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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 U;Og 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 UF4 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 Universitit Bergakademie Freiberg (TUBAF)
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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 YV 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, K6nigstein, 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
Konigstein 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 Konigstein 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

Gliickauf

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

" 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.
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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- 20-24 March 2006  Singbhum, India
niques For Uranium Exploration and Ad-
vanced Mining And Milling Methods and

Equipment

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

Uranium Exploration, Mining, Produc- 2 - 6 October 2006 Mendoza, Argentina

tion, Mine Remediation and Environmen-

tal Issues

Uranium Small-Scale and Special Mining 19-22 June 2007 VIC, Vienna, Austria
and Processing Technologies

Uranium Exploration, Mining, Produc- 1-5 October 2007 Swakopmund, Namibia
tion, Mine Remediation and Environmen-

tal Issues

Recent Developments in Uranium Explo- 1-2 November VIC, Vienna, Austria
ration, Resources, Production and De- 2007

mand

The Implementation of Sustainable Glob- 15-17 October VIC, Vienna, Austria
al Best Practices in Uranium Mining and 2008

Processing

Uranium Exploration and Mining Me- 17-20 November Amman, Jordan
thods 2008
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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 =~ 1984  France Interregional
Fabrication

Exploration Drilling and Ore reserves Estima- 1985  Brazil Interregional
tion

Exploration Drilling and Ore reserves Estima- 1991  India Asia

tion

Computerized databases in Mineral Explora- 1993  Zambia Africa

tion and Development

Spatial Data Integration for Uranium Explora- 1993  China Asia

tion, Resource Assessment and Environmental

Studies

Uranium Mining: Its Operation, Safety and En- 1995  France Middle East&
vironmental Aspects Asia
Uranium In Situ Leaching: Its Planning, Opera- 1998  USA Interregional
tion and Restoration

Uranium Geology, Exploration and Envi- 1990s Canada Interregional
ronment
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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 Exploracion de los recursos uraniferos de Venezuela

Plenary



6  Jan Slezak

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, The Uranium Production Cycle and the Environment. Pro-

2002 ceedings of an International Symposium held in Vienna, 2 - 6
October 2000

STI/PUB/1259, The Uranium Production Cycle and Raw Materials for the

2006 Nuclear Fuel Cycle — Supply and Demand, Economics, the

Environment and Energy Security, Proceedings series

IAEA-TECDOC-  Methods of Exploitation of Different Types of Uranium De-
1174, 2000 posits

IAEA-TECDOC- Manual of Acid In Situ Leach Uranium Mining Technology
1239, 2001

IAEA-TECDOC-  Impact of New Environmental and safety Regulations on

1244, 2001 Uranium Exploration, Mining, Milling and Management of Its
Waste

IAEA-TECDOC-  Technologies for the Treatment of Effluents from Uranium

1296, 2002 Mines, Mills and Tailings

IAEA-TECDOC-  Guidelines for Radioelement Mapping Using Gamma Ray
1363, 2003 Spectrometry Data,

IAEA-TECDOC-  Recent developments in uranium resources and production
1396, 2004 with emphasis on in situ leach mining

IAEA-TECDOC-  Treatment of liquid effluent from uranium mines and mills,
1419, 2004 Report of a CRP 1996-2000

IAEA-TECDOC- Developments in uranium resources, production, demand and
1425, 2005 the environment

IAEA-TECDOC-  Guidebook on environmental impact assessment for in situ
1428, 2005 leach mining projects

IAEA-TECDOC-  Recent developments in uranium exploration, production and
1463, 2005 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.

monitoring
well

plant ~ monitoring

pregnant well

solution

Upper aguifer
leaching confined

solution

deep aquifer

Fig.2. Simplified ISL scheme
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Development of Uranium Production Distribution by
Material Source
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Fig.3. Development of Uranium Production Distribution by Material Source
(rounded from sources)

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 JAEA-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 TAEA-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.
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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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Uranium mining legacies remediation and
renaissance development: an international
overview

Peter Waggitt

Am Modena Park 12/8, A-1030, Vienna, Austria

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 TAEA 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
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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-
60/1b U30g. 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 CO, 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 mm® 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 cm’/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 Aspo (quoted in Bruno ef 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 O, and CO, 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.

Plenary



22

W. Eberhard Falck et al.

Table 1. Calculated (data for Aspd from Bruno et al (1999)) and measured water composi-
tions [mol/dm?].

Component Aspo measured Component Aspo measured
Na* 9.13-107 9.2710* HCO;5 1.64-10"* n.d.
K* 2.05-10* 5.81 107 PO,* 3.1310°
Ca* 4.73-107 8.8510™ cr 1.81-10* n.d.

Mg 1.73-10° 1.67 107 SO& 5.83-10° 9.1210°
Fe** 430-10° 1.33 107 pH 7.7 6.64
Mn?* 5.2810° 8.4510° Eh [mV] -300 n.d.
H,SiO, 1.46-10™ 2.7510°

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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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 UO,(OH), and UO;-nH,0. The
latter may actually be polymorphous and have the formula
[(UO,)30,(0H),](H,0)12] (Finch et al., 1996). The LLNL database contains solu-
bility products for UO;-nH,0 with n=2, 1, 0.9, 0.85, 0.648 and 0.393. UO;-nH,0
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 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 ef al., 2006). The instantaneous (equilibrium) precipi-
tation of schoepite as modelled in PHREEQC would constrain aqueous uranium
concentration to about 3-10~ mol/dm’.
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At 5% effective porosity the rock sample contains 4.55:10 dm® mobile solu-
tion. Hence, 2.134:10% mol U/time step must be added. With the initial volumetric
flow rate of 0.017 cm®/s, this translates into a concentration of 3.176-10"* mol/dm’
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™* mol/dm® while allowing
schoepite to precipitate.

Based on a molar volume of 66.61 cm’/mol, one can calculate a precipitation
rate of 0.031 cm’/day, leading to the total pore volume of 9.6 cm® 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 ry 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 UO,*-
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 UO,*"-DCP complex, and an immobilized form of che-
lated uranium (UO,”"-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 pum; these beads were
coated with the UO,*"-DCP-BSA conjugate by procedures that have been pre-
viously described (Blake et al, 2004; Yu et al, 2005). A UO, > 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 pM IC MILLEX-LG syringe filter (Millipore,
Billerica, MA) and refrigerated. All samples were acidified with 8 N HNO; 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 UO,**-DCP-BSA
conjugate and loaded into the bead reservoir before the assay sequence was in-
itiated. UO,>" was spiked into Hepes-buffered saline (HBS, 137 mM NaCl, 3 mM
KCI, 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 UO,*". 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
UO,*"-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 UO,”" 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 UO,*" 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 UO,*" bound to
fluorescently labeled 12F6 antibodies present in the sample; these bound antibo-
dies were therefore not available for binding to the chelated UO,*" immobilized on
the beads. As more soluble UO,”" 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 UO,*" present in the sample.
A 4-point standard curve was generated using the FPD, as shown in Fig 3.

Rinse -~ - Antibody+10nMUO,*

Sample \l/ — Antibody, noUO,?
Injection

Volts

20 40 60 80 100 120 140
Seconds

Fig.2. Primary data traces from the FPD. Solid line, sample containing antibody but no
UO,*". Dashed line, sample containing antibody plus a UO,*" concentration high enough to

fill all antibody binding sites (10 nM).
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Fig.3. Uranium standard curve developed using the FPD. UO,*" 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 UO,>" 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:
_a0— (al * x)
a2+ x (Eq 1)

Y,

in which Y, is the delta value at a particular concentration of UO0,*, a0 is the
delta at an infinite concentration, al is the magnitude of change in delta from the
lowest to the highest UO,*" concentrations and a2 is the concentration of UO,*"
that results in 50% inhibition of the signal. The a2 is also the equilibrium dissoci-
ation constant (Kg) of 12F6 binding to the UO,”"-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 UO,*" 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.
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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. /nset, 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.

