simplified model of radium migration is based of the assumption of equili-
brium between the concentration of radium in the liquid phase and that adsorbed 
on surfaces of solid phase (Frissel and Koster, 1990). In this model the factor Kd 
describes the ratio of radium concentrations in solid and liquid phases according 
to: 

Kd = Cs/Cw  (1) 

where: 
Cs – concentration in solid phase (Bq/kg); 
Cw – concentration in water (Bq/l) 
This factor can be used to assess the migration velocity in the ground, which  is 

defined as (Dickson, 1990): 

VRa = VH20*/(1 + ρKd/θ) (2) 

where:  
Cs – concentration in solid phase; 
Cw – concentration in water; 
ρ - density of solid phase; 
θ - moisture content of the ground; 
VH20 – velocity of water movement in the aquifer (measured in m/year). 
The radium movement in the aquifer is retarded significantly in comparison 

with water movement, and the retardation depends strongly on the Kd value. 
During one half-life of 226Ra (ca. 1600 y) the transport distance can be esti-

mated as a maximum of several meters only. The effect of retardation is more 
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important for 228Ra due to its relatively short half-live - 6 years only. Within this 
period radium might be transported only several centimetres. It seems to be a cer-
tain limitation for the possible volume of the solid phase, influencing radium con-
centration in formation water. 

However, the consideration of radium migration in aquifers is far more com-
plex. Numerous data confirm (Nathwani and Phillips, 1979), that Kd values de-
pend on the concentration of other ions in the liquid phase, and this makes it use-
less for analysis of radium transport in brines. 

Another method that can be considered is based on the idea of cation exchange 
capacity – CEC. Cations in an aquifer compete for adsorption on a limited and 
stable number of adsorption centres, given by the CEC. This problem is relatively 
simple if only two types of cations are present in water. Otherwise, as in saline 
mine waters, several different cations can be found in the brine (see table 1). The 
analytical solution of such complex equations is very difficult, only a numerical 
approach is possible (Frissel and Reiniger, 1974). The main limitation for this ap-
proach is that exchange factors are not stable, but depend on the total concentra-
tion of cations and chemical composition of dissolved solids. 

The author would like to present a simple, mathematical approach to the prob-
lem of adsorption and desorption of radium in aquifers. The results for the simula-
tion of changes in the radium isotopic concentration in water are compared with 
the results of long-term monitoring of radium content in different brines. That 
problem is not necessarily specific to the Silesian Basin, because reports of similar 
brines in different underground mines, especially non-uranium ones, and also in 
deep aquifers, are common. 

One, additional issue is very important. One of the most important ions in 
brines is barium, which has very similar geochemical properties to radium. It 
seems that a most important problem would be to explain the presence of barium 
in some brines and absence in others. It is known, that barium is relatively easy 
dissolved by some hydrothermal fluids. For instance Krishnaswami and Turekian 
(1982) found in such fluids within basalts in Galapagos region a similar ratio of 
226Ra/Ba as in host rocks. Moreover, these scientists discovered similar values 
for this ratio in other volcanic areas. Of course, the mechanism of radium transfer 
into the liquid phase may be different, but the idea is supported by elevated ba-
rium contents in some saline waters.  

Ion exchange kinetics: 

Equations, describing the balance of radium in aquifers, are quoted from Dickson 
(1990). Equation (3) presents changes of radium activity in the liquid phase and 
(4) on the surface of the solid phase. 

For the liquid phase: 

Nrec + k2*Ns = λ*Nw + k1*Nw  (3) 

For the solid phase: 
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k1Nw = λ*Ns + k2*Ns  (4) 

where: 
Nrec – production of radium due to recoil effect; 
k1 – adsorption coefficient; 
k2 – desorption factor; 
Nw – radium concentration in water; 
Ns – radium content in solid phase. 
The ratio of the radium atoms in the solution Nw to the transfer velocity into 

water, as a result of recoil Nrec, can be described as: 

Nw/ Nrec =  (λ+k2)/(λ+ k1+ k2)  (5) 

Theoretically, the radium concentration in water could be calculated, taking in-
to considerations measured or arbitrary chosen adsorption and desorption coeffi-
cients – different ones for A and B type of brines. During in-situ measurements 
parameters k1 and k2 must be measured for each aquifers. Data for in-situ investi-
gations of these parameters are scare (Taskaev et al., 1978, Shangde et al, 2000). 
Dickson (1972) showed, that measured values of adsorption/desorption coeffi-
cients often were not reliable. Therefore such an approach, based on the kinetics 
of ion exchange, may lead to wrong conclusions, if the above mentioned parame-
ters are not well known. 

It is proposed that a simplified, mathematical approach to this problem be used 
and the results compared with the actual results for Polish mines. One could con-
sider this phenomenon as a product of the normal decay of the radionuclide (ra-
dium) in the liquid phase with additional exchange with solid surfaces (adsorption 
and desorption). Consider the Bateman equation for radium in the formation water 
in a modified form (Dickson, 1972), because only a part of radium atoms is trans-
ferred into water from solid phase. Assuming, that the recoil efficiency is denoted 
as e, the decay constant of the parent isotope (230Th) is l and N is the number of 
parent isotope atoms in the volume unit, then the number of radium atoms, recoil-
ing into liquid phase, can be calculated as: 

Nrec = N * λ * ε = A * ε   (6) 

Consider first the case of simple decay with possible adsorption, while desorp-
tion is omitted (Semkow et al., 1996). On such an assumption, the equation, de-
scribing changes in the  radium content in the liquid phase, as follows: 

dNRa/dt = Nrec - λ * NRa – k1 * NRa  (7) 

When desorption is also taken into account along with another assumption; that 
the number of atoms in the liquid phase is similar to those adsorbed on solid sur-
faces, the final formula is different: 

dNRa/dt = Nrec - λ * NRa – k1 * NRa + k2 * NRa   (7a) 

where: 
λ * NRa – this part describes the radioactive decay of radium in the solution, λ 

is the decay constant of radium and  NRa is numer of radium atoms in liquid phase; 
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k1 * NRa –  the adsorption on the solid phase, k1 is the adsorption coefficient; 
k2 * NRa – the desorption into liquid phase, k2 is the desorption coefficient. 
The solution of equation (8) is: 

 NRa (t) = Nrec/(λ+k1)*(1-exp(-(λ+k1)*t))  (8) 

or, for the case with desorption: 

NRa (t) = Nrec/(λ+k1-k2)*(1-exp(-(λ+k1-k2)*t)) (8a) 

Some conclusions can be drawn from these equations. Firstly, the dynamic 
equilibrium in the liquid phase seems to depend mainly on adsorption and desorp-
tion rates. The main reason is that decay the constants of 226Ra and 228Ra iso-
topes are much lower than the adsorption/desorption coefficients. The decay con-
stant of 228Ra is 3.7*10-9 s-1 only and l for 226Ra is even lower, while the 
estimate of the adsorption rate for groundwaters gave values within the range 0.5 -
10-6 s-1 (Dickson, 1990). It means, that the equilibrium level of radium in the liq-
uid phase should be controlled by other processes, not the decay. On the other 
hand, the adsorption and desorption rates of radium must depend on the solutes in 
the formation water and especially the presence of barium ions. 

From the above equations it is clear that adsorption and desorption processes 
affect the level of radium concentration in liquid phase. The ratio of equilibrium 
concentrations for cases without and with adsorption/desorption is 1/((+k1-k2). 
Taking into consideration the assumption, that k1-k2 » l, the activity ratio is about 
1/(k1-k2). This effect should be more important for the isotope with the lower de-
cay constant - 226Ra. Although usually concentrations of radionuclides from ura-
nium and thorium series in the solid phase are similar, the situation in the liquid 
phase should be different. If adsorption and desorption rates for both isotopes are 
the same, than the activity ratio in the solution should be A226/A228 = 6/1600 ≈ 
0.004. Such low ratios are not usually observed in aquifers, if at all. It means, that 
another explanation is required. 

Radium in mine waters 

Any theory must explain the observed different effects found in brines in coal 
mines. As mentioned earlier, the ratio of radium concentrations in A type brines 
(226Ra/228Ra) is higher than 1. It might be explained as a combination of the low 
adsorption rate, resulting in longer time needed to reach equilibrium in the liquid 
phase, and the higher concentrations of radium in A type waters.  

In B type waters the lack of barium leads to the higher adsorption rate and 
slower desorption. The main effect is that there is a shorter time required to reach 
equilibrium in the liquid phase. Additionally, the activity ratio 226Ra: 228Ra 
should be below 1, as observed.  

Assuming that recoil is the only mechanism of radium transfer into the liquid 
phase and that no adsorption occurs, the build up of activity can be described as: 



858      Stanislaw Chałupnik 

Session VI: Environmental behavior 

ARa (t) =  (Nrec/λ)*(1-exp(-λ*t)) = (A*ε /λ)*(1-exp(-λ*t))  (9) 

where Nrec/λ  is the maximum activity of radium in water. 
By considering the following parameters for the host rock in the aquifer: – the 

concentrations of uranium and thorium isotopes are each 25 Bq/kg, the density of 
the rocks  is 2000 kg/m3, the recoil coefficient e»10% (Semkov et al., 1998), and 
a porosity of 10 %, than the calculated maximum radium activity in the liquid 
phase should be 50 kBq/m3. However in Polish coal mines, much higher values 
have been measured, up to 400 kBq/m3 (Lebecka et. al., 1993). It is understanda-
ble, because often concentrations of radionuclides in rock body are higher, up to 
200 Bq/kg. The fact, that the radium 226Ra concentrations are higher than those 
of 228Ra has been explained by Dickson (Dickson, 1990) to be the result of the 
previously mentioned recoil and adsorption of 230Th on the surface of solid 
phase. It is possible that the recoil dissolution of 226Ra may be more effective 
than 228Ra, since the parent 232Th is probably entirely embedded in the lattice. It 
is necessary to stress again, that such high radium concentrations in water are not 
connected with uranium or thorium mineralization. 

Comparing equation (9) for the two isotopes of radium, 226Ra from the ura-
nium series and 228Ra from thorium chain, and making the assumption that the 
recoil coefficient is similar for both radionuclides and that no adsorption occurs, 
the ratio of their activities in the liquid phase is as follows: 

A226/A228 =  (λ228/λ226)AU*{1-exp(-λ226*t)}/ ATh* {1-exp(-λ228*t)} (10) 

Taking into account the adsorption and desorption (equation 8a), the activity ra-
tio can be denoted as: 

A226/A228 = (AU/ATh) * {λ228/(λ226+k1-k2) * (1-exp(-(λ226+k1-k2)*t))} / 
{λ226/(λ228+k1-k2) * (1-exp(-(λ228+k1-k2)*t))} (11) 

If the adsorption coefficient is significantly higher than the decay constant of 
both radium isotopes, then equation (11) can be simplified further (taking into ac-
count a longer time for water contact with the solid phase): 

A226/A228 = (AU/ATh) * {λ228/(λ226+k1-k2)} / {λ226/(λ228+k1-k2)}  (12) 

If we assume a much higher value for the adsorption coefficient in comparison 
with desorption, a final equation is simpler: 

A226/A228 = (AU/ATh)(λ228/λ226)  (13) 

The conclusion from the last equation is important. Such a big difference of ac-
tivity ratio is not observed in mine waters. It means that adsorption and desorption 
coefficients in saline water aquifers are similar, rather low and comparable with 
the decay constants of radium isotopes. Therefore the equation (13) cannot be 
used for the prediction of radium concentrations in brines. 

The use of the concept of an effective adsorption coefficient  keff, obtained 
from the subtraction of adsorption and desorption factors (keff= k1 - k2), for nu-
merical simulation of the build-up of radium isotope concentrations in the liquid 
phase in aquifer is proposed. Such simulation has been made for different values 
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of effective adsorption coefficients and results are presented in fig.1. The activities 
(concentrations) of radium isotopes are relative values and have been normalised 
to enable comparison of the increase of these values with time. The ura-
nium:thorium ratio in the solid phase has been chosen as 1, which is close to actu-
ality. 

The results of these approximate estimations seems to be a little surprising. 
First of all – the effective adsorption of radium from brines is a very slow process. 
For A type waters value of this coefficient must be close to zero and adsorption 
simply does not occur. The activity ratio 226Ra:228Ra is of about 1, equal to the 
chosen activity ratio in the solid phase. The observed higher values, up to 2, can 
be explained, accordingly to Dickson (Dickson, 1990), by the higher recoil rate for 
226Ra as a result of a previous recoil of parent isotope 230Th. The recoil ratio of 
radium isotopes has been calculated  by Dickson as 2:1 and this value is in a good 
agreement with experimental data. 

For the effective adsorption coefficient, equal to the decay constant of 226Ra 
(keff = 1,4*10-11 s-1), the activity ratio was calculated above as 1:2, and this is 
close to the activity ratio measured for B type waters. In such waters the adsorp-
tion prevails over desorption, but the process appears to be very slow. The reason 
is that the presence of sodium and calcium ions in the liquid phase, compete with 
radium ions for the CECs. 

  Higher values of effective adsorption coefficient seem to be too high for aqui-
fers with saline waters. For instance, the activity ratio, calculated for the keff 
=1,4*10-11 s-1, corresponding to period of 160 years (1/10th of 226Ra half-life), 

 
t, years 

Fig.2. Simulation of the changes of activity ratio of radium isotopes in groundwater as 
a function of the effective adsorption coefficient;   t- time, years 
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give the value of activity ratio = 0.1. (Results of radium ingrowth in liquid phase 
are shown in fig.2.) In Polish coal mines such an activity ratio has not been ob-
served. Again, this conclusion supports strongly the thesis that the ionic exchange 
of radium with solid phase is an extremely slow process.  

On the other hand, we have to remember, that all conclusions are related to the 
effective adsorption coefficient, which describes the difference between adsorp-
tion and desorption. Physically, both processes are fast and there have been nu-
merous investigations on this subject, each giving clear evidence that desorption 
could take place within hours or even minutes (Chalupnik, 2003). 

The problem needs further analyses and in-situ measurements to investigate 
brines and deep aquifers. One of the best possible sites is a colliery in southern 
part of Upper Silesian Coal Basin, where both types of radium bearing brines are 
present. 

Summary 

An approach to the problem of radium transfer from solid into liquid phase in 
aquifers is described in the paper, with special emphasis to brines that occur in 
coal mines. The main process, controlling the radium concentration in water, is 
adsorption of radium on the surfaces of solid phase. However the adsorption coef-
ficient strongly depends on the dissolved solid content of the brines, and primarily 
on the barium presence in saline waters. 

The migration length of radium isotopes in an aquifer is rather short, several 
meters for 226Ra and less than 1 meter for 228Ra. Therefore investigations of the 
stratum in the close vicinity of mine galleries should give important information of 
the uranium and thorium content in the solid phase as well as other parameters of 
the aquifer such as porosity, Eh, pH etc. All these results will be essential for the 
further investigations of radium behaviour in deep aquifers. 

The results of simulation, based on the mathematical approach to the radium 
changes in  the liquid phase, revealed that effective adsorption rate of radium from 
brines is very low, either comparable with the decay constant of 226Ra or even 
lower. Differences of adsorption coefficient, mainly due to the presence of barium 
ions in A type brines, lead to the significant differences in the activity ratio of ra-
dium isotopes. It means, that one of the most important features is the reason for 
barium occurrence in some aquifers. From that point of view, the change in ra-
dium concentration is a secondary problem. 

Further research is required, mainly in-situ experiments directly within aqui-
fers. The best possible sites seem to be deep underground mines, like collieries, 
with easy access to different aquifers. In one of coal mines in Poland both types of 
radium-bearing waters are present (A & B), therefore we would like to use this 
mine during future investigations. 
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Abstract. Radioactive contaminated leachate waters emerging from small aban-

doned uranium mining sites are still a problem. At a particular location (Neuen-

salz, Germany), vascular plant litter and sediments were investigated focusing on 

Ra-226. Especially at leachate exit points, where iron-hydroxide coatings were 

found, extremely high specific activities of Ra-226 were measured.Vascular plant 

litter could function as an active surface, precipitating hydroxides and co-

precipitating Ra-226.  

Introduction 

Many small uranium mines developed in Saxony and Thuringia after World 
War II up to 1960. Today, leachates contaminated with radionuclides still emerge 
from the respective dumps and tailings. Specific activities of Ra-226 are rather 
low (Benes 1990). At the investigation sites of Lengenfeld and Neuensalz 
(Saxony, Germany) they vary around 100 mBq*L-1 and lower (Dienemann et al. 
2002; Schöpe et al 2002). 

Dissolved Ra-226 may be enriched in the solid phase by co-precipitation of 
barium-sulphate and other processes like sorption onto iron- and manganese-
hydroxides and ion-exchange as shown in various laboratory experiments (Moli-
nari and Snodgrass 1990; Burghardt 2006).  

Under natural conditions, accumulation and dissolution processes (e.g. reduc-
tion processes causing dissolution and changes of metal hydroxides) happen paral-
lel. So the question arose, how Ra-226 is distributed in sediments, vascular plant 
litter and how it is possibly transferred. A special focus lay on the background 
contamination of the sediment. 
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Material and Methods 

The investigation site – Neuensalz – is located in Saxony (Germany) (see Fig.1). 
Uranium mining commenced in the late 1940s and ceased several years later. 
Dumps were established in the former valley of the Forellenbach (the Forellen-
bach (a small stream) is also known as Haarbach, Wismut 1999). The Forellen-
bach emerges west of the former dump. All dumps have mostly been removed, 
leaving only a caldera. At the eastern edge of the caldera leachates rich of iron hy-
droxide emerge. 

For estimating the background activity clay was taken from the erosion zone of 
the Forellenbach (stream). Also, at the Forellenteich (a former fish pond currently 
containing no fishable fish at all) drilling was performed and material from 0-6 m 
depth investigated. 

Dump material with and without influence of leachate water was collected di-
rectly at the exit point of the Forellenbach at the dump’s slope to examine particu-
late inputs.  

Of Forellenbach (stream) and Forellenteich (pond) and the eastern leachate exit 
points the upper 0-5 cm of the sediment were sampled and air-dried. 

During fall season, samples of vascular plant litter were carefully removed 
from the water. Some samples were washed and assorted into their components. 
All samples were dried at 60 °C. 

Samples for analysing Fe and Mn by atomic absorption spectrometry (AAS) 
(Fa. Unicam Solar MZ) were microwave-digested (Fa. CEM, MDS 2000) and 
measured at λ = 248.3 nm and 279.5 nm, respectively.  

Samples for gammaspectrometry (n-type-Ge-detector, formerly Silena, now 
MATEC) were filled into polypropylene containers and vacuum-heat-sealed with 
poly-ethylene.  

app. 40 m

Forellenpond

pond of tailing

forest

meadow

exit point

 
Fig.1. Investigation area with sampling points: crosses – background activity sampling, cir-
cles – sediment sampling, squares – plant litter sampling 
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Results and Discussion 

Background activity and specific activity of dump material 

Table 1 shows selected specific activities of clay samples from the erosion zone of 
the Forellenbach (stream). 

Specific activities of U-238 are in radioactive imbalance, possibly caused by 
different sorption capacities and different specific activities in the water. The 
range of the specific activity of Ra-226 is confirmed by the results of the drilling 
in the Forellenteich (pond) (Fig. 2).  

Within the first 1 m the influence of uranium mining is distinct. Since specific 
activities of Th-234 are out of balance with those of Ra-226 it is assumed that hu-
man impacts may have caused the peak. Specific activities of Ra-226 are rela-
tively balanced and range around 100 mBq*g-1. 

Table 1. Specific activities of U-238, Ra-226 and Pb-210 of clay samples from the erosion 
zone of the Forellenbach (stream) 

U-238 Ra-226  Pb-210  K-40  

Bq g-1 Bq g-1 Bq g-1 Bq g-1 

0.33 ± 0.05 0.062 ± 0.005 0.068 ± 0.007 0.88 ± 0.03 
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Fig.2. Specific activities of material from the drilling in the Forellenteich (pond) 
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Ra-226 may be washed out from dump material into the sediment. Table 2 
shows specific activities of dump material with and without influence of leachate 
waters.  

Differences concerning the influence of leachate waters are specifically evident 
with Ra-226. Samples with influence of leachate waters additionally show a dis-
tinct radioactive imbalance of Ra-226 : U-238. However, U-238 and Pb-210 are 
radioactively balanced. Assuming the loss of volatile Rn to be negligible, Ra-226 
would be selectively fixed and washed-off particles would cause the increase of 
specific activity at the exit point of the Forellenbach (stream). 

Table 2. Specific activities of U-238, Ra-226 and Pb-210 (Bq*g-1) of dump material with 
and without significant influence of leachate waters 

 With influence of 
leachate waters 

Without influence of  
leachate waters 

 Bq g-1 Bq g-1 

U-238 <0.3 0.33 ± 0.07 

Ra-226 1.83 ± 0.06 0.17 ± 0.02 

Pb-210 0.23 ± 0.025 0.19 ± 0.012 

colour Black/greyish black Greyish-brown 

 

1

10

R
a-

22
6

(B
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g
)

-1

10 100

distance (m)  
Fig.3. Specific activities of Ra-226 in sediments along the flow path (n=12);–log scaling 
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Sediments 

Fig. 3 shows highest specific activities of Ra-226 directly at the exit point of the 
Forellenbach (stream) (>20 Bq*g-1), which are significantly higher than those of 
leachate influenced dump material (1.8 Bq*g-1). 

Fig. 3 suggests a correlation between the distance from the leachate exit point 
and the specific activity of Ra-226 (exponential decrease of specific activities). 
Accepting this assumption would also explain the comparable small specific ac-
tivities found in the sediments of Czech uranium mining sites (Hansliket al. 2005). 

The gradient of the specific Ra-226 activity may be caused by precipitation of 
metal-hydroxides sorbing Ra-226. Directly at the exit point of the stream, rocks 
and partially even leaves with ochre to black coatings were found. No such coat-
ings were found in the pond.  

In the eastern area of the investigation site iron-hydroxide-containing waters 
lead to rust coloured sediments with similar high specific Ra-226 activities. 

As already seen in Fig. 3 a decrease of the specific activities with increasing 
distance from the leachate exit point is obvious. Differences could be due to dif-
ferent ages of the precipitates (varying around 100 d, see Dienemann et al. 2006). 
As they harden in the process of aging, this might cause changes in their structure.  

Fluorescence-microscopic analysis of the sediment showed numerous micro-
organisms (diatoms, bacteria), so Ra-226 is possibly rather bound onto living 
components and released by microbial metabolic activities and/or death. 

Vascular plant litter 

Table 4, 5 and 6 illustrate specific activities of U-238, Ra-226 and Pb-210 of vas-
cular plant litter (mostly from alder trees). 

At all three sampling sites unwashed leaves show higher specific activities than 
unwashed twigs. Ra-226/Pb-210-ratios are generally shifted towards Ra-226, sug-
gesting Ra-226 and U-238 to originate neither from primary ore particles nor from 
dump material. Accordingly a selective enrichment of U-238 and Ra-226 should 
be expected, as both have a high affinity to metal hydroxides (Fe and Mn). 

Table 3. Selected specific activities in sediments rich of iron-hydroxide, eastern slope of 
the dump, Neuensalz  

 Exit point 3 m 5 m 

 Bq g-1 Bq g-1 Bq g-1 

 
Th-234 

 
1.32 ± 0.06      0.87 ± 0.02  0.67 ± 0.08 

 
Ra-226 

 
9.5 ± 0.19  8.2 ± 0.13 4.4 ± 0.087 
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Table 7 shows metal contents (Fe, Mn) for two of the aforementioned sampling 
sites (tables 4 and 5).  

Mn- and Fe-contents of the samples are significantly higher than average con-
tents of leaves and twigs, which may be caused by hydroxides precipitated at the 
surface. No relation between Fe- and Mn-contents and specific-Ra-226-activity 
could be confirmed by these results, although hydroxide coatings are prerequisites 
for high specific activities. Simple washing removed most of the Ra-226. Possibly 
the structure (thickness) of the coatings as well as the bacteria involved have a 
main influence on the specific Ra-226-activity. 

Table 4. Selected specific activities in washed and unwashed plant litter samples from the 
exit point of the stream (Forellenbach), n.n. = below detection limit  

 Leaves 
Washed 

Leaves 
Unwashed 

Twigs 
Washed 

Twigs 
Unwashed 

 Bq g-1 Bq g-1 Bq g-1 Bq g-1 

 
U-238 

 
13.2 ±  0.9      10.8 ± 0.3  1.72 ± 0.22 1.67 ± 0.22 

 
Ra-226 

 
 4.8 ± 0 .25  8.5 ± 0.3 1.75 ± 0.08 2.24 ± 0.085 

 
Pb-210 

 
 n.n.   0.34 ± 0.041    n.n.    n.n. 

Table 5. Selected specific activities of washed and unwashed plant litter samples taken 11 
m downstream the Forellenbach (stream) exit point, n.n. = below detection limit  

 Leaves 
Washed 

Leaves 
Unwashed 

Twigs 
unwashed 

 Bq g-1 Bq g-1 Bq g-1 

 
U-238 

 
17.5 ±  0.8      15.1 ± 0.4  1.44 ± 0.2 

 
Ra-226 

 
 1.83 ± 0 .25  5.6 ± 0.3 1.2 ± 0.065 

 
Pb-210 

  
n.n. n.n.    n.n. 

Table 6. Selected specific activities of washed and unwashed plant litter samples taken 
250 m downstream the Forellenbach (stream) exit point, n.n. = below detection limit 

 Leaves 
Washed 

Leaves  
Unwashed 

Twigs 
Unwashed 

 Bq g-1 Bq g-1 Bq g-1 

 
U-238 

 
1.1 ±  0.085      1.08  ± 0.055  0.24 ± 0.07 

 
Ra-226 

 
 0.285 ± 0 .03  0.39  ± 0.03 0.09 ± 0.004 

 
Pb-210 

  
n.n. 0.075  ± 0.01    n.n. 
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Conclusions 

Close to leachate exit points vascular plant litter and sediments may display very 
high activity concentrations of Ra-226. It seems advisable to make these relatively 
small sites – especially when they are located near communities – inaccessible for 
the public.  

While planning passive treatment of waters containing Ra-226 arrangements 
concerning dumps and dump material should be considered as well as sediment 
settling ponds. Besides stability and clogging, seasonal variations of the water 
quantity have to be regarded. 
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Table 7. Fe- and Mn-contents in samples of sedimented vascular plant litter (dry matter, 
mainly from alder trees); (w.)=washed, (uw.)=unwashed 

Component Distance 
from exit point 
(stream) 

Mn Fe 

    m mg g-1 mg g-1 
Twigs (w.) 0  7.9 0.5 
Twigs (uw.) 0  9.9 1.2 
Twigs (uw.) 11 31.4 0.36 
    
Leaves (w.) 0  31.8 7.65 
Leaves (uw.) 0e  65.5   14.1  
Leaves (w.) 11  29.9 0.5 
Leaves (uw.) 11 103.6 2.5 
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Abstract. Vertical distribution of uranium and its decay products (226Ra and 210Pb) 

in the uppermost layers of the oxidised brown coals was studied for some deposits 

and natural outcrops of the Western part of the Kansko-Achinsk brown-coal basin. 

Abnormal accumulation of the mentioned radioactive elements is observed in all 

studied sites. Several types of radioactive anomalies are differed by the ratio of ac-

tivities of 238U and 226Ra: 1) Equilibrium; 2) Radium; 3) Uranium. The depletion 

of 210Pb in the radioactive horizons of some sites indicates an active emanation of 
222Rn in the underlying coal layers. 

Introduction 

Jurassic brown coals of the Kansko-Achinsk coal basin (Jurassic depositions of 
the southern edge of the Western-Siberian plate and the Siberian platform) are the 
actual source of combustible for thermal power stations and for house use by local 
population of the Western Siberia. This coal basin is unique due to its immense 
dimensions and giant reserves of brown coal suitable for opencast mining. Its re-
serves down to 1800 m depth were estimated as 1220 billion tons (Burtsev, 1961; 
Grigor’ev, 1968; Gavrilin and Ozerskiy, 1996). The Lower-Middle Jurassic coal-
bearing formations in the western part of the basin formed a great syncline with 
gently sloping northern and southern limbs (Fig. 1). The thickness of the coal lay-
ers reaches 60-80 m. From West to East nine great coal deposits are distinguished: 
Tisul’, Uryup, Barandat, Beryezovo, Kibiten’, Altat, Nasarovo (southern limb of 
syncline), Itat, Bogotol (northern limb of syncline). The coal layers lay almost ho-
rizontally. Everywhere they are recoated by quaternary sediments. Coal deposits 
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here are very convenient for an opencast mining. The typical unaltered coals are 
characterized by low trace elements content and has, correspondingly, a low ra-
dioactivity. According to literary data average contents of uranium in unaltered 
coals for various deposits of the western part of the Kansko-Achinsk basin vary 
from 1 up to 11 ppm (12-140 Bq/kg). Ash content of such coals is 6-16% (Gavri-
lin and Ozerskiy 1996; Arbuzov et al. 2003; Arbuzov and Ershov 2007; Yudovich 
and Ketris 2006). Usually the upper part of the coal layers directly under quater-
nary sediments is oxidized. The uppermost horizons of coal (0.5-1.5 m) are most 
oxidated. They often become friable and have sooty structure. Ash content in-
creases here up to 25-35%. Oxidized and especially “sooty” coals are often strong-
ly enriched by uranium and its decay products (Gavrilin and Ozerskiy 1996; Ar-
buzov et al. 2003; Gavshin and Miroshnichenko 2000). Uranium content in 
“sooty” coals can reach 2100 ppm (26000 Bq/kg).  

The radioactive anomalies connected with oxidized ("sooty") coals localized in 
some brown coal deposits of the western part of the Kansko-Achinsk coal basin 
are studied in this work. 

Sampling and analyses 

Distribution of uranium and its daughter products (226Ra and 210Pb) was studied in 
the uppermost horizons of the oxidized brown coals which are lying down straight 

 

Fig.1. Location map of coal-bearing Jurassic formation in West Siberia (the western part 
of the Kansko-Achinsk brown coal basin). 
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under recoating quarternary sediments. Sampling of the oxidized brown coals was 
carried out in the southwest part of the Kansko-Achinsk basin in active coal open-
cast mines (Berezovsky, Novoaltatsky and Itatsky), and in natural outcrops at 
Glinka village (Fig. 2). Presence and the scope of radioactive anomalies were pre-
liminarily investigated by means of the field radiometry followed by selection of 
representative samples for the laboratory gamma spectrometry analysis. In the ab-
sence of signs of radioactive anomalies the sampling was carried out in arbitrary 
points. Representative samples of coal were taken down to the depth of 0.5 - 2.5 m 
from the contact with overlying rocks with the steps 5, 10 or 20 cm. 

Definition of 238U, 226Ra and 210Pb contents in studied samples was carried out 
in laboratory using a high-resolution semiconductor gamma-spectrometry tech-
nique. Low-energy gamma lines were used as analytical signal: 46.5 keV - for 
210Pb, 63.3 and 92 keV - 238U (by 234Th) and 186.1 keV - 226Ra. The procedure was 
adapted for measuring 10 cm3 samples in the HPGe well-type detector (Melgunov 
et al. 2003; Gavshin et al. 2005). Limits of detection of specified radioisotopes for 
10 cm3 sample were not worse then 3 Bq\kg  at the counting time equal to 24 
hours. 

 
Fig.2. Location of the sampling sites of the oxidized brown coals. 
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Results and discussion 

Background radioactivity 

The background radioactivity has no precise determination. As it was mention ear-
lier, average contents of uranium in unaltered brown coals of the Kansko-Achinsk 
basin vary in the range of 12-140 Bq/kg. In this study we take the value of 100 
Bq\kg as the upper limit of the background for brown coals. For the background in 
a specific point we shall accept such level, below which the value of radioactivity 
is stabilized downward into the coal beds. Excess over a background is qualified 
as anomalies of a radioactivity. 