600

400

KPA
[ INEN=

FPD
200

Uranium, nM

0 10
days afterinjection

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.
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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 UO,**-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
KinExA™ 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

CRESCENT JUNCTION SITE THOMPSGN
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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.

Northwest Southeast
Not to Scale
Moab
Tailings Colorado Matheson
Pil Ri Wetlands
e \ ver Preserve City of Moab

Alluvial
Aquifer

Brine

Paradox Formation —///

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.
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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.

Acknowledgment

This work was performed under DOE contract number DE-AC30-07CC60012 for
the U.S. Department of Energy Office of Environmental Management, Grand
Junction, Colorado, USA.

Plenary



44 Donald R. Metzler et al.

References

40 CFR 192, U.S. Environmental Protection Agency, “Health and environmental protection
standards for uranium and thorium mill tailings”

U.S. Department of Energy (2003a) Migration potential of the Colorado River channel
adjacent to the Moab project site, revision 2

U.S. Department of Energy (2003b) Site observational work plan, Moab UMTRA project,
GJO-2003-424-TAC

U.S. Department of Energy (2007) 2006 Performance assessment of ground water interim
action well field Moab, UT, DOE-EM/GJ1478-2007

Plenary



Dispersion of uranium in the environment
by fertilization

Ewald Schnug and Silvia Haneklaus

Institute for Crop and Soil Science, Federal Research Centre for Cultivated Plants,
Julius Kiihn Institute (JKI), Bundesallee 50, D-38116 Braunschweig, Germany

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 o-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 ug U when a simplified
daily diet of 2000 kcal is assumed with 60% cereals and cereal products (1.5
png/kg U), 20% meat and meat products (5 pg/kg U), 10% vegetables (2 pg/kg U)
and 10% fruits (1 pg/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 pg U, while a strict vegan cannot
reduce the value below 1 pg 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 pg/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 pg/L U, compared to ~ 0.1 - 0.2 pg/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:

Schéf 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’' 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 (Priiss-Ustiin and Corvalan
2000).
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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)O,). 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 (ThO,), 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)*.

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

 Uranium 2007: Resources, Production and Demand.
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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 35613 40 251 41702 39429
tonnes U;Og 42 529 41998 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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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

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 V,0s 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 rthenium part (Cr<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 (HCO3', CT, S0,* Cu*, Mg2+, NO;, K', Na")
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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/m®) 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 Cy. — pH (Cye — metal concentration) for standard
conditions (T=25°C, P=1-10° Pa) are used. Activities of > U, > Re, > Mo, >V,
> Se are 102,103,107, 10%°, 10 **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:

ReS, + 4,750, + 2,5H,0 — ReO, + 2S0,> + 5H"

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. FeOH>",
Fe(OH)*" 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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UOZ + Fe(OH); i UOgJr + Fe(OH)2
UO," +Fe(OH)," — UO,*" + Fe(OH),

Fe(OH),+2H" — Fe* +2H,0

Fe*"/Fe*" > 1 is the optimal ratio at concentration of Fe’* > 0.5 g/L.

Uranium (YI) oxidation proceeds in acid and carbonate mediums without oxi-
dizers.

Fields of UO,SO; - UO,(S04),” and UO,(CO3)3* 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 Mo.

Characteristics of technological solutions and sorbents

U0,S0, anion, UO5(SO4),>, UO,(SO,);* anion complexes are formed at ISL. At
pH>2.5 anion complexes are polymerized into the following polynuclear com-
plexes: U,05(SO,),”", U;0480,7".

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: MnO,
and ReOy’, S¢**,Y**, REE*", and vanadium as VO**, VO,  and VO;.

Carbonate leaching is used at autoclave process in Kazakhstan, as a result
Nay[UO,(CO;3);] or NH4[UO,(CO;);] 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- Sulfur Bicarbonate-

carbonate acid 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
H,SO, 1-7 - Al 0.3-2.5 -
CO5” - 0.01 SO” 10-25 0.9-2
HCO5” - 0.2-2 NOs” 0.06-0.6  0.02-0.03
NH,* - 0.06-0.6 Cr 0.2-1.7 0.5-0.7
Fe? 0.2-15 - p 0.02- -

0.15

Fe*' 0.15-0.9 - SiO, 0.1-0.5 -
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Table 5. Characteristics of some anionites.

Characteristics Amberlyt Duolite Permutite AMP VP-1p
IRA-400 A101D S-700
Active group -N+(CH3)3 -N+(CH3)3 -N+(CH3)3 (:51‘191\14r C5I‘IQI\IJr
N'(CH,),
-C,H,OH
Specific  surface, - - - - 14-20
m%/g
Specific  volume, 3 3 2.8-3.6 33 4
sm’/g
Full exchange ca- 4.2 4.2 3.5-3.7 3.1 4.8
pacity to CT,
mg-equivalent/g
Mechanical hard- 50-60 95 95
ness, %
Size, mm 0.3-1.2 0.3-1.2 0.3-1.2 0.63-1.6 0.63-1.6

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.

Commercial anionites are in CI" form as a rule. At technological processing
anionites transfer into SO,*, COs* or HCO; forms depends on nature of used
reagent and solution.

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

(RIN"),80,+ UO,™ + SO, = (RIN"),[UOK(SOy),];
2(RN),80,4+ UO,™ + 280,47 = (RyN),[UO(S04)s] + SO,

2(RN),80,4+ UO,™ + 280,47 = (RyN),[UO(S04)5] + 280,
or if anionite in nitrate form:
R,N'NO; + UO,™ + 2S0,” = (R{N"),[UO5(SO4),] + 2NOy’

Uranium concentration in technological solution after ISL is low (6107 —
4.5.10* 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 (K ) are the basic uranium sorp-
tion indices. Ky 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:
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SO,” <F <CI'<NOj; <HSO0, < CIO, < PO,

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, Al and rare-carth 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 (U;Og) 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 U;Os. 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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Prediction and a new Method of Exploitation
of Gold Deposits with Uranium in the Variscian
Molass Conglomerate Basins of Germany

Elkhan A. Mamedov

Baku State University. The Scientific-Research Laboratory "Prediction, Search
and Economic Estimation of Gold Placer Deposits",. 23, Z.Khalilov str,. Baku AZ
1148, Azerbaijan . http://www.nativegoldau.narod.ru E-mail; elkha-
nau@rambler.ru.

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:

e 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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e Hessenian depression. Korbakhian gulf. The regions of gold deposits Korbakh

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

e 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.

o 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.

e 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.
e Conglomerates assizes of the Carbon- Permian age
e and soon

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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The Prediction of geodynamic conditions of
mining of Elkon uranium field (Eastern Siberia,
Russia)

V. N. Morozov', E. N. Kamnev?, I. Y. Kolesnikov' and V. N. Tatarinov'

1Geophysical Center of RAS. 117296, Moscow, GSP-1, Molodeznaja, 3 — Russia
*VNIPI Promtechnology 115409, Moscow, Kashirskoje shosse, 33 — Russia

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 o; exceed 80 MPa, and in the zones of in-

creased stress, they decrease to 20 MPa and less.

High level of differentiation of o; 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 Ty, which would be

missing in homogeneous environment with this calculation scheme.
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Some approaches to remediation study of the
fucoid sandstone in the Straz pod Ralskem site -
Nothern Bohemia

Pavel Franta', Vaclava Havlova', Lukas Kraus®, Barbora. Drtinova?, Karel
Stamberg?, Ondra Sracek’ and Zbynek Vencelides’

"Nuclear Research Institute Rez plc, Rez near Prague, CZ-250 68.
*Department of Nuclear Chemistry, Czech Technical University in Prague,
Brehova 7, CZ-115 19 Prague 1.