Radioactivity anomalies in the oxidized brown coals 

In this section the results characterizing distributions of 238U, 226Ra and 210Pb in 
the uppermost horizons of the oxidized brown coals are presented. In all studied 
points the abnormal contents of the specified isotopes are fixed in a zone of “soo-
ty-” (the uppermost, near contact layers) and oxidized coals. Diagrams characte-
rized the distributions of 238U, 226Ra and 210Pb are presented for two selected sites 
of the Berezovsky opencast mime (Fig. 3),the Novo-Altatsky opencast mime (Fig. 
4), the Itatsky opencast mime (Fig. 5) and for the natural outcrops near the Glinka 
village (Fig. 6). 

 
Fig.3. Radioactive anomalies in the oxidized brown coals. Selected sites (a and b) of 
Berezovsky opencast mine. 
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The analysis of data of figures 3-6 shows that three types of radioactive anoma-
lies can be distinguished differed by the ratio of activities of 238U and 226Ra: 1) 
Equilibrium; 2) Radium; 3) Uranium. 

“Equilibrium”-type anomaly is observed in the natural outcrops near the Glinka 
village (Fig. 6). Such anomalies are characterized by presence of the quasi ra-
dioactive equilibrium between 238U and 226Ra. This is the evidence of the absence 
of any modern significant geochemical processes which can lead to separation of 
U and its decay products.  
For “Radium”-type anomalies a considerable excess of Ra is observed. The 
strongest disequilibrium in the uranium family with significant deficiency of 238U 
was found in the Berezovsky opencast mine (Fig.3). Signs of the “Radium”-type 
anomaly are visible in Itatsky opencast mine site (Fig. 5). Here underneath the 
uranium excess peak the second, radium one, can be seen. It is safe to say here 
about presence of some geochemical processes leading to removal of U already af-
ter accumulation of its decay products.  

In “Uranium”-type anomalies 238U prevails over its daughter products. It is the 
case of quite recent uranium migration and its enrichment relative to Ra, likewise 
in the Novo-Altatsky (Fig. 4) and Itatsky (Fig. 5) opencast mines. Sign of “Ura-
nium”-type anomaly is presented in the lowest studied coal horizons in the Bere-
zovsky opencast mine (Fig. 3, b) 

Disequilibrium caused by natural Rn emanation in coals is observed in the 
Glinka village sites (Fig. 6) and in the upper horizons of the Novo-Altatsky open-
cast mine sites (Fig. 4). It was fixed by depletion of  210Pb resulted from migration 
of its predecessor - heavy 222Rn outside the U-Ra anomaly. 

 
Fig.4. Radioactive anomalies in the oxidized brown coals. Selected sites (a and b) of 
Novo-Altatsky opencast mine. 
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Fig.6. Radioactive anomalies in the oxidized brown coals. Selected sites (a and 
b) of Glinka natural outcrop. 

 
Fig.5. Radioactive anomalies in the oxidized brown coals. Selected site of 
Itatsky opencast mine. 
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Abstract. Low grades of uranium ores are mined by underground and opencast 

methods in many countries for several decades. Environmental considerations 

have assumed increasing importance during the recent times. Uranium mining re-

sults in generation of large quantities of waste rocks, sub-ores and mill tailings 

with low radioactive content.  These, in turn, result in emanation and atmospheric 

dispersal of radon and its progeny in the vicinity of the mines and the tailings fa-

cilities. Mine water, runoff water from ore and waste rock stockpiles and that from 

the tailings facility even after treatment have the potential to carry small amounts 

of radioactivity in to the nearby aquatic system. Assessment of radiological impact 

of the operations on the environment is, therefore, important before undertaking 

mining and processing of uranium ores. Regulatory bodies require these assess-

ments to be made and have issued guidelines.  

With the exception of a few mines in some countries, most uranium ores mined in 

different countries have average grades between <0.05 to 0.3 % U3O8.  This paper 

aims to evaluate the radiological impact of mining and processing of an ore with 

average grade of 0.1 % U3O8, so that for a particular grade of ore the values may 

be scaled appropriately. The waste rocks, ore heaps and tailing piles have the po-

tential of low level gamma radiation exposure only in the immediate vicinity. Ra-

don emanating from these materials has the potential to disperse in the atmosphere 

but is likely to get diluted to natural background levels with in short distances. The 

regulatory requirements, preoperational impact assessment and monitoring strategies 
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such as baseline surveys, in-operation monitoring of gamma radiation, radon and 

its progeny and natural radioactivity in aquatic systems are discussed. The esti-

mates indicate that radiological impact of mining and processing low grade ura-

nium ores is only marginal and confined to immediate vicinity of the operations. 

For example, radon emanation rate from the tailings emerging from an ore con-

taining 0.1 % U3O8 is estimated at 5.6 Bq.m-2.s-1. This is reasonably comparable to 

the radon emanation rate of 1.3 Bq.m-2.s-1 from Olympic Dam tailings emerging 

from an ore of 0.08 % U3O8 and 1.53 Bq.m-2.s-1 reported for Indian uranium tail-

ings emerging from ores below 0.07 % U3O8. The difference may be due to vary-

ing moisture content of the tailings. An area source of 105 m2 is unlikely to contri-

bute more than 0.3 Bq.m-3at 1 km to the natural background radon concentration 

of 10-15 Bq.m-3.  

Introduction 

India has an impressive plan of increasing its nuclear share of electricity from the 
present level of about 3 % to 10% by 2022 (McDonald 2008). Natural uranium be-
ing the basic fuel for its first phase of nuclear power programme, an increase in 
the momentum of prospecting, mining and processing of uranium is inevitable. 
The country has moderate reserve of uranium in the form of low grade ore spread 
over different parts of the country. Uranium ore deposit sites in India are shown in 
Figure-1 (Bhasin 1997). Currently there are four underground uranium mines op-
erating at Jaduguda, Bhatin, Narwapahar and Turamdih in Singhbhum East in 
eastern state of Jharkhand. One underground mine at Bagjata and an opencast 
mine at Banduhurang are at different stages of development in the same state. 
Work on the development of another underground uranium mine with low grade 
of ore is in progress at Tumalpalle in the southern state of Andhra Pradesh. Min-
ing and processing at the other low grade deposit sites at Mahuldih in Jharkhand, 
Lambapur-Peddagattu in Andhra Pradesh and at Killung (Kaul et al 1990) in the 
northeastern state of Meghalaya is to be taken up after completion of the regulato-
ry processes (Gupta 2004). The deposits at Lambapur and Killung are amenable to 
opencast mining. In addition to those at Jaduguda and Turamdih, uranium mills 
will be constructed at the other ore mining sites.  

While underground mining gives rise to relatively small quantities of solid 
waste, the opencast mines generate large quantities of solid wastes in the form of 
waste rock and overburden with a small potential for radiation exposure in the en-
vironment. In view of the low ore grades, the processing operations generate large 
quantities of mill tailings requiring adequate treatment and confinement. The mill 
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tailings also have potential for exposure in the environment from the gamma rad-
iation and radon emanation. The wastes from low grade uranium ore mining and 
processing are very visible features of the industry inviting public attention. 
Hence, management of the wastes from the uranium mining and ore processing 
industry requires not only adequate treatment and confinement to meet regulatory 
constraints but also need a proactive campaign to address public concerns. 

India has a long experience of radiological safety at workplace and in the envi-
ronment. To meet growing environmental concerns all over the world and emerg-
ing regulatory norms, the industry has responded by detailed preoperational envi-
ronmental impact assessment, baseline surveys by independent agencies, public 
information and societal participation in the monitoring programme. This paper 
gives an outline of the programme related to radiological safety in the environ-
ment of uranium mining industry in India. 

 
Fig.1. Uranium mining centres in India. 

Environmental impact 

The environmental impact of mining and ore processing arise from the storage of 
overburden, waste rock, ores in the stack yard, mill tailings, release of liquid ef-
fluents from mining, milling and tailings confinement facility and gaseous release 
from exhausts, waste rocks and ore storage and tailings surface. The radiological 
impacts of uranium mining in the environment are mainly identified as: 
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a. gamma radiation 
b. radon and its progeny 
c. ore and tailings dust 
d. radioactivity in the effluents from mine, mill and tailings facility 
e. pickup of radioactivity by vegetation and plants 

Environmental impact assessment 

Along with the production of ore, the mining operations generate significant quan-
tities of overburden, waste rock and water from the mine strata or that used in 
drilling, dust suppression and backfilling (stowing). The waste rock is stored on 
surface with appropriate sloping and soil cover either permanently or as an interim 
measure so that some of these could later be filled back in mine cavities. Similar-
ly, ore produced is either stored near mine site or near the mill as buffer stock. 
Some ore is always available in the ore bins of the milling plant. The large volume 
of mill tailings emerging after recovery of uranium is partly filled back in the 
mines and partly stored permanently in engineered facility for permanent storage 
and confinement. 

To assess the environmental impact from a proposed mine, following assump-
tions are made: 

Average ore grade     : 0.10% U3O8   
Cut off grade (over burden/waste rock grade : <0.02 % U3O8 
Over burden storage area    : 10 hectare (ha) 
Stockpile of ore at the mine   : 75 00 tonne  
Fine ore bin stock (mill)   : 5 000 tonne 
Tailings surface area     : 10 hectare (ha) 
Mine backfill area exposed at a time  : 1 hectare (ha) 
The radiological impact of the waste rock and over burden, ore storage and tail-

ings system have three components, namely, gamma radiation, radon and long-
lived radioactivity in the airborne ore dust. Since the long-lived radioactivity of 
the ore dust for grades below 1% U3O8 is considered insignificant (IAEA1989), 
only the gamma radiation and radon component are considered. 

Gamma radiation 

Radiation dose and radon emanation from the ore, over burden and the tailings 
pile depend on the radium content of the material and other factors like porosity 
and moisture. Assuming radioactive equilibrium, the radium-226 content of the 
ore and the mill tailings for an average ore grade of 0.10% U3O8 work out to be 
10.4 Bq.g-1.  The gamma radiation at 1 m from the waste or over burden stockpile 
may be computed from the relation (IAEA, 1992 a), 

Gamma dose rate (μGy.h-1) = 0.48 CRa  (Bq.g-1),  

where CRa is radium content (Bq.g-1). 
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Similarly, radium-226 content of the over burden and waste rocks with cut off 
grade <0.02% U3O8 will be <2.0 Bq.g-1, though average radium-226 content of the 
over burden will be much lower, as it will also contain soil and rocks with very 
low radium. The radium in over burden may typically be taken as 1.0 Bq.g-1. Due 
to self attenuation, only a few meters of the outer layer of the waste rock or ore 
stockpile may contribute to environmental gamma radiation. Hence, gamma radia-
tion near the source at different storage areas may work out as, 

At 1 m from over burden and waste rock pile  : 0.48 – 0.96 μGy.h-1 

At 1 m from the ore storage area   : 5.0 μGy.h-1 

At 1 m above the tailings pile   : 5.0 μGy.h-1 

At 1 m above the mine backfill area  : 5.0 μGy.h-1 

As the intensity of gamma radiation reduces rapidly with the distance, it  is ex-
pected to reduce to the background level of about 0.10 μGy.h-1at a distance of 
about 30 m. Hence, gamma radiation attributable to mining activities will be con-
fined to small distances within the plant premises with negligible impact in the 
environment; beyond about 30-50 m. Similarly, the impact of tailings pond and 
the back filled mines on the gamma radiation field will also be limited to a dis-
tance of about 30 - 50 meter.   

Radon emanation from ore 

Radon emanation from rocks depends to a large extent on radium-226 content, po-
rosity and exposed surface area, reducing with increasing porosity beyond about 
20%.  With a conservative value of  0.25 as radon emanation coefficient (E) for 
ore and waste rock pieces as that of fine tailings, the radon production rate from 
the ore stockpile may be computed as (IAEA, 1992 b), 

Rn (Bq.s-1) = Quantity of ore (T) x 106 g .T-1 x CRa (Bq.g-1) x  λRn (2.06 x 10-6 s-

1) x E 
Radon from ore stock pile of 7500 tonne at the mine : 4.0 x 104 Bq.s-1 
Radon from 5000 tonne stock in mill fine ore bin   : 2.7 x 104 Bq.s-1 

Although rate of radon released to the atmosphere is expected to be much lower 
than its production rate due to decay within the ore volume, the entire radon pro-
duced per second is taken as the radon released to the atmosphere, as a conserva-
tive approach.  

Radon emanation from tailings and backfilled mine surfaces 

Radon emanation from uranium tailings is known to be only from an effective 
thickness of the top 2 to 3 metres layer, as radon produced in lower layers decays 
before reaching the surface. The radon flux from uncovered tailings is given by 
the relation (IAEA, 1992 b), 

Ft (Bq.m-2.s-1) = CRa ρ E (λDt)1/2 

where Ft is radon flux or emanation rate 
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  CRa is radium-226 content (Βq.kg-1) 
  E is emanation coefficient (0.25) 
  ρ is the material bulk density (kg.m-3)  (~1.5 x 103 kg.m-3) 
  Dt is diffusion coefficient (m2.s-1) (1 x 10-6) 
   λ is decay constant of radon (2.06 x 10-6 s-1) 
The radon emanation rate from surfaces of the tailings and back filled mine 

works out to be 5.6 Bq.m-2.s-1. In field, it is likely to be much lower because of 
moisture content of tailings. For example, the measured radon emanation rate 
from the Olympic dam tailings in Australia from an ore of grade 0.08% U3O8, 
comparable to the value of 0.1 % U3O8, is 1.3 Bq.m-2.s-1 (IAEA, 1992). The meas-
ured radon emanation rates at Jaduguda tailings from an ore grade of 0.06% range 
from 0.11 and 6.23 U3O8, with an at 1.53 Bq.m-2.s-1 (Khan 2000, Jha et al 2001). 

The estimated radon emanation rates and total concentration from all sources 
are summarised in Table 1. 

All the sources of radon considered above will be area sources located about a 
km or more away from each other. Considering the largest radon source term of 
5.6 x 105 Bq.s-1 contributed by the uncovered tailings pond and using the atmos-
pheric dilution factor of 9.7 x 10-7 Bq.m-3 per Bq.s-1 (UNSCEAR 2000), the con-
tribution to the atmospheric radon at a distance of 0.5 km will be 0.54 Bq.m-3. At 1 
km, 2 km and 5 km this contribution will reduce to 0.30 Bq.m-3, 0.14 Bq.m-3 and 
0.03 Bq.m-3, respectively. The dilution factors for 1, 2 and 5 km are 5.3 x 10-7, 2.5 
x 10-7 and 7.1 x 10-8 Bq.m-3 per Bq.s-1, respectively.  The radon contribution will 
in fact be much lower as the full tailings pond and backfilled mine surfaces will 
not be in use at a single point of time. This works out be an insignificant addition 
to the atmospheric radon, which has a natural background level of 10 – 15 Bq.m-3. 

With the dose conversion factor of 6 x 10-6 mSv.h-1 per Bq.m-3 of radon 
[UNSCEAR 2000; Chambers et al. 2001] the annual dose from radon and its 
progeny at a distance of 0.5 km from the source is estimated as 0.028 mSv.y-1for 
full year of continuous exposure.  This is about 3 % of the annual dose limit of 1 
mSv.y-1 for members of public (IAEA 1996; ICRP 1991). At distances of 1 and 2 
km the annual doses from radon and progeny will be 0.016 mSv.y-1 and 0.007 
mSv.y-1, respectively.  

Table.1. Radon emanation rates and output from different sources. 

Source Emanation rate 
(Bq.m-2.s-1) 

Area 
Hectare  (ha)

Total radon output 
(Bq.s-1) 

Mine ore stock ----- ---- 4.0 x 104 
Mill ore stock ----- ----- 2.7 x 104 
Backfilled mine surface 5.6 1 5.6 x 104 
Tailings surface* 5.6 10 5.6 x 105 
Over burden / Waste rock* 0.5 – 1.0 10 0.5-1.0 x 105 

*The emanating surfaces will be subsequently covered with overburden and soil 
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Particulate dust 

Longlived radioactivity from ore and tailings dust is significant only for ores 
grades above 1 % U3O8. Control measures of water spray and dust extraction at 
the mine and mill sites and proper soil and vegetation cover over the waste rocks 
and tailings surfaces will further reduce the potential for generation and dispersal 
of dust.  

 
Fig.2. Total Effective dose to the members of the public due to consumption of  groundwa-
ter at 1 km distance 

Radiological impact of backfilled mine and tailings pond on ground 
water 

At the proposed mining sites, the bottom of the back filled opencast mine will be 
in the hard rock and tailings management envisages providing appropriate lining 
with effective permeability of 10-9- 10-8 m.s-1. In view of this, seepage of water 
containing radionuclides will be very low and consequently the change of uranium 
concentration in ground water due to ingress from the tailings deposit will also be 
extremely slow and low. Modelling exercises are underway to estimate the impact 
of backfilled mines and the tailings repository on the nearby ground water. Figure-
2 gives an estimate of the dose due to uranium and its decay products to members 
of the public from consumption of ground water at 1 km from the sites. The study 
indicates that only a trivial impact may be seen, that too after about 8000 years. 

Fig. 4. Total annual effective dose to the members pf the public due to consumption of 
groundwater at 1.0 km distance
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The maximum dose of 0.01 mSv/y may occur through ground water consumption 
only after about 10000 years. This is 1 % of the prescribed dose limit to members 
of the public and about 1/10th of the present WHO reference level (WHO, 2004). 
Similar projections are available for McClean mine tailings where the processed 
ore grade is much higher (Rowson 2000). 

Environmental management 

Environmental safety aspects of uranium mining as also for other mining indus-
tries come under the purview of both state and central governments. The industry 
submits detailed environmental management plan including mining and 
processing methodologies and management of solid, liquid and gaseous wastes 
from the industry. The likely impact on the environment, including socio-
economic impact and benefits to the community, safety measures and emergency 
plans are submitted to the state pollution control board which reviews and, de-
pending on the size of the project, puts it up for public hearing. Comments re-
ceived during the hearing are addressed and discussions are held with technical 
committees before giving clearance. Thereafter the project is reviewed by the ap-
propriate authorities of the central government like the Ministry of Forest and En-
vironment and the Atomic Energy regulatory Board. Only after a detailed review 
at different levels the project may proceed further. It will be subject to periodic re-
view by the regulatory authorities. Effluent treatment plants and environmental 
monitoring are the integral parts of environmental management plan. 

The current practice of managing the waste or treated mill tailings is to fill the 
coarse fraction of the tailings in to the underground mine cavities and store the 
finer portion in engineered containment system. For the proposed opencast mines 
one alternative for tailings management envisaged is to fill it in the worked out 
portion of the mine while continuing mining activity progressively in other por-
tions. This way relatively smaller area may be required for the confinement of the 
remaining tailings. The tailings, whether backfilled in the worked out opencast 
mine or in the separately engineered confinement facility, are proposed to be cov-
ered with suitable layer of waste rocks and soil and plantation of vegetation after 
appropriate contouring to facilitate quick drainage of rain water with little scope 
for percolation in to the tailings.  

Baseline surveys 

The industry is required to carry out a baseline survey comprising of radiological 
as well as conventional pollutants present in the environment; in air, water and 
soil. Radioactivity and trace metal contents of the local vegetation and food items 
are also studied. Demographic and health status surveys are also undertaken. The 
recent trend is to get the baseline studies conducted through educational and 
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research institutions of repute. Initial baseline gamma radiation levels obtained at 
one of the proposed sites are summarized in Table 2 (Khan 2004).  

Gamma radiation levels monitored using environmental TLDs gave results 
comparable to those observed using the radiation survey meters (Chougaonkar et 
al 2004).  

Initial data on radioactivity levels in surface waters and soil near one of the 
proposed opencast mining sites in a high rainfall region are presented in Table 3 
and Table 4. 

Table.2. Natural background gamma radiation around the proposed uranium mining site at 
Killung, Meghalaya state: 

Sl. 

No 

Location Radiation Level 

µGy.h-1 

Range Average 

1 Killung ore block 0.11 – 0.23 0.17 

2 Starting of Killung block 0.19 –0.36 0.25 

3 Around Lambajrain village 0.11 – 0.22 0.15 

4 1 to 2 km from Killung 0.13 – 0.15 0.14 

5 Phot Killung (stream) crossing 0.33 – 0.36 0.35 

6 Killung stream, in contact with ore out crop 1.10 – 1.20 1.16 

7 Killung stream  1 m above ore out crop 0.75 – 0.85 0.80 

8 Phot Killung (stream), U/S 0.19 - 0.26 0.23 

9 Mawpynden (Wah Kharae stream) 0.12 – 0.15  0.14 

10 ~100 m SE of Mawpynden 0.13 – 0. 24  0.19 

11 ~3 km from Killung, (Domiasiat village) 0.14 – 0.17 0.16 

12 Domiasiat village, near a hut 0.10 – 0.15  0.12 

14 ~10 km from Killung 0.10 –0.14 0.12 

15 Wahkaji (about 13-14 km from Killung) 0.10 – 0.15 0.12 

16 Mariyam village (~8 km from Wahkaji) 0.21 - 0.25 0.23 

17 Jakrem crossing,  48 km from Wahkaji 0.20 - 0.38 0.33 

18 Near Jakrem hot spring 0.43 – 0.47 0.45 

19 Shillong city 0.09 – 0.14 0.13 
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The above data are presented as an example of the baseline surveys. Detailed 
surveys are being carried out through the North Eastern Hill University, which is a 
reputed educational and research institution in the region. The detailed surveys in-
clude measurement of natural radioactivity, trace metals and other chemical pollu-
tants in different environmental matrices and pickup of radioactivity by different 
plant species. The demographic and health status survey is also a part of the base-
line studies. 

Table.3. Background uranium and radium in surface waters around Killung mining site. 

Sl. No Location 

  

U(Nat) 

mg.m-3 

226Ra 

Bq.m-3 

1 Killung stream U/S <0.5 27.8 

2 Killung stream D/S <0.5 < 3.5 

3 Photrongam stream U/S <0.5 48.2 

4 Photrongam stream D/S 2.8 < 3.5 

5 Umsophew river U/S <0.5 8.8 

6 Umsophew river D/S <0.5 28.5 

7 Wah Phodthra river U/S <0.5 9.9 

8 Wah Phodthra river D/S <0.5 < 3.5 

9 Jadukata river U/S <0.5 < 3.5 

10 Jadukata river M/S <0.5 < 3.5 

11 Jadukata river D/S <0.5 3.9 

    Derived Limit 60 300 

Table.4. Uranium and radium in soil around Killung ore deposit. 

Sl. No Location of Sample U(Nat) 

mg.kg-1 

226Ra  

Bq.kg-1 

1 Within the Killung block 3.0        28.8 

2 Outside the Killung block 2.7 35.8 

3 Within the Rongam block 3.1 19.1 

4 Outside the Rongam block 2.4 29.8 

5 Proposed Tailings pond site 2.8–7.8 8.4-13.8 
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Monitoring strategy 

Radiological safety and environmental survey laboratories are established to carry 
out regular monitoring of the workplace and the environment at every uranium 
mining and ore processing site. The environmental survey laboratories are gener-
ally outside the administrative control of the mining industry. The regular envi-
ronmental monitoring program includes periodical sampling and analysis of efflu-
ents from the mine, mill and the tailings system, surface and ground waters, soil, 
vegetation, edible vegetables, aquatic biota and foodstuff. Environmental levels of 
dust and radon are also monitored. Besides spot surveys for the natural radiation 
levels and atmospheric radon, thermoluminiscent dosimeters and passive radon 
monitoring systems are deployed at appropriate locations around the facility. On-
line radiation and radon monitoring instruments are being developed for monitor-
ing around the facility. The results would be accessible to the industry as well as 
the regulatory body.   

Societal monitoring 

As a confidence building measure, a concept of societal monitoring is being de-
veloped to encourage participation of local community of teachers, students and 
village representative to carry out environmental monitoring. This requires provid-
ing training to the participants in use of simple monitoring instruments.   

Public awareness 

Public awareness programmes are organised at the existing and proposed mining 
sites to inform the representative section of the society about radiation and ra-
dioactivity from natural and industrial sources, their impact and control measures 
adopted. Student community, local stakeholders, village representative and media 
personnel are the target groups for these public awareness programmes. 

Conclusion 

The preoperational assessments made indicate that with appropriate control meas-
ures from beginning of the operations, the radiological impact on the environment 
from mining of low grades of uranium ore will be only marginal.  
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Method of reducing radon levels in buildings 

Rashid A. Khaydarov1, Renat R. Khaydarov1 and Seung Y. Cho2 

1Institute of Nuclear Physics, Tashkent, Uzbekistan 
2Yonsei University, Seoul, South Korea 

Abstract. The paper deals with examination of the method of chemical treatment 

of walls, floor, ceiling, roof, etc for prevention of radon seeping into buildings. 

The mixture of organic compounds and catalyst are used to fill micropores inside 

the concrete or other constructive materials against radon, as well as other gases, 

and water molecules. The method allows reducing the coefficient of gas (air, Ar 

and 222Rn) permeability 200 – 400 times. The consumption of the chemicals is 0.2 

L/m2 for gypsum and 0.3-0.4 L/m2 for concrete and cement and it depends on po-

rosity of the materials.  

Introduction 

Radon is a naturally occurring gas seeping into homes and underground structures 
(buildings, tunnels, hangars, garages, etc.) from the surrounding soil through 
walls, floor, etc. and emanating from construction materials such as concrete, gra-
nite, etc (Brooklins 1990). It is known that radon concentration is particularly 
great in regions with the heightened content of uranium in soil and water and with 
geological breaks of the earth crust (Chernik et al. 1997). 

The purpose of this work was to develop a method to reduce concentration of 
radon gas in buildings and underground structures. This task can be solved by us-
ing special chemicals, which fill microcrevices and minute pores inside the con-
crete or other building materials against gases, as well as water molecules (Khay-
darov et al. 2006). The layer with filled pores stops the diffusion of molecules of 
gases and income through the slab, as well as the walls, floors and ceilings. And in 
addition, it blocks the other gases pathway – water migration.  

There are many chemicals preventing water diffusion in concrete and other 
building materials, but they do not change gas permeability of concrete and gases 
including radon migrates through them easily. The chemicals intended for preven-
tion of gas seeping through constructive materials meet following requirements: 
low price and consumption, high efficiency with reducing the gas permeability 
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400-500 times, wide range of operation temperature from 1-20C to 40-500C and air 
humidity from 2-5% to 95-98%, low water consumption. 

Materials and methods 

The following organic compounds have been tested: polyethylhydrosiloxane 
(PEHS) and its aqueous emulsion, mixture of PEHS and benzene in the ratio 1:1, 
25% solution of alkyltriethoxysilane (ATES) in isopropanol (25%ATES), mixture 
of PEHS and 25% solution of ATES in isopropanol. Sn-, Ti-, and Cu- organic 
compounds were tested as the catalysts. 

Tested samples of concrete, cement and gypsum had the height and the diame-
ter of 15-20 mm and 30 mm, respectively. The samples in a vertical position were 
treated by chemicals by means of spray.  

The device for examination of gas permeability of concrete samples has been 
constructed. The device consists of compressor 1, receiver 2 with manometer 3, 
gates 4,5, holder 6 of concrete samples 7, flow meter of air 8 and vessel with gas 9 
(Fig.1). The gate 5 adjusted the value of the gas pressure. In all experiments the 
pressure of gases in the receiver was chosen to be 110 kPa. The air, Ar and 222Rn 
with concentration of 100 pCu/L in air were used as the gases.  

 
Fig.1. The scheme of the device for examination of radon permeability through building 
samples: compressor 1, receiver 2 with manometer 3,  gates 4,5,  holder 6 of building sam-
ples 7,  flow meter of air 8, vessel with gas 9. 
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The coefficient of gas permeability K was determined by the following formula 

К = ΔV d / S Δt Δp, (1) 

where Δt is  the time of passing the gas through the sample, ΔV is the volume 
of gas passed through the sample, Δp is a pressure drop of gas in the sample, S is 
an area of the sample, d is a thickness of the sample. In these experiments we have 
measured relations R between the coefficients of gas permeability for chemically 
non- treated samples K0 and treated samples K:  

R = K0/K. (2) 

The gas permeability of concrete after the treatment by chemicals was ex-
amined. Influence of types of cement and sand, preliminary treatment by different 
chemicals including silicoorganic compounds, time periods between treatments, 
moisture of concrete, time between preparation of chemicals and treatment of con-
crete (aging of chemicals), time between treatment of concrete and testing (aging 
of treated concrete) were investigated. Concentration of 222Rn in air was deter-
mined by radon measurement detector.  The detector allows realizing continuous 
radon monitoring. It consists of electronic unit and scintillation cell. The electron-
ic unit contains power supply, amplifier, discriminator, timer, counter, and indica-
tor. The scintillation cell contains the zinc sulfide scintillator, photomultiplier, 
preamplifier, high voltage power supply and chamber with a volume of 200 mL 
over the scintillator.  This chamber is intended to fill with gas to be analyzed. Air 
is either pumped or diffuses into the scintillation cell. Scintillation count is 
processed by electronics, and radon concentrations for predetermined intervals are 
stored in the memory of the device.  

Results and discussion 

In the system ATES - isopropanol a retherification of  following type takes place: 

AlkSi(OEt)3 + (3-n)ROH         AlkSi(OEt)n(OR)3-n   + (3-n)EtOH 

where n = 0-2, R is С3Н7 . AlkSi(OR)3, AlkSi(OEt)(OR)2, AlkSi(OEt)2(OR) are 
the products of the retherification. 

Products of this reaction are easily hydrolyzed even by air moisture 

АlkSi(OR)3     + 3 Н2О    AlkSi(OH)3 + 3ROH 

with formation of intermediate compounds AlkSi(OR)2OH, AlkSi(OR)(OH)2. 
When PEHS is introduced in the hydrolyzed solution, polymeric networks of li-
near, cyclical and ramified structures with different properties are formed, for ex-
ample: 
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Hydrolysis of PEHS in early stages also takes place. Then the products of hy-

drolysis interact with ATES. The preferable formation of polymeric network type 
depends on methods of mixture preparation, treatment of concrete etc. Besides the 
reaction with Ca(OH)2 takes plays and as the result the polymer is fixed strongly 
on the treated concrete.  

Experiments have shown the following results. The depth of penetration of the 
organic compound without catalysts is about 10-14 cm. But polymerization time is 
large (about 2-3 days) and consumption of the compound is significant (about 1-2 
L/m2). The use of catalysts reduces duration of the polymerization process down 
to 1-3 hours.  In this case the depth of penetration of chemicals into building mate-
rials is about 5-6 mm and as the result consumption of the organic compounds de-
creases. The treated materials have hydrophobic properties, relation R does not 
depend on humidity of the surface of materials.  

Dependence of the relation R against the number of layers is given in Table 1. 
The best type of catalyst is the Sn-organic compound. The relation R for concrete 
increases slowly after the first layers and very fast after the 4th and 5th layer. It is 
explained by high porosity of concrete. In case of cement and gypsum R increases 
fast after the 2nd layer. Total consumption of chemicals is about 0.4 L/m2 for con-
crete (but depends on type of concrete), 0.3-0.4 L/m2 and 0.2-0.3 L/m2 for cement 
and gypsum, respectively. There is no a big difference between air, Ar and radon 
values of permeability.  

Dependence of the relation R against the time after chemical treatment of con-
struction materials is given in Table 2. After the 4th day the relation R increases 
very slowly, about 5% within 7 months.  
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The authors have treated the floor, walls and ceiling of 5 specially chosen base-
ments of buildings in 2007. This procedure has reduced the radon concentration in 
the premises of the first floor from 400 - 600 Bq/m3 to the background value of 
17-20 Bq/m3. 