S0PV (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 S and *H 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, Zadni 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
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tons. About 40% of contaminants (Al, As, Be, Cd, Co, Cr, Cu, F, Fe, Ni, Mn, Pb,
V, Z, SO7%, NH3/NH,") 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 = 9.64.107° 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 NO; PO, SO/  H,SO, NH,OH V Mn
mS/m mg/L
PCW 8.2 26.8 <2.0 0.04 18 - 0.05 0.0001 0.14
ATS 195 2000 265 256 26300 261 511 11.2 15
TDS Al As Ca Cr Fe K Mg Na
mg/L
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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Table 2. Rock sample (a) and pore water (b) properties: fucoid sandstone sample
No.48471 (VP 13B 7051, depth 111.5 — 111.8 m). € = porosity (%), K, = horizontal per-
meability, x, = vertical permeability (mD).

a) rock property

€ Kn Ky Si Al Ca K Fe Ti C Corg
% mD mD wt wt wt wt total wt% inorg = Wwt%
% % % % wt% wt%

21.4 1.803 0.5969 428 244 0.02 0.126 0.351 0.233 1,86 0,64

b) pore water composition

pH Redox Conduct. TDS NH, Na K Mg Ca
absol. mS/m mg/L  mg/L mg/L mg/L mg/L mg/lL
mV

3.48 156 158.5 1420  43.6 - 11.7 10.8  63.6

Feto- Al H2S04 SO4

tal mg/L  mg/L mg/L

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.

€ K, &k, Spec.
Sample surface Si0, Al,O; Fe,0; CaO  KyO TiO; Coy  Cinorg

% mD mD m¥Yg wit% wit% wt% wit% wi% wi% wt% wt%
48541 273 185 63 065 947 27 0.67 0.006 0.07 0.23 0.86 0.64
48544 232 1.0 03 1.62 92.1 45 0.66 0.046 0.13 0.33 096 1.15
48547 228 0.2 02 149 884 6.7 082 043 0.19 037 123 1.81
48550 256 7.7 - 1.32 93.6 3.7 0.83 0.027 0.09 031 0.71 1.06
48555 257 319 182 0.67 934 37 080 0.016 0.09 029 0.81 1.00
48567 22.8 90.0 28.4 0.85 96.4 2.0 0.53 0.009 0.05 0.15 047 0.64

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 cm’. 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
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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 SO,*, CI', 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
MgCl, (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 *H (T,,, = 12.4 years, non sorbing conservative tracer)
and *°S (T, = 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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Table 4. Experimental set up for *°H and *°S diffusion experiments. Sample used: fucoid
sandstone (48544, see Table 3).

Sample Sampling direction Tracers  Solution in inlet cell Solution in outlet cell
1 Horizontal S PCW PCW
2 Horizontal 39 ATS PCW
3 Horizontal *H PCW PCW
5 Vertical 3 PCW PCW
6  Vertical 3 ATS PCW
7 Vertical *H PCW PCW

through-diffusion experiment results also for variable tracer activity in the inlet cell (e.g.
Vopalka et al. 2006).

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
HSO, to SO, and desorption of H' from positively charged surface sites initia-
lised after injecting of two pore volumes (PV). Reactions may be expressed:

HSO, = SO,” + H' (1

FeOH,” = Fe(OH) + H' )

pH
IS
3

-
>—@-

alunite—» AI(OH),

jarosite—» Fe(OH),

1" HSO4 —» S0,

0 2 4 6 8 10 12 14 16

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 (804)2 (OH)6 + 3H20 = K+ + FC(OH)3 + 2 SO4 = +3 H+ (3)

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

A" +3H,0 = AI(OH); + 3H" 4)

K Al; (SO,), (OH)s + 3H,0 = K + AI(OH); + 2SO~ +3H  (5)

The similar buffering influence on pH value rise can be assigned to the dissolu-
tion of alunogene Aly(SO,);.17H,0. This phase was identified by XRF diffraction
measurement of dry effluent filtrate, besides copiapite, gypsum, and tschermigite.

120000 500 1

100000 } A 00 \ B

80000
300

60000

504 (mgll)

200

S04 (mgll)

40000

20000 100 % a

0 O—0-66—00-0—0606—0-068000-0 o

0 5 10 15 0 5 10 15

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/ 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-
S04.2H,0) and jarosite (K Al; (SO4), (OH)g).
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Fig.4 [A],|B]. Development of concentration of K, F, Cl a NO; 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 Al; (SO4), (OH)g).

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. SA-C.
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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 H4SO, 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, Ciporganic and K,O 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.

A
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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 *H and *S 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 D, for *H in fu-
coid sandstone was determined as 5.107° m?.s”!, D, for *>S was in the range of
2.237"" m?s™'. %S diffused through sample No. 1 slightly faster than *H (see

Session I: Uranium Mining



Remediation study of the fucoid sandstone in the Straz pod Ralskem site 79

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 **S - much fast-
er penetration through the samples was observed than in the case of cenomanian
water spiked with both *°S and *H. 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):

_%: DM(‘I“I*) (6)
where Kpy ... kinetic (mass transfer) coefficient, h™,
q ... concentration of a given component in solid phase in time
t, mg/g,
g ... equilibrium concentration of a given component corres-
ponding to the concentration in liquid phase in time #, mg/mL,
t... time, h.

The values of kinetic coefficients, Kp,,, 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 Kp,, 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

48541 48547
Samples oD 48544 (PIN) P10 48550 (PI) 48555 (PI) 48567 (PI)
X 1.09e-1  5.09e-2 5.08e-2 5.79¢-2 1.70e-1 1.43¢-1
DM £ 949e-4 +1.4de-d  £12e-4 £278e2  £948e2  +1.38e-4
WSOS/DF 535 8.66 14.0 8.24 8.14 9.77
Conclusions

Contaminants present in fucoid sandstones (predominantly SO,*) are leached out
relatively fast in the contact with background cenomanian groundwater. The lea-
chate pH value is dependent on SO,” release and/or dissolution of Fe-Al-SO,
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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Permeable Reactive Barriers for Treatment of a
Groundwater at a Uranium Mine: Laboratory
Evaluation of Reactive Materials
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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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Depressurising of Deep Underground Workings
at McArthur River Mine

Houmao Liu', Rashid Bashir?, Steve Axen', James Hatley” and Greg Murdock®
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% Cameco, Saskatoon, Saskatchewan, CANADA

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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Could the calixarenes be a viable solution
for radioactive decontamination of mine waters
from Romania?
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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 Silimde 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).
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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 1.C., 2005) the methods used for the treatment of radioac-
tive contaminated mine waters could be grouped in:

e Physical methods mainly based on the adsorption, absorption and ion exchang-
ing processes using organic or inorganic compounds;

e 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 Bg/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 Bg/IL
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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 Na,UO,(CO;); ~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, NaHCO; ~ 1000 mg/L. The pH of the water ranges from strong basic
to low acidic.
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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

@
£ty
O -

p-tertbutyl-calix[4]arene p-tertbutyl-calix[6]arene

N
s

9

p-tertbutyl-calix[8]arene

O J

O S
&

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 m’/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
m’ 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 m® (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 In the multibarrier
mine drainage effluents
Cells/ml
Fe*"-oxidizing chemolithotrophs (at pH 2) 10 - 10’ 0-10°
Aerobic heterotrophs (at pH 2) 10' —10* 10'-10°
S,05>-oxidizing chemolithotrophs (at pH 7) 0-10° 10' - 10*
Aerobic heterotrophs (at pH 7) 0-10° 10' - 10*
Anaerobic heterotrophs (at pH 7) 0-10' 10*- 107
Sulphate-reducing bacteria 0-10" 10* - 107
Cellulose-degrading microorganisms 0 10° - 10°
Bacteria fermenting sugars with gas production 0 10% - 107
Ammonifying bacteria 0 10*-10°
Denitrifying bacteria 0 10*-10°
Fe**-reducing bacteria 0 10° - 10°
Methane-producing bacteria 0 10' - 10*
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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 *°Ra was measured using a 10 1 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(NH,),(SO4),.6H,O under anaerobic conditions, at 170 °C for a
period of 4 h in the Soxhlet apparatus (Kogel and Bochter 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 CO, 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 m*/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

Permissible levels

Parameters Acid mine Multibarrier for waters intended

drainage effluents for use in agriculture
and industry

Temperature °C (+1.2) - (+25.1) (+1.4) - (+27.5) -

pH 242 -425 6.22 —-7.83 6-9

Eh, mV (+290)-(+597) (-140)-(-280) -

Dissolved O,, mg/1 1.7-6.0 02-04 2

TDS, mg/l 930 — 2972 545 - 1827 1500

Solids, mg/1 41-159 32-104 100

DOC, mg/1 0.5-2.1 51-159 20

SO,*, 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/1 0.08 —0.55 <0.02 0.2

Ni, mg/1 0.17-1.49 <0.03-0.10 0.5

Co, mg/1 0.12-1.22 <0.03-0.10 0.5

Fe, mg/1 37-671 0.5-95 5

Mn, mg/1 2.8-79.4 0.5-52 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 March March September March
2004 2005 2006 2006 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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Table 4. Sulphate-reducing bacteria in the effluents from the permeable reactive multibarrier

Sulphate-reducing bacteria Cells/ml
Desulfovibrio (mainly D. desulfuricans) 10*- 107
Desulfobulbus (mainly D. elongatus) 10%- 107
Desulfococcus (D. postgatei) 10%-10°
Desulfobacter (D. multivorans) 10*-10°
Desulfotomaculum (mainly D. nigrificans) 10" - 10*
Desulfosarcina (D. variabilis) 10*-10°
Desulfomonas (non-identified species) 10' - 10

precipitated mainly as the relevant insoluble sulphides. Uranium was precipitated
mainly as uraninite (UO,) 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.
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Table 5. Exhaustion of the solid biodegradable organic substrates in the multibarrier during
the water clean up

Sampling points, distance from the inlet
Organic fraction and time of Im Im 3m 3m 6m 6m
sampling top down top down top 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 32 4.4 3.5 4.8 3.2 43
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 37.0 374 37.1
November 2005 16.1 21.5 20.3 239 20.8 24.0
November 2006 1.4 1.9 1.7 2.8 23 3.0
May 2007 6.4 4.1 5.9 3.5 2.1 23
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 43 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 °C 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 °C. 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 (KCI) 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 52 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 60.3 215 453 190 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 4477 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 Mn®* and Fe*" ions were oxidized to Mn*"
and Fe’" ions by some heterotrophic bacteria producing peroxide compounds and
the enzyme catalase, which degraded the excess of peroxides to molecular oxygen
and water. The Mn*" and Fe*" ions precipitated as MnO, and Fe(OH),, 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°C)
Uranium 242-19.2 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 271-11.35 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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Uranium fixation by Cladophora spec.
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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 P6hla 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 pg*L™" to
several mg*L™"). Uranium concentrations in algae from these waters vary between
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20 and 400 pug*g" (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
(Pokorny 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
Na,CO; 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 pg*L™". 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” (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 (0,45um 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 pg*L™".

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

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 (ug*g’' TM) of Cladophora fracta (batch-
experiment n=4) of this work combined with results from Dienemann et
al. 2005 (r>=0,98)
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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™ DM.

Session I: Uranium Mining



108  Claudia Dienemann et al.

1600

1400
1200

1000
800

U (ug*I)

600
400

200

1 10 100
Time (h)

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™" 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 CO, 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.

Acknowledgements

Thanks for financial support to BMBF and TU Dresden.

Many thanks for support in keeping all algae and throughout the experiments to K.
Hesse, K. Klinzmann and M. Forster. Special thanks to A. Weiske for quick ICP-
MS-measurements, even during early morning and late evening hours.

References

Brooks SC, Fredrickson JK, Carroll SL, Kennedy DW, Zachara JM, Plymale AE, Kelly
SD, Kemner KM and Fendorf S (2003) Inhibition of bacterial U(VI) reduction by cal-
cium. Environmental Science & Technology 37(9): 1850 -1858

Dahlkamp FJ (1993) Uranium ore deposits. Berlin Heidelberg New York, Springer-Verlag

Dienemann C, Dienemann H, Stolz L and Dudel, EG (2005) Verwendung von Algen und
submersen kalzifizierenden Wasserpflanzen zur Aufbereitung neutraler bis basischer
Wisser. Behandlungstechnologien fiir bergbaubeeinflusste Wisser. 56 Berg- und
Hittenménnischer Tag GIS — Geowissenschaftliche Anwendungen und Entwicklungen
Wissenschaftliche Mitteilungen 28 B Merkel, H Schaeben, C Wolkersdorfer and A
Hasche-Berger Freiberg, TU Bergakademie Freiberg: 27-33

Dienemann C, Dudel EG, Dienemann H and Stolz L (2002) Retention of Radionuclides and
Arsenic by Algae Downstream of U Mining Tailings. Uranium Mining and Hydro-
geology III B J Merkel, B Planer-Friedrich and C Wolkersdorfer: 605-614

Kalin M and Smith MP (1986) Biological Polishing Agents for Mill Waste Water: An Ex-
ample Chara. Fundamental and Applied Biohydrometallurgy R W Lawrence, R M R
Branion and H G Ebner: 491

Kalin, M, KieBig G and Kiichler A (2002a) Ecological water treatment processes for under-
ground uranium mine water: Progress after three years of operating a constructed wet-

Session I: Uranium Mining



110  Claudia Dienemann et al.

land. Uranium Mining and Hydrogeology III B J Merkel, B Planer-Friedrich and C
Wolkersdorfer: 587-596

Kalin M, Smith M P and Wittrup M B (2002b) Ecosystem restoration incorporating min-
erotrophic ecology and Stoneworts that accumulate **Ra. Uranium Mining and
Hydrogeology III B J Merkel, B Planer-Friedrich and C Wolkersdorfer: 495-504

Kalin M, Wheeler W N and Meinrath. G (2005) The removal of uranium from mining
waste water using algal/microbial biomass. Journal of Environmental Radioactivity
78(2): 151-177

Paalme T, Kukk H, Kotta J and Orav H (2002) “In vitro” and “in situ” decomposition of
nuisance macroalgae Cladophora glomerata and Pilayella littoralis. Hydrobiologia
475-476(1): 469-476

Pokorny J, Kvet J, Eiseltovda M, Rejmankova E and Dykyjova D (2002) Role of macro-
phytes and filamentous algae in fishponds. Freshwater wetlands and their sustainable
future. - A case study of Trebon Basin Biosphere Reserve, Czech Republic. Kvet J,
Jenik J and Soukupova L. Paris New York Boca Raton, UNESCO (United Nations
Educational, Scientific and Cultural Organization), The Parthenon Publishing Group
28: 97-124

Potoni¢ H (1912) Die rezenten Kaustobiolithe und ihre Lagerstitten. Die Humus-
Bildungen (2. Teil) und die Liptobiolithe. Berlin, Koniglich Preuflische Geologische
Landesanstalt

Suzuki Y, Kelly SD, Kemner KM and Banfield JF (2002) Nanometer-size products of
uranium bioreduction. Nature 419: 134

Suzuki Y, Kelly SD, Kemner KM and Banfield JF (2003) Microbial populations stimulated
for hexavalent uranium reduction in uranium mine sediment. Applied and Environ-
mental Microbiology 69(3): 1337-1346

Suzuki Y, Kelly SD, Kemner KM and Banfield JF (2005) Direct Microbial Reduction and
Subsequent Preservation of Uranium in Natural Near-Surface Sediment. Applied and
Environmental Microbiology 71(4): 1790-1797

Vogel AK and Dudel EG (2004) Zum Einfluss der wasserchemischen Verhiltnisse auf die
Immobilisierung von Uran und Arsen in submersen Makrophyten (Chara spec,
Microspora spec, Cladophora spec). Deutsche Gesellschaft fiir Limnologie (DGL)
Tagungsbericht 2004 (Potsdam) Berlin, Weilensee Verlag: 486-490

Vymazal J (1995) Algae and Element Cycling in Wetlands. Boca Raton Chelsea Ann Arbor
London Tokyo, Lewis Publishers

Wismut (1999) Chronik der Wismut. Chemnitz, Wismut GmbH

Session I: Uranium Mining



Utilization of autochthonous SRB in uranium
mine site remediation

Martin Hoffmann', Andrea Kassahun' and UIf Jenk?