Conclusion 

The test results of these investigations demonstrate the efficacy of the described 
method of chemical treatment of walls, floor, ceiling, roof, etc. to prevent gas 
seeping into buildings. The method allows reducing the coefficient of gas (air, Ar 
and 222Rn) permeability 200 – 400 times. Consumption of the chemicals is 0.2 
L/m2 for gypsum and 0.3-0.4 L/m2 for concrete and cement and depends on 

Table 1. Dependence of R vs. the number of layers. 

Gas Building ma-
terial 

Type of organic 
compound cata-
lyst 

Number of layers Total con-
sumption 
of chemi-
cals, L/m2 

2 3 4 6 

Air 
 

Concrete 
 

Sn- 
Ti- 
Cu- 

2.1 
2.0 
1.2 

3.5 
3.1 
2.4 

110 
80 
45 

420 
320 
100 

0.402 
0.560 
0.610 

Cement 
 

Sn- 
Ti- 
Cu- 

2.5 
2.3 
1.8 

47 
34 
12 

120 
98 
59 

>500 
390 
160 

0.360 
0.410 
0.520 

Gypsum 
 

Sn- 
Ti- 
Cu- 

2.8 
2.6 
2.2 

90 
49 
35 

410 
380 
280 

>500 
440 
360 

0.270 
0.330 
0.410 

Ar 
 

Concrete 
Cement 
Gypsum 

Sn- 
Sn- 
Sn- 

2.0 
2.3 
2.7 

3.4 
45 
86 

105 
115 
400 

400 
>500 
>500 

0.400 
0.350 
0.260 

222Rn  
in air 

Concrete 
Cement 
Gypsum 

Sn- 
Sn- 
Sn- 

2.1 
2.4 
2.7 

3.5 
46 
88 

110 
120 
420 

430 
>500 
>500 

0.400 
0.340 
0.260 

Table 2. Dependence of R vs. time after chemical treatment of construction materials  

Gas Building ma-
terial 

Time after treatment, days 
4 18 28 62 154 210 

Ar 
Concrete 
Cement 
Gypsum 

420 
>500 
>500 

420 
>500 
>500 

430 
>500 
>500 

430 
>500 
>500 

440 
>500 
>500 

440 
>500 
>500 

222Rn 
Concrete 
Cement 
Gypsum 

430 
>500 
>500 

440 
>500 
>500 

440 
>500 
>500 

450 
>500 
>500 

450 
>500 
>500 

450 
>500 
>500 
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porosity of the materials. This method can be used for prevention of seeping radon 
through the constructive materials.  
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Water tight Radon / Thoron probs and monitors 
without influence of high humidity, air pressure 
and temperature 

T. Streil and V. Oeser 

SARAD GmbH, Wiesbadener Str. 10, D-01159 Dresden, streil@sarad.de, 
http://www.sarad.de 

Abstract. To measure Radon and Thorn simultaneously is only possible using the 

Alpha spectrometry.  Pulse ionisation chambers are not very use full because of 

the bad energy resolution. The only effective method for a sufficient energy reso-

lution is the charge collection of the Radon / Thoron daughters on the surface of a 

Semiconductor detector.  But till now all existing monitors with this measuring 

principle has the disadvantage of a high influence of the humidity and temperature 

on the measuring values. All this devices used till now a correction algorithm or a 

drying tube.  

With a Optimised high voltage chamber with electrostatic focus (Ion optics) like 

in the device RTM 1688-2 is it possible      to collect nearly all short living Radon/ 

Thoron daughters   inside the chamber at the surface of a semiconductor detector. 

This high electric field is special designed   that the flight time of the Ions is so 

short that the Ion neutralisation process in chamber is negligible. Therefore the 

device has: 

• No changes of the sensitivity due to the ambient humidity 

• Usage of a drying tube or similar equipment is NOT required! 

• High sensitivity at low chamber volume (approx. 3* 32,5 ml=130 ml)  

Special attention was paid for the issue of quality assurance. Each stored data 

record contains a complete Alpha spectrum, which shows the error-free operation 
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of the instrument for each single integration interval. Any number of measurement 

series may be created by starting/stopping the data acquisition. PC can read the da-

ta stored within the instrument even if a measurement is in progress. As a matter 

of course the instrument is equipped with sensors for temperature, humidity and 

barometric pressure. An integrated tilt detector will give a signal if the instrument 

has been removed from its original position during the measurement. 

Radon entry paths can be discovered by the “sniffing” mode. Soil gas sampling as 

well as Radon in water measurements is simple because of the built in pump. 

The operation of the instrument is realised by only one button. A serial printer 

may be connected to the interface of the RTM1688-2 to present a protocol directly 

on site. 

The instrument can be directly connected to a modem (analogue, ISDN, GSM) for 

remote data transmission. The Radon Vision Software (included in delivery) han-

dles the telephone connection as simple as a direct cable link. 

Further exist a watertight version with a fast gas transfer entrance window (diffu-

sion time lower 1 min) and watertight housing. With 4 built in measuring cham-

bers is the main application Radon /Thoron monitoring in Uranium mines or other 

places with high humidity or in aggressive environment.  The version RTM1688 

Geo consists of the watertight water soil probe (76 mm diameter) and the water-

tight electronic part including GSM-Modem for geological applications like (soil 

gas or water borehole measurements) and easy data transfer. Other versions are 

the watertight Analogous Radon Indoor sensor or the Analogous water/ soil probe 

with 0-1 V or 4.20 mA analogue output. This device can be integrated in existing 

SBS control system or combined with Data Acquisition systems like MEDAS. 

 

 



Continuous Measurement of geo-chemical 
parameters in aggressive environment 

T. Streil, V. Oeser and M. Ogena *) 
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http://www.sarad.de 
*) PNOC Energy Development Corp. PNPC Complex, Merritt Road, Fort Bonifacio, 
Makati City 1201,  ogena@energy.com.ph 

Abstract. To measure precise longtime data from geochemical parameters for 

studies of deep fluid streams in volcanic areas, hydro geological studies and reser-

voir management in geothermal fields robust and high reliable measuring systems 

are necessary.  

A progress in this field is presented in this paper with the development of a new 

versatile measuring system called MEDAS (MEDAS – Modular Environmental 

Data Acquisition System) based on experiences and recent results from different 

research groups. MEDAS is an innovative multi-parameter station, which can con-

tinuously record as a function of time up to more than 100 geochemical and physi-

cal parameters suitable for many applications. A microcomputer system inside the 

MEDAS handles data exchange, data management and control and it is connected 

to a modular sensor system. The number of sensors and modules can be selected 

according to the needs at the measuring sites. 

The main problem was the shielding of the system against the aggressive envi-

ronment and to develop sensors, which survive in extreme acidic gases like in geo-

thermal fields or in fumaroles.  

In the presentation the system will be described the technical solutions for this big 

problem 

With this system it was possible to measure Radon and Thoron gas concentrations 

over longtime in from deep reservoirs directly with high time resolution. 
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A MEDAS has been installed in four production wells in the Mahanagdong pro-

duction sector of the  Leyte Geothermal Production Field located in the island of 

Leyte, central Philippines.  This field is chosen because:  1) it is the largest geo-

thermal field in the Philippines with five separate power plants with total installed 

capacity of about 700 MW, and 2) the area is bisected by the Philippine Fault, a 

major left-lateral transcurrent fault similar to the San Andreas fault. 

Results of long time measurement on Radon, Thoron and CO2 concentrations; gas 

flow, temperature and humidity; water temperature and pH; the Redox potential 

and conductivity will be presented. These parameters will be correlated with the 

historical and current data from the PNOC EDC established monitoring set-up for 

seismicity, micro-gravity and precise levelling surveys, wellhead pressure trends 

and well bore chemistry changes from monthly production sampling. 

 Efficient and sustainable production of geothermal energy requires constant 

monitoring of changes occurring in the reservoir.  These changes, which may re-

sult from mass extraction for production, waste fluid injection for disposal and 

pressure support, and from natural geologic processes, are usually manifested in 

the chemistry and physical characteristics of the wells.  Experience has also shown 

that these changes are related to the structure of the reservoir—the faults that tran-

sect the field as well as smaller fractures contained in the reservoir rocks.  Identi-

fication and evaluation of chemical changes, and their correlation with the struc-

tural features, require among others the constant analysis of hot brine and gases 

discharged by the wells.   

Changes in water and  gas chemistry, for example, can indicate:  1) lowering in 

the water level of the reservoir, 2) invasion of cold and degassed re-injection flu-

ids, 3) entry of shallow acidic steam condensates and deep corrosive volcanic-

related fluids, 4) precursor of an earthquake, etc.  Any of these changes can signif-

icantly alter the short- and long-term viability of the geothermal operation.  Hence, 

it is critical that up-to-date collection and analysis of water and gases be underta-

ken.  However, since almost all of the production wells are connected to the power 

plant, it is rarely possible to disconnect the wells in order to collect samples for 
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analysis because such disconnection will result to shortfall in power generation.  

In addition, the process is time-consuming and significant lapse is achieved from 

sample collection to the availability of the information.  There is therefore a press-

ing need for a continuous and on-line system of measuring chemical parameters in 

the field. 
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Abstract. Aquatic uranyl carbonate complexes play an important role in the hy-

drogeology of uranium mining areas and nuclear waste disposals. Many publica-

tions are available for the stability of uranyl carbonate complexes, but thermody-

namical data like the enthalpy or entropy are rare. We determined 

thermodynamical data from spectroscopic studies for the uranyl carbonate com-

plex UO2(CO3)3
4- in the temperature range from 5 °C to 70 °C. The reaction en-

thalpy the reaction entropy were determined to be -36.25 ± 4.31 kJ/mol and 

297.082 ± 13.839 J/(K·mol), respectively. 

Introduction 

The distribution of uranium in the environment is strongly dependent on the mo-
bility. Soluble uranium species can be distributed within aquatic systems, so the 
solubility of the dominant species is a good indicator for the mobility of the ura-
nium. Aquatic systems in the environment contain carbonate species if they are in 
contact with air or with carbonate containing minerals. If the pH is above 7 the 
uranium(VI) carbonate complexes are the predominant uranium species in such 
aquatic systems. For a better understanding of the mobility of uranium, solubility 
data and stability constants are the most important factors. Since the 1950´s many 
investigations were done by several groups and the results are reviewed (Grenthe 
et al. 1992). But for the modeling of environmental behavior, with different tem-
peratures and pressures, also other thermodynamical data are useful. Such data are 
reaction enthalpies, reaction entropies, heat capacity and more. Some of these data 
were already reported in the 1980´s (Grenthe et al. 1984; Schreiner et al. 1985; 
Ullman and Schreiner 1988). Most of them have been determined out by calorime-
tric methods. But there is a lack of investigations with spectroscopic methods. The 
absorption spectroscopy is a good method for the investigation of chemical equilibria 
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(Perkampus 1992). Vercouter (2005) et al. showed that thermodynamical data of 
actinide carbonate complexes can be determined by optical spectroscopy.  

Theoretical background 

The absorbance is given by the law of Bouguer-Lambert-Beer as the product of 
the concentration of the compound P, the path length of the cuvette and the molar 
decadic absorption coefficient at the wavelength λ.  

[ ]PdA ⋅⋅= )()( λελ  (2) 

The absorption coefficient ε is temperature independent. Only the concentra-
tions of the components can be temperature dependent. 

For an example reaction xE + yF  zP the equilibrium constant follows equa-
tion (3). The equilibrium constant is associated with the Gibbs free energy of the 
reaction by equation (4), which is temperature dependent according to equation 
(5). The plot of ΔRG against the absolute temperature should be a straight line. The 
intercept of the line equals the reaction enthalpy and the slope corresponds to the 
reaction entropy. The Gibbs free energies can be calculated by combining the equ-
ations (3) and (4) to equation (6). 

[ ]
[ ] [ ]yx

z

FE
PK
⋅

=  (3) 

KTRGR ln⋅⋅−=Δ   (4) 

STHG RRR Δ⋅−Δ=Δ   (5) 
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[ ] [ ]yx

z

R FE
PTRTG
⋅

⋅⋅−=Δ )(  (6) 

Experimentals 

Solutions containing 10-2 M and 5·10-4 M uranium(VI) and 0.1 M carbonate ions 
were prepared by adding 50 or 1000  µl of the 0.1 M uranyl perchlorate stock so-
lution to the given sodium carbonate solution (1 ml of 1 M sodium carbonate stock 
solution and 8.95 or 8.0 ml Milli-Q water). The total uranium concentrations of 
the solutions were determined via ICP-MS. 

The spectra were recorded with a Varian Cary 5G UV/VIS Spectrometer. A 
quartz cuvette with 1 cm path length was filled with Milli-Q water for the refer-
ence beam. A further quartz cuvette was used for the measurements. This cuvette 
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was first filled with Milli-Q water and set into a cuvette holder for recording a 
background. The cuvette holder is connected to a heating and cooling thermostat 
(LAUDA Ecoline Staredition RE105). After recording the background the quartz 
cuvette was emptied, cleaned, washed with the sample and filled with the sample 
for the measurements. Then the cuvette was set into the cuvette holder and the 
spectra were recorded in the temperature range from 5 °C to 70 °C in 5 K steps. 
The wavelength ranged from 300 nm to 600 nm and 0.1 nm steps were used. 

Results 

Figure 1 shows the recorded spectra of the solution with 0.01 M uranium(VI) at 
various temperatures. The main species should be the uranyl(tris-)carbonato com-
plex UO2(CO3)3

4-.  
For the maximal absorbance a linear dependency on the temperature was found 

(Fig.2). With increasing the temperature dissolved carbon dioxide passes into ga-
seous carbon dioxide according to equation (7). This leads to a decrease of the 
amount of the solved carbon dioxide. It follows that also the amount of carbonate 
ions decrease in the following change in the equilibrium between solved carbon 
dioxide and carbonate ions (8). In the last step the uranyl(tris-)carbonato complex 
UO2(CO3)3

4- passes into other species with fewer carbonate content. The chemical 
equation for the formation of the uranyl(tris-)carbonato complex is given in equa-
tion (9).  

)(2)(2 gCOTaqCO ⎯⎯ →⎯Δ  (7) 

2 H+ + CO3
2-  H2O(l) + CO2(aq) (8) 

UO2
2+ + 3 CO3

2-  UO2(CO3)3
4- (9) 

( )[ ]
[ ] [ ]32

3
2

2

4
332

103 −+

−

⋅
=

COUO

COUO
K   (10) 

The single component spectrum of the uranyl(tris-)carbonato complex 
UO2(CO3)3

4- (Fig.3) was determined by the dependence of the absorption spectra 
on concentration and pH. The band positions and the maximal molar decadic ab-
sorption coefficient εmax of 30.50 ± 1.42 l·mol-1·cm-1 are in agreement with litera-
ture data (29.0 ± 0.7 l·mol-1·cm-1; Meinrath 1996). From this single component 
spectrum the concentration of the complex was calculated according to equation (2). 
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Fig.1. Absorption spectra of the uranyl carbonate solution at various temperatures. 
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Fig.2. Temperature dependence of the absorbance at 447.8 nm. 
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Fig.3. Single component spectrumof the uranyl(tris-)carbonato complex. 

Only the spectra from solution containing about 0.01M uranium were eva-
luated, because the change in the absorbance is small. The concentrations of the 
free uranyl and carbonate ions were calculated with EQ3/6 (Wolery 1992). The 
equilibrium constant K103 for reaction (9) was then calculated for every tempera-
ture according to equation (10). The Gibbs free energies for every temperature 
were determined using equation (4). Table 1 shows the determined complex con-
centrations and the Gibbs free energies. The plot of the Gibbs free energies against 
the absolute temperatures (Fig.4) can be fitted by a straight line. The reaction en-
thalpy ΔRH103 was derived from the intercept of this line and the reaction entropy 
ΔRS103 from the slope, respectively. The Gibbs free energy for standard conditions 
ΔRG°

103 was determined using equation (5) and the standard temperature 
T° = 298.15 K. From this value the equilibrium constant K103 at standard condi-
tions was calculated. A correction to infinite dilution with Specific ion Interaction 
Theory (Guillaumont et al. 2003) results in the complex stability constant β103. 
Table 2 gives an overview of the results in comparison with literature data. Fur-
thermore an estimated value for the formation Gibbs free energy is given, based 
on equation (11) and the values ΔfG°(UO2

2+) = -989.5 kJ /mol and 
ΔfG°(CO3

2) = -528.0 kJ/mol (Boughriet et al. 2000).  