'Groundwater research institute GmbH Dresden, Meraner Strafe 10, 01217
Dresden, Germany; E-mail: mhoffmann@gfi-dresden.de
*Wismut GmbH, JagdschaenkenstraBe 29, 09117 Chemnitz, Germany

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
Konigstein 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 Konigstein 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 (Z
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 Sandstone Ironhydroxide
interlayers) 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-
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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).

Fe’+2H,0 =———= Fe*'+H,+20H (Eq. 1)
Fez+ —+ HS_ —_— FeS(S) + H+ (Eq 3)
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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 Konigstein 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 pmol L day™ for the un-
stimulated and 63 pmol L™ day™ 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 **S in residual sulphate was ob-
served (Fig.2d). It is well known, that the light isotope **S is favoured in metabo-
lism of sulphate-reducing bacteria (Knéller 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

Session I: Uranium Mining



116  Martin Hoffmann, Andrea Kassahun and Ulf Jenk

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% UO,) and partially immobilized as polysulphide phase (9,1% US,
(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

Session I: Uranium Mining



118  Martin Hoffmann, Andrea Kassahun and Ulf Jenk

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 Konigstein 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 Konigstein 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 H,. 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).

“zero-valentiron —=—5%"

,“g; .

X AN _.’..,.- S St
Acc¥ Spot Magn Det WD Exp F—— 200um
200kv 40 100x BSE 10.0 23122

Aok SALES

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) 4scaris, (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 (Fe’-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 Fe’-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 Fe” 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 (Fe), 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 Fe’ requires
further monitoring to determine whether the secondary precipitates and the con-
sumption of Fe’ 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 (Fe’) is a strong reducing
agent (Eq. 1) and the spent agent, Fe*" is environmentally innocuous.

Fe’ & Fe*'+ 2¢ (1)

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

Fe’ + R-X = Fe*'+ RH +X )

Most investigators agree that the mechanism by which Fe’ 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 Fe’ 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 Fe’-H,O systems. An alternative concept was proposed considering

Water Table

GW Flow ——p

Permeable R eactive Barrier //

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
Fe’-H,0 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 Fe’~H,0 systems.

The long term feasibility of Fe’ 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 Fe’
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, wm, 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 Fe’-H,O systems), Fe’ 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 Fe’ materi-
als. For this purpose potential source of scrap iron should be identified and the
material tested for their effectiveness. Alternatively, available Fe” materials for
other intended purposes can be tested for use as water treatment material. Such Fe’
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 Fe” material and the
wished frequency of Fe’ 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 Fe” materials.

The Fe’ 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 Fe” 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 UO,™) 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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Experience gained from the experimental
permeable reactive barrier installed on the former
uranium mining site

M. Csévari', G. Folding', J. Csicsak? and E. Frucht'

"Esztergar L. u. 19 7633 Pécs, Hungary, MECSEK-OKO Zrt
*Esztergar L. u. 19. Pécs, Hungary MECSEKERC Zrt

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/1 to app. 0.02 mg/l. The details of the construction and
first experimental results are described in some publications (Roehl and Czurda
2002, Csovari 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
ke ~5x10” 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/1 (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/m’, grain size 1 - 3 mm), and zone II is
Im thick with a higher content of fine elemental iron (41% by volume or 1.28
t/m’, 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.

T Per-11 distance 10 m
Pe-04 distance 8 m

| PRB-21¢ PRB-24

\—PRB-2 o

|PRB-12, _ ¢ _ &
B —pRB §PRB.I3 PRB 17e 0 PRB
| *
B - PRB-3
T o o
— PRB-26  PRB-27
'> — PRB-4
L . \
| PRB-5 PRB-6
. \ >
L» B le-Ol/l distance 5 m*

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, Cs6vari 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,
S04, 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, HCO5, SO,*, 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.
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Fig.4. Sketch of the design of the PRB near Pécs (Hungary).

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/1 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 pg/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.5. Historical data on the groundwater composition on the test site

Monitoring pH| Eh U TDS [HCO,”| ca* | mg* Fe S0,
wells mV | yg/dm’| mg/dm’| mg/dm’| mg/dm? | mg/dm®| mg/dm*| mg/dm®
Upstream

PE-04 | nd.| -82 | 1920 n.d. n.d. n.d. nd. |<0.002] n.d.
PRB-01 l 7.2] 184 | 2330 1100 526 158.5 44.6 0.006 398
PRB-15 -48 <10 11.000

PRB-16 Fe 0,39 tm 32 0.457

PRB-17 46 <10 0.078

PRB-18 Fe ~1,28 t/m3 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-26 791 -58 14 544 317 253 36.6 0.279 135
Hb-01/1 821286 | 101 626 289 28.9 55.9 0.041 210

Fig.6. Groundwater chemistry for some selected components on the PRB test site in
2007.

Session I: Uranium Mining




Experience gained from the experimental permeable reactive barrier 139

Long-term performance of the PRB

2500 ‘ ‘ ‘ 1
2000 Ins tallation of the PRB 7}

N —e—Hb1l/1 U
1500

U, ugA, TDS mgA

-
. —=—Hb1/1 TDS
1000 7 .A‘ PRB-1U
e _ )
500 ."'” M - [Q e

SRS SRS
5 B B B PP D

O7 .97 L, .9 .9 L, .9 L0, L, 9 LS
R N N R

Date of sampling

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 CO;/HCO; 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/I.

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-1I 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 19" 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 20™ 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.
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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.

Data collection and
evaluation

*Gather and analyse
relevant site information
«|dentify potential
contaminants of concern

Exposure assessment Toxicity assessment
sAnalyse contaminant *Collect qualitative and
releases guantitative toxicity
Identify exposed information
populations sDetermine appropriate
Identify potential toxicity values

exposure pathways
«Estimate exposure
concentrations for
pathways

«Estimate contaminant
intakes for pathways

Risk characterisation
*Characterise potential for
adverse effects to occur
«Estimate cancer risks
*Estimate non-cancer
hazard quotients
«Evaluate uncertainty
sSummarise risk
information

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.

Variables Hypotheses to be tested

+Contaminants «Source exists
«Concentrations «Source can be contaminated

SOURCES *Time «Source can be removed and
*Locations disposed of

+Source can be treated

*Media +Pathway exists
*Rates of «Pathway can be interrupted
migration «Pathway can be eliminated
*Times
+Loss and gain
functions
*Types *Receptor is not impacted by
«Sensitivities migration

RECEPTORS «Time *Receptor can be relocated
«Concentrations «Institutional controls can be
«Numbers applied

*Receptor can be protected

Fig.3. Aid to identifying components of the conceptual model (after Environmental Protec-
tion Agency 1989).
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‘ External exposure ‘ | Ingestion |

| Humans ‘

Fig.4. Preliminary graphical conceptual site model (after Servant 2002).

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:
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| SUSPECTED CONTAMINANTS

Data usability review
«Analytical mathods
+Detection limits
«Detection frequency
*Quality control

CONCENTRATIONS

X Address implications in
risk characterisation
Comparison te background

“Inorganics
~Radionuclides
Contaminants detected | Organics

‘ QA REVIEW OF SITE ‘

BACKGROUND CONCENTRATIONS

Site concentration < N . N
background concentration Address implications in
Comparison 1o reference valuss risk characterisation
“Water quality guidelines

Site concentration > | =Sediment quality guidelines
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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. U*"),
uranium(V) (e.g. UO,") and uranium(VI) (e.g. uranyl ion UO,*"). In reducing sur-
face waters, uranium occurs as U*" and UO,". Uranium(IV) has a strong tendency
to precipitate (e.g. as uraninite, UO(s)) and to remain immobile, whereas UO,"
forms soluble, but relatively unstable, complexes. Uranium tends to occur in
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oxidised surface waters as UO,?" 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
H,S), 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 pg/l for chemical toxicity, although val-
ues as low as 2 pg/l have been identified as a safe limit, and 63 pg/l based on 1
mSv/a, 500 1/a radiological risk, assuming secular equilibrium with its progeny.
The World Health Organisation has recently recommended a guideline level of 15
pg/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
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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.

WA o
[ Relieve [
P

Fig.1. Aerial view of the site (from Google Maps).
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Fig.2. Conceptual model of the system (not at scale)

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:

Ding = Aw.]r'F

where

D;,,: Dose received by an exponed individual due to consumption of well
water (mSv/y)

A, Specific activity of each radionuclide in the well water (Bg/1)

1. Annual consumption of water by an adult (standard value of 2 1/d)

F Ingestion dose conversion factor for adults (Sv/Bgq, 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.
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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:

e 10 compartments for the 10 waste terraces

e 10 compartments for the tertiary host rock underlying the landfill site.

e 100 compartments for the alluvial aquifer (the well abstracts water from com-
partment number 39).

e | compartment for the river, which acts as the sink of the system.

e 10 source term transfers (one transfer per terrace, in order to be able to simulate
the different time of closure of the terraces).

e Transfers by infiltration between the terraces and the tertiary host rock.

e Advective transfers between the aquifer compartments.

=1 AMBER - H:\Projectes \FLIX\Tecnic\analisi_risc\model_flix_v4 = ﬂ
File Edit Results Options View Windows Font Help

u | D e emew o

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:

dA,
f = _|:]'1 + zkz nmj|Ain +2’i+1Ai+1n + Zkl mnAi m + T‘in + Sin
' ~ E 5 E ~ E E E E

where
A,»,n : Total amount (in mole) of radionuclide i in compartment »
4 Total amount (in mole) of parent radionuclide i+ (in the decay
#+ln"  chain) in compartment #
ﬂi : Decay constant of radionuclide i (y™)
ﬂi “ Decay constant of parent radionuclide i+7 (y™)
ko Transfer parameter of radionuclide i between compartment » and
inm * -1
m(y")
Ti’n : Source term of radionuclide i in the compartment » (mol-y™)
S in- Sink of radionuclide i in the compartment » (mol-y™)

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:

kinfiltmtion — P.(l — E).A
ORV

P Average annual rainfall (m-y™).

E Runoff (-).

A: Terrace surface (m?).

e Waste porosity (-).

R (1-6)pK, Retardation factor for each element

p: Waste density (kg'm™)
K Distribution coefficient (m*kg™)
V. Volume of terrace (m®)

On the other hand, the transfer parameter for the advective connections be-
tween compartments is given by:

fedbection _ Flowrate  K-Vh-A
O-RV O-RV

where
K: Permeability of the material (m-y™).
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Vh: Hydraulic head (-)
A: Cross-section of each aquifer compartment (m?)
R Retardation factor (defined previously but applied to the aqui-

fer compartments)
o: Water filled porosity (-)
V: Volume of each aquifer compartment (m”)
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).
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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 Urgeiriga 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 Urgeiriga 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
U and its decay products and between *°U 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 ***U chain, only ***U and ***U are easily soluble;
after half a year, the activities of the nuclides ***Th and **Pa have decayed to the
level of the 2*®U. The activities remain at this level for tens of thousands of years
(due to the 80 000 year half-life of **°Th) and for an average 1 kg/ton ore about
71% of the radioactivity originally present in the ore remains in the tailings due to
#%Th 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 ***U and **°U. 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 U;Og/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 Urgeirica 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 Bg/kg, although they also contain much higher values in some spots (50
kBg/kg). The natural radioactive background in this region is 30 Bg/kg.

The radioactive decay of **°Ra produces gaseous **’Rn 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 vegetation'.

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

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 A Activity  Activity Mass at Activity
s (Bqg/kg)  (Bg/kg) R=90% Equilibrium (g/t) (Bq)
B8y 487x 10" 10375 1037,5 84,19 87,35
4R 3,33x 107 10375 1037,5 1,21 x 10° 1,26 x 10°
4py 1,01 x 102 10375 1037,5 3,98 x 1074 4,13x 10
By 8,17x 10 10375 1037,5 4,94 x 107 5,12x 107
BOTR 2,65x 10" 10375 10375 1,50 x 102 1,55 x 10’
226Ra 1,36 x 10" 10375 10375 2,87 x 10* 2,98 x 107
22Rn 2,10x10° 10375 10375 1,82x 10° 1,89x 108
218pg 3,79x10% 10375 10375 9,92x 107" 1,03 x 10"
24py, 431x10* 10375 10375 8,55 x 10712 8,87 x 107!
24p4 5,86x 10 10375 10375 6,29 x 1072 6,52 x 107!
21071 8,75x10° 10375 10375 4,13x 1077 429x 102
2dpg 1,46 x 10* 10375 10375 2,52x 107! 2,61x 10"
210pp 9,98 x 10'° 10375 10375 3,62 x 10 3,76 x 107
2B _1,60x10° _10375  _10375 2,25x 10 2,34x10%
g 1573x10° 10375 10375 6,31 x 10 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 *’Rn flux from the ***Ra 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™.s" for the radon flux and 547,4 Bq/m® for the concentration (Dinis 2007).
The average value measured in the Urgeiri¢a tailings pile for the radon concentra-
tion was 557 Bq/m’. 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 “*’Rn and its decay products of 0,6 and for a dose conversion factor of 9
nSv.h"! per Bq.m™ (Grasty and LaMarre 2004).

The radon flux attenuation estimated by the model for the cover design pro-
posed was about 187 uBq.m™.s™ and the resulting concentration at the average
breathing height was about 0,0142 Bg/m® (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™s™.
The radon flux attenuation through the clay component cover is 2,63 Bq.m™>.s™
with a concentration of 200,23 Bq/m’. 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 Bg/m’® 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 **Rn concentration was calculated in each sector at this height without
cover system. The average value obtained was 5,96 Bq.m™.s™" (for a radium con-
tent in the tailings of 10375 Bg/kg) and the average concentration for the com-
partmental box was estimated in 73,2 Bq/m’. The prevalent wind direction is to
NE and the resulting concentration in this direction is 658 Bq/m’ 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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Fig.1. Radon dispersion in each wind direction and in the dominant wind direction (Bq/m3).

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: 1) 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 (Kg4), 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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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 **Th and *'°Pb 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 Urgeiriga 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
Bg/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 22Ra and of 0,053 mSv/Bq for 81, con-
sidering an annual ingestion rate of 730 L and an effective dose coefficient of 2,8
x 10 mSv/Bq and 4,5 x 10° mSv/Bq for ***Ra and for ***U, 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.
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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 Urgeirica 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 Bg/m’.

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 B8y, B4Th, 2*U, 2°Th, ?°Ra, ***Rn, 2'*Pb, *'°Pb. It
was observed that deposition is the most expressive pathway. The lowest values
were obtained for *’Rn which may be explained by its physical state; being an in-
ert gas it can easily disperse into the atmosphere without suffering deposition. The
1Pp 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 2'*Pb decays to its daughter isotope, it is simultaneously removed.

Some authors (Madruga et al. 2000) studied *°Ra uptake from Urgeiri¢a ura-
nium tailings. It was observed that plant uptake for total radium concentration in
the tailings follows a non-linear function form (log C, = log a + b log C), 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 Perianez 1998).