103
2

3
2

2103 )(3)( °−°+°° Δ−Δ⋅+Δ=Δ GCOGUOGG Rfff  (11) 
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Table 1. Determined complex concentrations at various temperatures and resulting values 
for the equilibrium constant (shown as natural logarithm) and the Gibbs free energy 

Temperature  
°C 

[UO2(CO3)3
4-] 

M 
ln K103 ΔRG103 

kJ / mol 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 

(9.174 ± 0.039)·10-3 
(9.210 ± 0.042)·10-3 
(9.239 ± 0.045)·10-3 
(9.269 ± 0.051)·10-3 
(9.285 ± 0.045)·10-3 
(9.295 ± 0.042)·10-3 
(9.308 ± 0.045)·10-3 
(9.331 ± 0.045)·10-3 
(9.354 ± 0.048)·10-3 
(9.374 ± 0.048)·10-3 
(9.390 ± 0.042)·10-3 
(9.410 ± 0.048)·10-3 
(9.433 ± 0.048)·10-3 
(9.466 ± 0.048)·10-3 

51.759 ± 0.004 
51.313 ± 0.005 
50.910 ± 0.005 
50.548 ± 0.006 
50.225 ± 0.005 
49.937 ± 0.005 
49.684 ± 0.005 
49.465 ± 0.005 
49.276 ± 0.005 
49.115 ± 0.005 
48.980 ± 0.004 
48.867 ± 0.005 
48.778 ± 0.005 
48.708 ± 0.005 

-119.702 ± 0.010 
-120.804 ± 0.011 
-121.972 ± 0.012 
-123.206 ± 0.014 
-124.506 ± 0.012 
-125.869 ± 0.011 
-127.297 ± 0.012 
-128.792 ± 0.013 
-130.348 ± 0.014 
-131.963 ± 0.014 
-133.636 ± 0.012 
-135.362 ± 0.014 
-137.141 ± 0.014 
-138.969 ± 0.015 
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Fig.4. Plot of the Gibbs free energies against the used temperatures.  
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Table 2. Overview of the thermodynamical data of the uranyl(tris-)carbonato complex.  
Short names for the references were used. 

 Value Uncertainty Ref. Note 

ΔRH103 / 
kJ·mol-1 

     -36.25 
     -35.9 
     -57.5 

-42.1 
-39.2 

  4.31
0.8
1.5
1.3
4.1

This work 
Grenthe 1984 
Schreiner 1985 
Ullman 1988 
Guillaumont 2003 

 
 
Based on UO2SO4 
 
Weighted Mean 

ΔRS103 / 
J·K-1·mol-1 
 

    297.082 
    312 

286.646 

13.839

13.773

This work 
Grenthe 1984 
Guillaumont 2003 

 
 
Weighted Mean 

ΔRG°
103 / 

kJ·mol-1 
 

   -124.820 
   -129 

-124.664  

  8.434

0.228  

This work 
Grenthe 1984 
Guillaumont 2003 

 
 
Weighted Mean 

log K103       21.867   1.478 This work I ~ 0.2 M 
log β103 

 
      21.716 

21.74 
    21.840 

  1.478
0.22

0.040

This work 
Meinrath 1996 
Guillaumont 2003 

 
 
Weighted Mean 

ΔfG°
103 / 

kJ·mol-1 
-2248.7 
-2660.9 

  8.4
2.1

This work 
Guillaumont 2003 

 
ΔfG(UO2

2+) = -952.5 
 

The determined values are in good agreement with literature data except the 
formation Gibbs free energy which is only estimated in this work as well as in lite-
rature. The uncertainty of the Gibbs free energy is a result of the uncertainties in 
the enthalpy and entropy according equation (5). Therefore it is higher than the 
uncertainty in the review from Guillaumont in 2003, where the Gibbs free energy 
was calculated from stability constants. This fact also applies to the determined 
stability constant. 

Thermodynamical data of other uranium species should be determined in fur-
ther studies by spectroscopic methods.  
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scanning in the field of mines areas 
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OT Schwarze Pumpe, Germany 

Abstract. The Airborne laser scanning technology earned a permanent position 

worldwide in the generation of digital elevation models (DEM) in the last 10 

years. 

The technique of airborne laser scanning (altimetric) provides the data for the 

planning criteria in the mining industry, in water management, road construction 

and urban development and in many other sectors. Due to the extraordinary ability 

of the airborne laser scanning technology to penetrate the vegetation cover, two 

separate but consistent digital elevation models can be generated: 

• The DSM (digital surface model) surface model with vegetation and building 

structures 

• The DTM (digital terrain model) terrain model without vegetation and building 

structures 

The laser scanning devices( systems) are firmly integrated into the aircraft or heli-

copter. Today they are able to transmit and receive up to 100.000 measured laser 

data per second. Generally the measured laser data is used to create a geometrical 

raster with variable screen ruling (1 m-100 m). 
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Numerical simulation of groundwater flow and 
particle tracking around the proposed Uranium 
mine site, Andhra Pradesh, India 
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Abstract. Groundwater modelling by numerical methods has been widely used 

around the world to study and understand the various aquifer systems. Modelling 

techniques has been successfully used to study the groundwater flow patterns and 

migration of particles along with flow in a number of mining sites. The present 

study was carried out to develop a groundwater model and study the groundwater 

flow regime in and around the proposed Uranium mine site at Lambapur – Pedda-

gattu area in Nalagonda district, Andhra Pradesh with the following objective of 

predicting the movement of groundwater and particles in the region during next 15 

years. Lambapur - Peddagattu deposit lie along the north- western margin of Cud-

dapah basin. The computer code MODFLOW that numerically approximates this 

equation by finite-difference method was used to simulate the groundwater flow in 

the study area. The pre and post processor developed by the United States De-

partment of Defence Groundwater Modelling System was used to give input data 

and process the model output. Groundwater modelling study of Nalagonda region 

indicates that the groundwater occurring in the weathered rocks flow towards the 

Nagarjuna Sagar reservoir. The simulation carried out until the year 2017 suggests 

that there is not much change in the groundwater flow regime, with the assumed 

condition of no change in the groundwater pumping during mining activity. As 

groundwater is expected to move towards the reservoir, it takes more than 15 

years for the particles from the proposed mine sites at Peddagattu to reach the 

boundary (reservoir) of the modelled area. However. the simulation assuming  
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constant head of 264m at Paddagattu mine sites indicate that the particles have 

moved to only to some distance by the end of the year 2017 at Mine II and no mi-

gration of particles from Mine I. The mineralised zone at Peddagattu occurring be-

low the shale (30-50m thick) may not be in saturated condition, except for small 

quantity of water available in the fractures. Hence, with the proper dewatering 

strategy and the lined surface drainage to reduce the recharge, the migration of 

uranium with the groundwater may be prevented at the Mine II. In the case of 

Lambapur region as the formation is devoid of groundwater as predicted by the 

model, there will not be any groundwater problem due the mining. Hence, with the 

proper management dewatering strategy the migration of uranium with the 

groundwater may be prevented at Mine II.  



Assessment of Uranyl Sorption Constants 
on Ferrihydrite – Comparison of Model Derived 
Constants and Updates to the Diffuse Layer 
Model Database 

John J. Mahoney and Ryan T. Jakubowski  

MWH Americas, Inc., Steamboat Springs, Colorado, USA 

Abstract. Surface complexation constants for uranyl (UO2
+2) sorption onto hydr-

ous ferric oxide (HFO) using a diffuse layer model (DLM) developed with the 

Dzombak and Morel correlation are demonstrated to provide poor fits to two inde-

pendently derived laboratory datasets. Alternative surface complexation reactions 

based upon geochemical modeling provided better matches to the data and still 

follow the underlying principles of the DLM as used in databases associated with 

several geochemical modeling programs.  

Introduction 

In 1990, David Dzombak and Francois Morel (D&M) (Dzombak and Morel, 
1990) published a compilation of surface complexation reactions for hydrous fer-
ric oxide (HFO). In their seminal work, previously published data sets were re-
evaluated and surface complexation reactions were defined assuming that a diffuse 
layer model (DLM) best described the charge potential relationships on the sur-
face. The model developed from their effort presupposed a series of well defined 
parameters such as surface site densities, and surface area assumptions. The data-
base that was developed from these significant efforts has been used in numerous 
programs including MINTEQA2 (Allison et al. 1991), PHREEQC (Parkhurst and 
Appelo 1999) and Geochemist’s Workbench (Bethke 1996). Because the USEPA 
provides MINTEQA2 to outside users, that program and its associated databases 
have developed a perceived or tacit approval by many regulatory agencies.   

As part of the efforts to increase the number of components in the database, 
D&M developed a linear free energy relationship (LFER) to estimate surface 
complexation reaction constants for several species that were not evaluated using 
laboratory developed data, these included uranyl, tin, palladium, plutonium (as 
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PuO2
+2) and manganese. The authors developed a relationship between the forma-

tion constant for various metal hydroxides (MeOH+), and known surface complex-
ation constants for strong (Hfo_sOH) and weak (Hfo_wOH) sites. Then new con-
stants were developed for surface complexes not evaluated using experimentally 
derived measurements. Using the LFER and a log K of 8.2 for the UO2(OH)+ 
complex, D&M calculated log K values for Hfo_sOUO2

+ (log K1
int of 5.2) and 

Hfo_wOUO2
+ (log K2

int of 2.8). Unfortunately, comparison of the estimated sur-
face complexation constants to two independent experimentally derived datasets 
indicates that the constants overestimate the extent of adsorption, particularly at 
low pH conditions.  

The primary purpose of this work is to provide corrections to the DLM data-
base for uranyl adsorption, while maintaining the basic conditions, such as surface 
site densities, with those presented by D&M in 1990. Work using EXAFS (Payne 
1999) suggests that the uranyl surface complexes are of a bidendate nature. This 
paper assumes that the surface complexes are monodendate for consistency with 
the other surface complexes in the DLM database.  

Comparison to experimental data  

Experimental data from different published sources were used. Fits were prepared 
using PHREECQ. The method was primarily trial and error, where visual fits were 
compared between experimental and modeled data. Goodness of fit was evaluated 
by a root mean square type objective function.  

Prior to performing the fitting calculations, an evaluation of the published 
uranyl complexation reactions in solution was undertaken. The evaluation indi-
cated that the WATEQ4f.dat database, included in the PHREEQC distribution 
package, was consistent with generally accepted complexes and their stability 
constants. Figure 1 shows the distribution of UO2

+2, uranyl hydroxide and uranyl 
carbonate complexes developed from this database.  

Figure 2 shows data prepare by Hsi (Hsi 1981, Hsi and Langmuir 1985), and 
compares it to a model using the original LFER derived constants. Examination of 
Figure 2 indicates that the original DLM constants have a tendency to over-predict 
the extent of adsorption, in some cases by a factor of 10. The data developed by 
Hsi used an initial U(VI) concentration of 1x10-5 m and 1 g/L amorphous ferric 
hydroxide, total carbonate was zero.  The second set of lined data (open di-
amonds) show the final fit using two surface complexation reactions: 

Hfo_sOH + UO2
+2 = Hfo_sOUO2

+ + H+ log K1
int = 4.15 

Hfo_wOH + UO2
+2 = Hfo_wOUO2

+ + H+ log K2
int = 2.05 
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The problem with the D&M constants becomes more evident when compared 
to other datasets. Failure to match one dataset may be related to experimental 
technique. Failure to match two independent datasets suggests a problem with the 
LFER estimation method. Figure 3 shows the model compared to experimental da-
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Fig.1. Distribution of uranyl species for a solution containing 10-6 M U(VI) and a carbon 
dioxide pressure of 10-3.5 atmospheres. 
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Fig.2. Comparison Hsi’s (1981) of experimentally derived measurements of uranyl uptake 
onto amorphous ferric hydroxide (X’s) to DLM calculations using LFER derived constants 
presented by D&M (thin line and small filled square) and our model fit (thicker line open 
diamonds).  
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ta developed by T. E. Payne for 10-6 m U(VI) onto 1 mmole Fe (precipitated as 
HFO). The experiments were open to the atmosphere; consequently, the partial 
pressure of carbon dioxide was set to 10-3.5 atmospheres. Again, the LFER derived 
values tend to over estimate adsorption at low pH values. The model also tends to 
underestimate adsorption at high pH conditions.  

To obtain his fits, Payne modified several tenets of the D&M DLM. He in-
creased the surface site density from 0.2 moles of weak sites/mole Fe to 0.875 
moles/mole Fe. In the original model D&M assigned a site density for strong sites 
of 0.005 moles/mole Fe, Payne decreased it to 0.0018 moles/mole Fe. The overall 
increase in surface site concentrations impacts the surface charge/surface potential 
features of the model. Payne noted that his modifications required subsequent ad-
justments of other reactions, notable the surface ionization reactions involving the 
Ka1

int and Ka2
int constants. These changes limit the ability to apply his model to 

systems that contain other competing cations such as nickel or zinc. In general, the 
effects are small but can raise questions about internal consistency. One final fea-
ture of the Payne model is its assumption that the strong sites could form uranyl 
carbonate surface complexes. Uranyl carbonate complexes are either neutral or 
negatively charged. The original rationale for including strong sites in the DLM 
was to provide a means to model high affinity cation adsorption, which generally 
took place under low pH conditions. Because these assumptions changed the un-
derlying assumptions of the D&M DLM we decided to recalculate uranyl sorption 
in accordance with the original requirements stated in D&M (1990).  
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Fig.3. Comparison of Payne’s (1999) experimental data (filled diamonds) to model based 
upon D&M uranyl surface complexation reaction (open circles with line); based upon 10-6 
m U(VI) sorbed onto 1mmole of HFO in a 0.1 NaNO3 solution, CO2 at 10-3.5 atmospheres. 
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To refit the Payne experimental data, our work used the surface site density as-
sumptions in the D&M version of the DLM (proportions of 0.2 and 0.005). Initial-
ly a third reaction was added to allow for a uranyl carbonate surface complex.  
The added reaction was: 

Hfo_wOH +UO2
+2 +CO3

-2 = Hfo_wOUO2CO3
- +H+  logKint

Hfo_wOUO2CO3- = 10.05 

Figure 4 compares Payne’s experimental data at a U(VI) concentration of 10-6 
m, and 1 mmole of Fe to three different model fits. The first fit was the simplest 
and included the three uranyl surface complexes described above. Based upon the 
values obtained from the Hsi data (Figure 3), we selected a log K1

int value of 4.15, 
log K2

int of 2.05 and a log Kint Hfo_wOUO2CO3- of 10.05.  
The original DLM database, as presented in PHREEQC, did not include surface 

complexation reactions between surface sites and carbonate, consequently the first 
models did not include surface complexation reactions with carbonate.  Appelo et 
al. (2002) reported surface complexation reaction constants for carbonate suitable 
for the D&M database.  The reactions are defined below.  

Hfo_wOH +CO3
-2 +H+ =Hfo_wOCO2

- +H2O log Kint
Hfo_wOCO2-=12.78±0.48 

Hfo_wOH +CO3
-2 +2H+ =Hfo_wOCO2H +H2O logKint

Hfo_wOCO2H 20.37±0.20 

These reactions in addition to the uranyl surface complexation reactions were 
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Fig.4. Comparison of Payne’s (1999) experimental data (X’s) with DLM fit assuming three 
surface complexation reactions for uranyl (line with squares); based upon 10-6 m U(VI) sorbed 
onto 1mmole of HFO in a 0.1 NaNO3 solution with a partial pressure of CO2 of 10-3.5 atmos-
pheres. The figure also includes another model with two surface carbonate complexes (dashed 
line with triangles). A final model (line with diamonds) replaced the uranyl monocarbonate 
(UMC) surface complex (2nd model) with a uranyl dicarbonate (UDC) surface complex.  
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included in a second set of model calculations. Several simulations indicated that 
the impact of the carbonate surface complexes was minimal.  