Considering this approach to ***Ra 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 *'’Po 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 Fitiza 2007). Concerning *'°Po transfer through the
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Fig.3. Radium and Polonium concentration in each compartment, complete model (Bq/kg).

food-chain there are no experimental studies documenting *'°Po transfer from feed
to animal products. The only experimental works documented refer to the direct
*%pg introduction into animal body or to animal’s products collection from con-
taminated areas. Nevertheless, simulation results for 2'’Po (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 Urgeirica tailings,
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and on the water retention, which is also a seasonal parameter, with spread values
at the Urgeiri¢a 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 (Ky)
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 K4 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 Pocos 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 10° m® 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 (WRPS8). The milling process produced approximately
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2.39x10° m® 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 (Kg,) values measured on the top of the pile
varied by one order of magnitude (2.06x10 — 1.04x10” 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 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 K, 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 (9.05x10™ 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 K, values ranging
from 107 to 10™ 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 K, 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 K, values ob-
tained in the laboratory are often higher than those measured in the field (Vieira
and Fernandes 2004). The K, values measured in samples collected in the top of
the pile also varied by one order of magnitude (8.23x10* — 1.95x10 cm/s). Sam-
ples collected in sampling point B1 presented a Ky, value of 3.43x10” 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
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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 K, 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 Cislerova (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
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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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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).

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.
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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).

Session I: Uranium Mining



Modeling the water flow in unsaturated waste rock pile ~ 185

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 lancu 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 lancu
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 20° (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.

Ariesul Mic Valley

NW Zanoaga Peak SE

Gruiul Dumii Peak

Crigul Negru Valley

LEGEND:

«--- Water path towards radioactive Biharia Series with Uranium mineralization

Il it - | g
dE{pfu ulwcn Slatons = odle B  Laramic plutonic intrusion

Po1 - blind pit ~=.. Granodioritic apophysis

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.

Session I: Uranium Mining



190  Sorin Mihai and Daniel Scradeanu

Methodology used for building the 3D model

Building the 3D Avram lancu 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.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
Bg/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 cm® 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 “’Co gamma energy line at 1332
keV. The gamma line transition 1001 keV was used for >**U 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 ***U 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 ***U was 1017 (173.8-2234) Bqg/kg and <20 Bg/kg in granule
and leafy phosphate fertilizers, respectively. In the locally produced fertilizer
samples, the 2**U, 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
6Ra, 3.7 (2.7 — 4.9) and 145 (35.0 — 283) Bq/kg, respectively. Moreover, the spe-
cific activities of *U and **°Ra in imported granule fertilizers are comparable
with *°Ra/**U activity ratios in the range of 0.2-0.8 and in the range 0.6-0.8 after
excluding one imported phosphate sample (PHS). Also, their activities are strongly
correlated with correlation coefficient (R?) value of 0.95 (Khater et al. 2008).
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Generally, the specific activities of natural >**U 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 *U 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 ***U in se-
dimentary phosphate deposit is 1500 Bg/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 ***U in locally produced phosphate fertilizers. Mazzilli et al. ,2000,
found that 90% of ***Ra and 80 % of **Th fractionate into phosphogypsum, while
80U is being predominantly incorporated in phosphoric acid. The ***U in phos-
phoric acid occurs as [(UO,)SO,4] and [U(SOy),] that as water soluble (Rothbaum
et al., 1979). **Ra is more enriched in phosphogypsum and has a chemical beha-
vior similar to calcium and may occur substituted in CaSO4.nH,O or (Ba, Sr) SO,
(radiobarite). ***Ra/**U 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 **U concentration in imported granule

Table 1. Specific activity of 38U in Bg/kg and concentration of As, Cd, Cu, Pb and Se in
ppm in phosphate fertilizers in Saudi Arabia

Ra-226"
Type|[SamplelU-238+E* | As |Cd| Cu | Pb | Se |P,0s%| U-238

PH 1* | 1774+3 [7.6]7.6] 20 [<DL[29.15 46 [ 0.002

2% | 223425 | - | - | - | - | - | 46 | 0002
,E’PH 3¢ | 18842 [7.507.51) 22 kpLR8.04| 46 | 0.003
SPpHar | 127341 | o[- - |- | -] 23 |0.002
2lpHs* | 193+0.340.490.50 17 [0.67]-0.82] 17 | 0.66
§PH 6" | 233+0.3200.510.50 14 |0.66 17 | 059

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

% IPH 9 <20 0.01/0.10] 63 [0.09{2.21| 20 -
EPH]O <20 0.21/0.21] 9.2 [0.11{1.71| 44 -
EPH 11 <20 0.26) 29 10.06/3.60| 30 -
%‘PH 12 <20 0.02] 26 |<DL[0.14| 20 -
SPH 13| <20  0.040.04<DL<DL{3.61| 52 -
* Error * Jocally 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 Bg/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 Bg/kg ***U), 3.2-186 ppm (45-2300 Bq/kg ***U) and
14-180 ppm (174-2234 Bq/kg ***U), 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 (P,05%) 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 ***U and
phosphorus percentages (P,05%) in granule phosphate fertilizers is very strong
with correlation coefficients (R?) 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 **®U specific activity in Bg/kg and As, Cd, Cu, Pb and Se
concentrations in phosphate fertilizers used in Saudi Arabia.

Granule
Local Import All Leafy 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£14,34 [0.11£0.05,0.12 2+09,3
(1.5-7.6),2 | (049-4.1).4 | (049-7.6)6 | (<dl-026),5 | (<dI-7.6), 11
Cd | 7.5£0.03,004 [ 154085, 1.7 | 3.5 £1.4,34 [0.09+0.04,0.08 2.2+0.97,3.1
(157.6),2 | (054.1).4 | (057.6),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, 0.46(0.71 +0.25, 0.570.07 + 0.02, 0.05/0.42 £ 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 |23+0.6522 | 103+42,13
(28-29),2 (0.79-24), 2 (0.79-29), 4 (0.14-3.6), 5 (0.14-29), 9
P,Os %[ 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 ***U, 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 281, 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 2**U, 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 **U, As, Cd, Cu, Pb and Se due to the phosphate
fertilizers application.

U-238 | As | Cd[cu] Pb | Se
Type | Sample [Bq/m”> Bg/kg g/ha
PH 1 106 | 1419 1 4.6 |45 (12| - 18
»|PH 2 134 | 1787 | - - - - -
EPH3 113 | 1507 | 45|45 |13] - | 17
5|PH 4 76 [ 1018 | - | - |- | - | -
(=1
% PH 5 12 154 10.29/0.30{10(0.40| -
§PH 6 14 186 [0.31/0.30{ 9 [0.40| -
PH 7 22 294 10.60/0.62| 6 [0.95] 14
PH 8 10 139 12424 [66(0.38]0.47
wPH9 - 0.01]0.06|38[0.05| 1.3
& E;,]PH 10 - |- 0.12/0.12] 6 |0.07| 1.0
3 .TE PH 11 - - 0.16] - [18]0.04| 2.2
= SPH12 | - |- - [0.01[15] - o.08
PH 13 - - 0.03]0.02] - | - |22
# Annual application rate is 600 kg/hectare (10000 m*)
* 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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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) Bg/kg dry weight respectively. The mean (range) of uranium concen-
tration in water samples were 24.8 (2.9-87.2) Bg/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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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 pg/L,
mean 3.68ug/L). Like in Lower Lusatia there is no definite correlation between
pH and U concentration (Bozau & Stiark 2005). The study also contains data from
Lake Zwenkau in a early stage of flooding — here the uranium content varies from
30 —87 pg/L. A comparison with local background data (Miiller 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 Gréfenhainichen - (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-Diiben heath.

The main subdivision of the AOI is:

o the Weillelsterbecken ( so called Siidraum Leipzig) --

e 5o called Nordraum (mainly the Region Delitzsch — Bitterfeld - Gréafenhaini-
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 km?, only four seas expanse more than 10 km? , the me-
dium lake size lies at 0.47 km? (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 m’/s) and the lower Saale (mean annual
waterflow m’/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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Fig.1. Lokal Uranium background (from Miiller et al 2003).

Saale is mainly from her contributaries Weisse Elster, Bode and Wipper (Hercy-
nian plutobic complexes).

According to Miiller 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 Goltzsch 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).
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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 Miiller et al. 2003).

River Sampling area Geogenic No.of  Landscape
background  samples
for uranium

Pirk-Geilsdorf 2 20 U-Mining
Eula upstream of Berga 4.2 12 U-Mining
Weisse Elster Ahlendorf between Gera and Zeitz 3.6 16 NCGLD
GroBstorkwitz (near Pegau) 2.9 17 NCGLD
Cospuden and Leipzig-Sud 4.6 18 NCGLD
Rassnitz and Zoschen, SE of Halle 3.9 15 NCGLD
Miinsa and Kraschwitz 2.5 12
i NCGLD
Pleisse
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  Giisten-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 um, 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 & Stirk (2005) these lakes are with different pH
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Table 2. Uranium content of selected lake waters in NCGLD.

Lake Major Elements Cond. pH SAK Th U
[uS/cm] [1/m] [ug/L] [ug/L]
Kahnsdorfer See Ca-SO, 2640 3 84 2.3 3.6
Stausee Rotha Ca-Mg-SO,-HCO; 904 7.7 4.8
Markkleeberger See Ca-S04-HCO; 1839 8 5.6 1.1
Stormthaler See Ca-S0O, 1928 34 22.58 0.87 2.9
Cospudener See Ca-Mg-SO, 1908 7.4 242 0.82
Restl 397 Theisen Ca-Mg-Na-SO, 1875 7.8 15.74 1.5
Geiseltalsee Ca-Na-Mg-S0,-Cl 1588 8 10.18 1.7
Siier See Ca-Mg-Na-S0,-Cl 1594 8.4 10.7 12
Salziger See Ca-Mg-Na-SO,-Cl 11120 7.7 26.8 12
Goitsche Ca-S0,4-HCO; 737 7.5 8.32 0.017 0.57
Merseburg-West Na-Ca-CI-SO, 6570 6.7 7.8 0.41
Kulkwitzer See Ca-SO, 2050 7.6 1.7 2.8

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 ug/L the median value 2.25 pg/L. The
minimum is at 0.41pg/L the maximum value at 12.00 pg/L. The World Health
Organisation (WHO) recommendations for drinking water give a provisional limit
0f 2.0 pg/L Uranium (Bozau & Stirk 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 (12pug/L) can be found in the lakes Sal-
ziger See and Siisser 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 pg/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
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Fig. 2. Time series (1997-2004) of Uranium on surface water lake Kulkwitz North.

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 m’. 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 nug/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 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 km” 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
(“Stidraum Leipzig”), arises in the hollow form of the former opencast lignite
mine Zwenkau (till 1969 named opencast mine [Tagebau] Bohlen I+1I) 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 km® 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 “Weilels-
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 (B6hlen 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 Béhlen 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, Bénderschluff, 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 (Glasser 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:
e Ground water
e Precipitation water
e Feeder water from the mining area
e 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 pS/cm (Wiegand 2002) . An overview about the chemical con-
tent is given in figure 5. We can it classify as a Ca-Mg-SO, defined — water.

Precipitation water

The Stidraum 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 puS/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 puS/cm. The
pH is almost stable at 2.5 - 2.8. We can classify this water as an Mg-Ca Fe-SO,
defined water. Here the uranium content lies from 59 — 37 pg/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 qm® 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 ~ 1000uS/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 9600uS/cm to
~2800 pS/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-SO, de-
fined water. As shown in figure 6 the uranium decreased simultanly from 90 pg/l
to 30 pg/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 & Stiark 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 pg/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 pg/L, mean 3.68ug/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 & Stirk 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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Closure of Underground Mine of Lincang
Uranium Mine
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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—

14.9Bg/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.ll, 1ll, V, VI, VIII

mining area containing pyrite. The mill process adopted filtration leaching of non-
crashed ore by H,SO, and MnO,, and extraction of settled leachate by organic
phase. The final product was (NH4),UO,(CO3);.
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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
(N?), sandstone- conglomerate bed (N'**¥) and granite clasolite bed (N'") 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
SO/ HCO;-(K'+Na"), HCO5.80,> -(K'+Na"), secondly, HCO;.SO,*-
(K*+Na").Ca>" Mg*".

The uranium ores were mined by conventional open pit and underground me-
thods by combination of adit and inclined shaft development (Fig.1).

1880m

1850m

Fig.1. Development of [, [1 mining area.
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a

Table 1. Overflowing water chemistry, mg/L (except flow m*/d, **Ra Bq/l, and pH)

Location flow U 2Ra  Cd Cr't As Pb Mn SO,2 F- pH

Ir192s 1s.1 31.8 0.782 1.00 5.700 8.478 3.125 2.67 2455 290 247
V1850 105 0.39 6.16 0015 1.667 0.095 0277 276 1381 202 495
1925 52.0 0.01 1.40 0.001 0.733 0.015 0.025 1.11 104 057  6.10
1942 9.68 0.005 0.035 0.016 0333 0.094 0025 042 202 024 5095
limit 0.05 0.005  0.05 0.05 0.05 0.1 250 1.0 6.5-85

U and ***Ra: annual mean; non-radioactive constituents: single monitoring in dry season.

Table 2. ??Rn concentrations of air at the exits of the adits and inclined shaft (Bq/L)

location 11972 [J1950 [11948 111948 [11925 (11964 (11942 111934 11925

22Rn 149 1.04 0126 0412 329 0212 0306 1.55 10.7

location [11925-1 [11925-2 [11947 [11934 [11942 [11900 [J1800 [11850 11880

“PRn 4.77 1.34 2.90  0.325 324  0.825 1.68  0.150. —

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, 11T 1925, III 1942, 11 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
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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.

3m length clay soil bacgkfill ]
grouting holes

2m length mixed soil bac

rock dam

Fig.2. Cross-section of sealing adits and inclined shaft with drainage.

2m length mixed soil backfi

Fig.3. Sealing cross-section of adits and inclined shaft without drainage.
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55 1 g 45 0 ’ ’

1st row

2nd row

700 , 700

3rd row

650 650 |, 700 [500450, |, 700 | 700 50,500, 700 | 650
350 400 400 400

| roof | wall | floor | wall |

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.

% 27 28 ]

17 9
16 10
15 14 13 12 1"

Fig.6. Grouting holes display of 2nd row for water blocking of inclined shaft.

Fig.7. The inclined shaft before and during closure

Session III: Mine closure and remediation processes



220  Lechang Xu et al.

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, ***Ra, Cd, Cr*’, As, Pb, Cu, Mn[1SO,* and F. All adits and
inclined shaft released radon with concentrations of 0.126—14.9Bg/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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Small scale uranium mine remediation
in northern Australia

Peter Waggitt ' and Michael Fawcett >

'Am Modena Park 12/8, A-1030, Vienna, Austria
PO Box 781, Howard Springs, NT 0835, Australia

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 U,0,. 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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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
SAYV 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:

e Upgrading of the access track between Guratba and Sleisbeck.

e 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.

e 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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Table 1. Radiological outcomes at the Sleisbeck site.

Site Coordinates* - Zone 53L y before y after
Easting Northing uSv/hr uSv/hr
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

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.” 1t 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.
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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 m®) 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 RZV started relatively late compared to other East European countries. During
the short time of the production activities in the Zirovski Vrh Mountains from
1982 to 1990 in total 452 t of U;0g 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 Zirovski Vrh
Uranium Mine (RUZV) 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 Zirovski 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 U3Og 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 millin