Finally, a third model was developed that included a uranyl dicarbonate (UDC) 
surface complex.  The UDC surface complexation reaction was defined as: 

Hfo_wOH + UO2
+2 + 2CO3

-2 = Hfo_wOUO2(CO3)2
-3 + H+  Log K int

UDC = 15.95 

The third model replaced the uranyl monocarbonate (UMC) surface complex 
with a uranyl dicarbonate (UDC) surface complex. The final model included the 
simple carbonate surface complexes. A value of 15.95 was selected as the best 
value for the log Kint

Hfo_wOUO2(CO3)2-3. The constant was adjusted primarily to im-
prove the fit in the higher pH range, but replacing the UMC surface complex with 
the UDC complex also resulted in a better fit in the lower pH ranges (4.5 to 6.0).   

Figure 5 shows the distribution of uranyl surface complexes for two of the 
models shown in Figure 4. Under low pH conditions, the strong site is the domi-
nant retainer of U(VI). The selection of either the UMC or UDC surface complex 
significantly impacts the distribution of the two uranyl surface complexes. 

Payne expanded his experimental work to other conditions by increasing the 
amount of sorbent phase or increasing the initial concentration of uranium. Figure 
6, shows the fit when the amount of U remains at 10-6 m, and the iron is increased 
to 20 mmole. These experiments have the lowest loadings of U. The log K1

int val-
ue of 4.15, and log K2

int of 2.05 remained the same, but for the first model the log 
Kint Hfo_wOUO2CO3- was adjusted to 11.05 for this data set. For the model with the 
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Fig.5. Distribution of uranyl-bearing surface complexes. The UMC model surface complexes 
are represented by thick dashed lines. The UDC model based surface complexes are 
represented by thin solid lines; experimental data from Payne (1999).  
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UDC surface complex, the selected log Kint
Hfo_wOUO2(CO3)2-3 value was 16.4.  

The effects of increasing the uranyl concentration to 10-5 or 10-4 m, while re-
taining HFO at 1mmole, are shown on Figures 7 and 8.  

In both models, we have preserved the log K2
int value at 2.05. For the 10-5 m 
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Fig.6. Comparison of experimental data (X’s) comparing UMC and UDC surface complex-
es DLM fits. The model with UMC surface complex is represented by thin line with trian-
gles. The UDC surface complex model also included carbonate surface complexes (thick 
line with diamonds). Experimental conditions from Payne (1999), based upon 10-6 m U(VI) 
sorbed onto 20 mmole of HFO in a 0.1 NaNO3 solution CO2 at 10-3.5 atmospheres.  
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Fig. 7. Comparison of experimental data (X’s) with two DLM simulations. The model fit 
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U(VI) measurements we have retained both the log K1
int and the K2

int values at 
4.15 and 2.05, respectively.  

At a loading of 10-4 m U(VI) (Figure 8), the final constants were 3.70 for log 
K1

int, 2.05 for the log K2
int value and log Kint Hfo_wOUO2CO3- was adjusted to 8.2.  The 

model with the UDC surface complex used a log Kint
Hfo_wOUO2(CO3)2-3 value of 15.0.  

The change in the log K1
int for these experimental conditions is not surprising. At 

the 10-4 m loading, the less than 5 percent of U(VI) is sorbed onto strong sites 
(Figure 8) the model is not sensitive to the parameter, therefore a difference of 
nearly half a log unit is not unexpected. The role of the strong and weak uranyl 
surface complexes is reversed when compared to lower loadings (Figure 4).  

Figure 8 also included another model that used the log Kint
Hfo_wOUO2(CO3)2-3 de-

veloped from the 10-6 U(VI) 20 mmole Fe dataset, that value was 16.4 (see Figure 
6). This simulation was run to demonstrate that acceptable fits can be obtained us-
ing the largest value for the UDC surface complex. Although the comparison to 
the higher pH range is not as good as models that use a smaller value, the 16.4 
value actually improves the fit from pH 5.5 to 7.0.  

Table 1 summarizes the model conditions and selected surface complexation 
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Fig.8. Comparison of experimental data (X’s) with DLM fits assuming three surface com-
plexation reactions for uranyl. The fit with the UMC surface complex is represented by a 
thin line with squares. The UDC surface complex model also included carbonate surface 
complexes (thick line with diamonds), the distribution of uranyl bearing surface complexes 
(thin dashed lines) for the UDC model is also included. A model using the maximum value 
for the UDC surface complex (line with triangles) was included to show sensitivity of mod-
el. Experimental conditions (Payne, 1999) based upon 10-4 m U(VI) sorbed onto 1 mmole of 
HFO in a 0.1 NaNO3 solution CO2 at 10-3.5 atmospheres.  
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constants derived from this study. Of greatest concern is the variation in log Kint 
Hfo_wOUO2CO3- as the proportion of available U(VI) to sorption sites changes. The 
UMC surface complex models have a spread of 2.85 log units. Initially, it was 
thought that some of this variation could be explained by including the surface 
carbonate complexes. However, their inclusion had no effect on the selected val-
ues. A strong correlation between the log of the site loading value, defined as 
U(VI) as moles/mmoles Fe, to the selected log Kint Hfo_wOUO2CO3- value was noted. 
The variation in the value of the UMC surface complex was the reason that the 
additional models with the UDC surface complex were prepared.  Replacement of 
the UMC with the UDC surface complex reduced the spread to about 1.4 log units. 
Figure 8 demonstrates that the variation in the UDC surface complex does not 
have a significant effect on the overall fit, and that an average value of about 15.7 
would provide a good starting point for most models.  

Table 1. Summary of initial model parameters, experimental conditions and final surface 
complexation constants. 

Data 
Source 

U(VI) 
mol/L 

Fe 
mmoles Carb. Log 

K1
int 

Log 
K2

int 
Log  
K int

UMD 
Log  
Kint

UDC 

D&M 
LFER NA NA NA 5.2 2.8 NA NA 

Hsi, 
1981 1.E-5  11 

(1gm/L)  Ct = 0.0 4.15 2.05 NA NA 

Payne, 
1999 

1.E-6  20 10-3.5 atms 4.15 2.05 11.05 16.40 
1.E-6  1 10-3.5 atms 4.15 2.05 10.05 15.95 
1.E-5  1 10-3.5 atms 4.15 2.05 9.0 15.45 
1.E-4  1  10-3.5 atms 3.7 2.05 8.2 15.0 

Conclusions 

This work has demonstrated that the constants for uranyl adsorption onto HFO (or 
ferrihydrite) provided in the D&M diffuse layer database are in error and tend to 
over estimate the extent of uranyl sorption particularly for low pH conditions. Fur-
thermore, D&M did not consider the importance of uranyl carbonate surface com-
plexes in their initial compilation. The original intent of this work was to develop 
a set of simple surface complexation constants to describe uranyl adsorption using 
the DLM. This has been partially accomplished. New constants have been pro-
vided (Table 1), but the role of the uranyl carbonate surface complexes has not 
been fully resolved. Satisfactory models can be constructed with either the UMC 
or UDC surface complex. We favor the model that uses the UDC surface complex, 
but we are performing more simulations to better resolve this issue.  

These corrections will improve applications such as solute transport calcula-
tions. The errors in the previously published values were as much as an order of 
magnitude in the amount predicted to be adsorbed.  The failure to include carbonate 
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complexation reactions was also a major shortcoming of the original work. The 
corrections will result in significant differences among the predicted mobility of 
uranium in solute transport models.  Under low pH, carbonate-free conditions, 
which are common in some acid rock drainage environments, the calculated dis-
tribution coefficient of uranyl will be reduced in some cases by nearly a factor of 
10. These new constants indicate less sorption of U(VI) than previously indicated 
and consequently these new estimates will under certain conditions tend to be 
more protective of the environment.  

Future work will refine these fits using an alternative solver/fitting program 
such as UCODE (Poeter et al. 2005) and provide better estimates of errors. The 
additional work will re-evaluate the relationships involving the behavior of the 
uranyl surface carbonate surface complex. Also surface complexation models 
based upon the bidendate surface complexes identified by Payne will be devel-
oped, but will use the site density conventions of the original diffuse layer model. 
The bidendate models may provide a better means to handle the variations in the 
uranyl carbonate complexation constants.  
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Abstract. Sorption of U(VI) to iron and manganese (hydr)oxides is a fundamental 

control on the mobility of uranium in oxic soil and groundwater.  Surface com-

plexation models for these sorption reactions are needed to enable reactive trans-

port simulations of U in the environment.  We have been investigating the sorption 

of U(VI) to iron and manganese (hydr)oxide minerals using classical batch sorp-

tion experiments, EXAFS spectroscopy and first-principles (quantum mechanical) 

calculations of the structures and energetics of U surface complexes.   EXAFS 

spectra of U surface complexes are complicated by multiple scattering and the 

poor resolution of U-carbonate complexes.  We argue that previous models for 

surface complexation need to be reassessed.   Instead, we show that on goethite 

(α-FeOOH) and ferrihydrite (Fe10O14(OH)2), we can model both our EXAFS and 

our sorption experiments using three surface complexes, (>FeOH)2UO2(H2O)3, 

>FeOCO2UO2, and (>FeOH)2UO2CO3 .  Using these complexes, we fit our batch 

sorption experiments to a surface complexation models for U on goethite and fer-

rihydrite with a 1pK model for surface protonation, an extended Stern model for 

surface electrostatics and inclusion of all known UO2-OH-CO3 aqueous complex-

es in the current thermodynamic database.   The models give an excellent fit to our 

sorption experiments done in both ambient and reduced CO2 environments at sur-

face loadings of 0.02-2.0 wt. % U.   We find that we can model the EXAFS and 

batch sorption experiments of U(VI) on birnessite as an inner-sphere 

(>Mn2O)3UO2
++ and  (>Mn2O)3UO2CO3

 complexes over vacancy sites.  In the 
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environment, U(VI) and its carbonate complexes will be preferentially sorbed by 

iron(III) (hydr)oxides over manganese(IV) oxides. 
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Abstract. Decay series are considered in textbooks on isotopy. Here we bring so-

lutions of equations for a process dissipated in space, which is characteristic for 

contamination.. As to our knowledge, the differential equations below are original 

and were never published.   

If the isotope of the first substance  has a concentration N1 and decays into  an iso-

tope of the second substance with a concentration N2 and the second substance de-

cays finally into a third substance with a concentration N3 assuming a diffusion of 

components as possible then  a one-dimensional model would be completely de-

termined by a system of differential equations 
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This situation is realized in a system U-Ra-Pb, with  
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Only Ra is suggested as diffusing and the following differential equation becomes 

valid (due to a small lifetime of Ra the system fast reaches a stationary regime): 

0238
122

2

2 =+−
∂

∂ URa
x
RaD λλ  (2) 

-h/2<x<h/2 
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A coefficient of Ra losses is obtained if we determine the derivative  of Ra at the 

boundary and multiply it by D2 
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For the Pb-concentration the following formula is obtained. 
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The total quantity of residual Pb is given by 

Pb=U0(1-expλ1t)(1-k) (6) 

Where k is given by (4). 

These formula  can  be used for  estimates of dissipated unfavorable quantities of 

the U-Ra-Pb system.  
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The use of kinetic modeling as a tool 
in the understanding of the geochemical 
processes at a uranium mine site 
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Abstract. Release of acid drainage from mining-waste disposal areas is a problem 

found in many mine sites all around the world. An understanding of waster flow 

and the geochemical processes within mining-waste is important to the long-term 

prediction of contaminant loading to the environment. This is the second of two 

papers and describes how useful it is the use of kinetic models in the evaluation of 

the geochemical processes in one of the waste rock piles of the first uranium-

mining site in Brazil. The model chosen (STEADYQL v.4) predicts the steady-

state composition of the drainage resulting from the interactions between the 

aqueous and solid phases being this interaction subjected to a combination of ki-

netic and equilibrium reactions (homogeneous and heterogeneous). The obtained 

results show that the concentrations of SO4, K e F were underestimated by 2%, 

13% e 5% respectively if compared to the average concentrations of these ele-

ments in the drainage waters. On the other hand Al concentrations were overesti-

mated by in 19%. The model was not able to reproduce the concentrations of U 

and Fe satisfactorily. But, in a general way it can be affirmed that the simulations 

allow a coherent representation of the monitored conditions within the waste rock 

pile. 
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Introduction 

Acid Mine Drainage (AMD) represents a significant environmental and financial 
liability for the mining industry (Sracek et al. 2004). It is happen when sulphide 
minerals (mainly pyrite) contained in mine waste are exposed and reacts with 
oxygen from the air and water to form sulfuric acid and dissolved iron. These 
minerals are not in equilibrium with the oxidizing environment and almost imme-
diately begin weathering and mineral transformations. The reactions are analogous 
to “geologic weathering” which takes place over extended periods of time (i.e., 
hundreds to thousands of years) but the rates of reaction are orders of magnitude 
greater than in “natural” weathering systems. In the case of the first uranium pro-
duction center in Brazil It was estimated that acid drainage generation will last for 
600 and 200 years from waste rock piles and tailings dam, respectively (Fernandes 
and Franklin 2001). Due to the long timescale involved in these processes perma-
nent solutions should be preferable to having to collect, treat, and discharge mine 
water, as it is done today by the operator of the mine. Our study focus on genera-
tion of AMD from one of the waste rock piles (WRP-4) of the Brazilian uranium 
mine site. It has been estimated that about US$ 200,000 are spent annually to treat 
the acid waters originated only from the waste-rock piles (Fernandes and Franklin 
2001). 

The environmental impact of this mine site can be reduced if the risks asso-
ciated with sulphidic mine waste are managed adequately. Mainly in the current 
phase of the mine site (decommissioning phase) where effective remediation strat-
egies will be chosen for will be put in place.  

The chemical composition of the acid drainage is controlled by the pyrite oxi-
dation rate, which is a function of temperature, pH, oxygen concentration, compo-
sition and amount of infiltrating water and the population of micro-organisms 
(Ritchie 1994). For long-term predictions, the rate of oxygen influx from the 
ground surface is therefore a controlling factor (Cathles and Apps 1975). The 
oxygen can be transported through diffusion in the gas phase, and by thermal or 
wind-induced convective transport (Lefebvre et al. 2001). Diffusive transport 
tends to be the dominant gas transport mechanism in large waste rock piles (Rit-
chie 1994). As the diffusion rate of oxygen in water is several order of magnitude 
less than in air, the rate of oxygen diffusion will vary throughout the pile depend-
ing on the local water content (Molson et al. 2005).  

AMD production in waste rock piles take place in multiphase systems and in-
volves numerous coupled geochemical and transfer processes, the interplay of the 
processes is difficult to understand and quantify (Morin et al. 1991, Lefebvre et al. 
2001). Most of the waste rock geochemical studies analyze the chemical composi-
tion of drainage water at the toe of the waste rock pile. However, this information 
does not provide a clear picture of geochemical processes within the pile (Ritchie, 
1994). On the other hand, it has been recognized that the obtaining of the data on 
water chemistry within the unsaturated zone of waste rock pile is technically diffi-
cult because of low water content and correspondingly high suction values (Ritchie, 
1994).  
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Geochemical reactions in the unsaturated zone (as waste rock piles) occur pri-
marily at the interfaces between the solid, air and aqueous phases; the rates at 
which these reactions occur are controlled by the transport (or trapping) of consti-
tuents to and across the interfaces. Rate controlling mechanisms are important 
since they determine the rate at which the various mass transfer processes proceed. 
The more important geochemical processes that are expected to control the rates 
of AMD inside the WRP-4 are precipitation/dissolution, chemical diffusion and 
superficial chemical reactions. One key reaction causing AMD should be pyrite 
oxidative dissolution. 

Geochemical model techniques can provide valuable understanding of the geo-
chemical processes leading to the production of AMD in waste rock piles. How-
ever, in function of the geochemical reactions involved in this system be dominat-
ed by kinetic processes, the use of equilibrium codes can take to unreal results. 
The STEADYQL code (Furrer et al. 1989, 1990) was chosen because it combines 
kinetic with equilibrium processes and it has been used widely to assess AMD 
starting from mine wastes (Stromberg and Banwart 1994, Brown and Lowson, 
1997).  

The purpose of this paper will be to show the successful application of a kinetic 
model to assessing the potential release of contaminants from the waste rock pile 
of the first uranium mine in Brazil. 

Study Area 

The studied waste-rock pile is part of the uranium mine and mill site located on 
the Poços de Caldas plateau, in the southeast region of Brazil. The alkaline com-
plex corresponds to a circular volcanic structure formation of which began in the 
upper Cretaceous (87 ma) and evolved in successive steps until 60 ma. This intru-
sion is rounded by the leveling of bed rocks, consisting of granites and gneisses. 
These rocks are frequently cut by diabase dykes, amphibolites and gneisses. These 
igneous-policyclic activities, of alkaline nature, associated to intense metassomatic 
processes and a strong weathering, gave rise to a variety of rock types belonging 
to the Nepheline-Syenite family and to uranium mineralization. 

The mining and milling facilities began commercial operation in 1982. After 13 
years of intermittent operation, the mining activities were suspended definitively 
in 1995. The cumulative uranium production was 1,242 tons of U3O8. In the de-
velopment of the mine 44.8 x 106 m3 of rocks were removed. From this amount, 
10 million tons were used as building material (roads, ponds, etc). The rest was 
disposed into two major rock piles, waste rock pile 8 (WRP-8) and 4 (WRP-4). 
Both piles are located at areas close to the mine pit. The WRP-4 was chosen as a 
study object because almost all the drainage coming from the pile is collected in 
only one holding pond, facilitating mass balance calculations. It is to be mentioned 
that a huge database from monitoring program carried out by the mine operator is 
available. 
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Geochemical Characterization of the Pile 

The strategy of the inverse modelling developed by Plummer et al. (1983) and 
Plummer (1984) was used to characterize the principal geochemical processes that 
occur inside of the WRP-4, and to calculate the distribution of the chemical spe-
cies in the drainages of the pile. The geochemical model of mass balance 
PHREEQC v.2 (Parkhust, 1995) was used to accomplish the inverse modeling and 
the speciation calculations. These calculations were based on data obtained from 
environmental and effluent monitoring programs conducted by the operator of the 
mine. 

The inverse modeling revealed the sequence of important geochemical 
processes in WRP-4. The dominant processes in WRP-4 are: K-feldspar and albite 
dissolution, kaolinite dissolution, pyrite oxidation, barite solubility equilibrations, 
silica precipitation, goethite precipitation, manganese oxide dissolution, and fluo-
rite and calcite dissolution. The result from inverse modeling is shown in table 1. 

The speciation calculations were made to determine the distribution of the spe-
cies, the saturation indexes, and redox potential. Aluminium species occur mainly 
in the form of fluoride. The iron almost all occur as Fe+2 (99,92%), being the oc-
currence of Fe+3 about of (0,08%). That is explained by the acidic pH value of the 
drainage waters. Fe+2 occurs fundamentally as a free species (~70%) followed for 
the ferrous sulphate. On the other hand, Fe+3 occurs fundamentally as sulphate. 
The uranium due to the redox potential of the solution occurs in its oxidized form 
(U+6) distributed basically between two species: uranila sulphate and free uranila. 
The potassium and the barium occur almost totally as free species. The calcium 
occurs mainly as free species followed by sulphates species. 

Table 1. Mass balance and mass transfer results computed with the model. Values are in 
mol/kg of substance dissolved (positive) or precipitated (negative values) 

Phase Mole transfer (mol/kg) 
K-Feldspar KAlSi3O8 1.56x 10-1 
Kaolinite Al2Si2O5(OH)4 2.06 
Fluorite CaF2 2.09 
Barite BaSO4 -3.2 x10-3 
UO2 UO2 2.74 x 10-2 
O2(g) O2 21.0 

Goethite FeOOH -5.80 
Quartz SiO2 -4.01 
MnO2 MnO2 1.33 
Pyrite FeS2 5.81 

Redox mole transfer 
Fe(2) 5.78 x 10-3 
S(-2) 1.16 x 10-2 
U(4) 2.74 x 10-5 
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Conceptual model of the WRP-4 

For the WRP-4 geochemical system, the assumption of local equilibrium is not 
fulfilled and a kinetic description is necessary. Based on this the conceptual model 
for the geochemical system of WRP-4 was based on equilibrium and kinetic reac-
tions. The reactive system was completely defined by specifying chemical reac-
tions and accounting the total number of chemical species involved in the reac-
tions. Standard equilibrium expressions (with suitable equilibrium constants) were 
used to represent all fast reactions, such as the aqueous complexation and precipi-
tation of secondary phases. The slow reactions were represented by kinetic expres-
sions and associated rate constants to address the dissolution reactions of key min-
erals present in the pile, including Fe+2 oxygenation. The reaction network that 
describes the evolution of the geochemical system is defined in table 2. 

All dissolution reactions require an estimate of the surface area of the minerals 
involved in the reactions. Values for mineral surface areas were derived using the 
methodology proposed in (Strömberg and Banwart1994), i.e. the surface area of 
an individual mineral was determined based on the assumption that its contribu-
tion to the surface area of the rock is proportional to its relative volume in the 
rock. The average measured physical surface area of the waste rock was approx-
imately constant per volume of rock and independent of the particle size distribu-
tion (i.e. 1 ± 0.4 m2/g) (Strömberg and Banwart1994). A surface area of 9.09×105 
m2 per m-3 for WRP-4 was estimated using average values of porosity (45%) and 
specific density (2.02 g/cm3). The resulting value is in agreement with other esti-
mates for waste-rock material (Strömberg and Banwart1994) and (Linklater et al. 
2005).  

Simulation of the WRP-4 

The initial chemical composition of the rainfall that infiltrated WRP-4 was as-
sumed to be mildly acid water and a concentration 6.3×10-6M [H+] and [SO4

2-] 
was used. This relatively simple approach was considered adequate to model the 
overall behavior of the waste pile, and to calculate the long-term evolution of see-
page effluent compositions. 
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Table 2. The reaction network used in STEADYQL. (a) Kinetic reactions and rate expres-
sions, (b) Equilibrium reactions and their equilibrium constant. 

Notes:   SA is the reactive surface area of the mineral concerned (m2 per m3 media); [ ] 
denotes a concentration in units of mol per dm3 of water, and Smax= the maximum reaction 
rate. Sulfide oxidation was assumed to be the only process consuming significant amounts 
of O2 so that the measured O2 consumption rates can be used to determine the sulfide oxi-
dation rates The Smax value used in the simulation was 2.00×10-6Kg(S) m-3.d-1 . [a] Palandri 
and Kharaka 2004; [b] Williamson and Rimstidt 1994; [c]Fernandes and Franklin, 2001; [d] 
Wehrli, 1990. The thermodynamic data base was based on Hummel et al. (2002). 
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Results and Discussions 

The equilibrium speciation model and the stoichiometry and rate laws for slow ki-
netic processes are given in table 2. The choice of the components (equilibrium 
reactions) and the kinetic processes were based on composition of the outflow of 
the pile and the results of the inverse modeling described previously.  

The inflow corresponds to the annual average precipitation at the site, and with 
an assumed corresponding acid deposition load.  

Most of the rates of mineral dissolution used in our study were based on compi-
lation of rate parameters published by USGS (Palandri and Kharaka 2004). Once 
the mechanism of pyrite oxidation is a key aspect in the generation of AMD, we 
opted to use in the simulations the three different mechanisms of pyrite oxidation 
(pyrite being oxidized by O2aq, O2 gas and Fe+3). We use the rates law suggested 
by Williamson and Rimstidt (1994), which determined the pyrite oxidation by the 
ferric Iron (Fe+3) in the presence of oxygen (situation found in the field) and by 
the dissolved oxygen (O2aq). To describe the rate of pyrite oxidation by O2 gas, 
we used the rate measured in laboratory with material of the pile suggested by 
Fernandes and Franklin (2001).  

The reactive surface area of the WRP-4 was treated as a dependent variable. 
This means that it was used as calibration parameter to arrive at a chemical com-
position of the drainage that corresponds to site measurements. We assumed that 
0.6% of the surface area of all minerals was reactive. The same strategy was 
adopted for by Strömberg and Banwart 1994 and Linklater et al. 2005. 

Rates constants (k) were corrected with the Arrhenius expression to estimated 
average pile temperature of 30oC, except for pyrite oxidation. The rate constant k 
for the oxidation of pyrite by O2aq and Fe+3 was corrected to 40oC, but not the k 
for oxidation by O2 gas since this parameter was measured in the laboratory. 

Table 3 shows the comparison of the chemical composition of the drainage as 
measured at the site and estimated with the model.  

Table 3. Estimated and measured concentrations of chemical species in the WRP-4 drai-
nage. 

Species Estimated (mg/L) Measured (mg/L) 
SO4

-2 1018.99 1039.47 
Al 138.55 117.05 
U 14.95 6.51 
F 95.43 99.56 
Fe 16.99 1.78 
K 7.16 8.07 
pH 3.49 3.03 
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The results show that the relative rates of sulphide mineral and alkalinity pro-
duction from the dissolution of primary silicate minerals were simulated reasona-
bly well with the model. Differences between the measured and estimated values 
for the pH never exceeded 15%.  

The estimated equilibrium concentrations for SO4, Al, K and F were very close 
to those we actually observed. These results suggest that the dissolution of prima-
ry minerals that compose the waste rock was well simulated with the model. The 
production of K and Al was mainly controlled by K-feldspar dissolution and to a 
lesser extent by kaolinite and muscovite dissolution. The production of F further-
more resulted from the dissolution of fluorite. If we assume that all sulphate con-
centration is due to pyrite oxidation, it would be possible to verify that the key 
processes of AMD generation were also well described. However, the model 
overestimated the U concentrations by a factor of 2.3, and the Fe concentration by 
one order of magnitude. Similar results for Fe were observed by Strömberg and 
Banwart (1994). The author explained the results by the fact that the overall rate 
of ferrous iron oxidation within the pile was much faster than that given by abiotic 
kinetics (as used in the modeling). The oxidation of Fe+2 by bacteria (biotic oxida-
tion) hence should be considered in the simulation. Calculated U concentrations 
show a need to recalculate the adopted parameters. For example, the rate constant 
used in the simulation was determined experimentally under neutral conditions.  
Since the pH of the drainage water from the pile was approximately 3, this para-
meter should be corrected for acid conditions.  

The initial chemical composition of the rainfall that infiltrated WRP-4 was as-
sumed to be mildly acid water and a concentration 6.3×10-6M [H+] and [SO4

2-] 
was used. This relatively simple approach was considered adequate to model the 
overall behavior of the waste pile, and to calculate the long-term evolution of see-
page effluent compositions.  

Conclusion 

The obtained results suggest that the dissolution of the principal minerals presents 
in the composition of the waste rock were well represented by the model, i.e. the 
dissolution of K-feldspar, that supports the production of K and Al; the dissolution 
of the fluorite, that supports the production of F; and, the oxidative dissolution of 
pyrite, that supports the sulphate concentration (the key process in the AMD gen-
eration). However, the model was not able to reproduce the concentrations of U 
and Fe satisfactorily. In the case of uranium this was due to a lack of information 
regarding the dissolution rate applicable to the simulation conditions. In the case 
of Fe that was due to the fact that only abiotic process was taken into account.  

In a general way it can be affirmed that the kinetic model STEADYQL was 
successfully used to reproduce measured data for WRP-4. This suggests that the 
most important geochemical processes (the network of reactions accounting for 
both equilibrium and kinetic processes) at the site were properly considered in the 
model.  
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However, it should be emphasized that the phenomenon of AMD can be ade-
quately simulated only by coupling variably-saturated water flow with the most 
relevant geochemical processes. The approach used in our study (explored in two 
different papers of this conference) allowed considerable insight in the processes 
controlling ARD generation and will serve as an initial step to the application of 
more realistic coupled models.  
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Abstract. In 1972, a series of isotopic anomalies was discovered in uranium sam-

ples originating in the Oklo mine district, Gabon. The only explanation was the 

natural fission of the isotope 235U during the Paleoproterozoic, about 2·109 years 

ago. This hypothesis has been corroborated with geochemical and petrographical 

evidences. As a consequence of the fissiogenic products preservation, the deposits 

have been intensely studied as a natural analogue of a nuclear waste disposal site.  

Previous studies have described the geological environment and some mineralogi-

cal and geochemical aspects of the Oklo site. However, the genetic processes have 

not been strictly treated; topics as the uranium source or the hydrologic mechan-

isms have not been numerically studied. In this way, the objective of this work is 

to verify the feasibility of the conceptual mechanisms proposed by different au-

thors and to propose our own theory by means of a 3D-model (Fig. 1). The overall 

goal of this study has been to advance our understanding of the uranium ore for-

mation through numerical modelling of coupled groundwater flow, heat transport 

and reactive solute transport. Other specific research questions have been eva-

luated, as the factors lead to the observed location of the uranium deposits and 

other mineral paragenesis.  

The Okélobondo uranium deposit is part of the Oklo district. Actually, it is located 

at a depth of about 300 m, and is affected by oxidation and dissolution of uraninite. 
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The presence of oxidising conditions at depth is unusual and, if repeated else-

where, may affect the stability of uranium oxide under repository conditions. 

Therefore, it is important to determine whether the processes leading to this situa-

tion are specific of Okélobondo or they might represent a common phenomenon. 

In order to identify the geochemical processes which control the water composi-

tion, reactive transport modelling has been applied. The high Mn/Fe ratio and the 

high pH-Eh values of the water sampled in the lower part of the Okélobondo sys-

tem are attributed to the interaction of the recharge with rhodochrosite and man-

ganite deposits. Three key factors have been identified to obtain the chemistry of 

this water: a fast dissolution of a Mn-phase, a slower dissolution of a Fe-phase and 

a continuous source of alkalinity. However, in spite of the presence of Mn-

carbonate deposits is uncommon in the Earth surface, it is necessary evaluate its 

abundance and distribution in the recharge area of hydrological systems, when 

evaluating the location of a nuclear waste repository.  

 

 
Fig.1. Geological schema of the basal Francevilian formations in the Oklo area. 
With a black line, the trace of the modelled streamline has been rebounded.  
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Abstract. The concept of geological disposal in Ukraine is similar to that consi-

dered in other countries, being based on a system of multiple barriers consisting of 

the geological environment and the EBS. Bentonite clays are considered an impor-

tant component for EBS due to properties: a marked swelling and the high sorp-

tion characteristics. Since uranium is an important nuclide in the radioactive waste 

management, the prediction of its sorption behavior is one of the major tasks in 

safety assessments. The aim of this study is to analyze the differences in sorption 

behavior of uranium onto bentonite clays. 

Uranium sorption was studied on bentonite clay from Cherkasy deposit of bento-

nite and palygorscite clays (Ukraine). Sorption investigation was carried under 

medium pH equal 2.0 and 8.0 and ionic force of disperse medium Ca(ClO4)2 – 10-3 

÷ 10-1 M/l, and under uranium concentration up to 10-4 M/l. 

Analysis of obtained sorption isotherms showed that under uranium concentration 

in the equilibrium solution below 10-5 M/l its sorption by bentonite has linear cha-

racter and can be described by Freundlich isotherm. But under higher concentra-

tions uranium sorbtion sharply increases and cannot be further described neither 

Freundlich equation nor Lengmore one. 

Tacking into account, that in electrolyte solution negatively charged clay particles 

have double electrical layer, analogous to liophobic colloids, we suppose that 

sorption of uranium ob bentonite clay  in electrolyte-containing medium and under 

low uranium concentrations (up to 10-5 M/l) is determined by processes of nucleo-

philic exchange of positively charged uranium ions with ions of clay particle dif-
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fuse layer. When the uranium concentration in disperse medium is higher than 10-5 

M/l, increased uranium sorption by clay is determined, possibly, by partial 

changes in structure and composition of clay particle anti-ion layer due to intro-

duction in this layer of positively charged uranium complexes. In this case ura-

nium-clay bonding occurs not only due to electrovalence interaction of positively 

charged uranium ions with negatively charged centers, which are located on the 

surface of clay particles, but also due to formation of complex coordination bonds 

between uranium and active centers of clay matrix. 
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