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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;Oz 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)



i

Uranium Mining

|

and Hydrogeology



Foreword by the Saxon State Minister for
Environment and Agriculture

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

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

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

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

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

Freiberg, September 2008

Frank Kupfer
Saxon State Minister for Environment and Agriculture



i

Uranium Mining

|

and Hydrogeology



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, Konigstein, 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 Kdnigstein 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

Gliuckauf

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 doc-
ument (TECDOC-1239) Manual on Acid In Situ Leach Uranium Mining Tech-
nology.

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, publica-
tions, 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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constant USD
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Meetings

Several types of meetings have been organized to bring together experts and oth-
ers interested in various aspects of uranium production cycle activities. These led
to important 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, Production, 2 - 6 October 2006 =~ Mendoza, Argentina

Mine Remediation and Environmental Is-

sues

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

and Processing Technologies

Uranium Exploration, Mining, Production,  1-5 October 2007 Swakopmund, Namibia

Mine Remediation and Environmental Is-

sues

Recent Developments in Uranium Explora- 1-2 November 2007 VIC, Vienna, Austria

tion, Resources, Production and Demand

The Implementation of Sustainable Global ~ 15-17 October 2008 VIC, Vienna, Austria

Best Practices in Uranium Mining and

Processing

Uranium Exploration and Mining Methods ~ 17-20 November Amman, Jordan
2008

Plenary



26  Jan Slezak

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 Yel-
lowcake Production Techniques taking Environmental Problems in-

to 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 Explora-
tion in Both Sedimentary and Volcanic Basins

Egypt Evaluation of some selected uranium resources in Egypt and pro-
duction 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 Exploracién de los recursos uraniferos de Venezuela
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Publications

The various meetings have led to the publication of a number of volumes of sev-
eral types. These include Panel Proceedings, Symposium proceedings, Technical
Reports and Technical Documents (TECDOCs). In Agency usage the first three of
these are "sales publications" and edited while the fourth, the TECDOC is distrib-
uted free of charge on request. The Proceedings volumes normally contain the full
texts of papers presented at the meeting in the original language with abstracts in
English of papers in other languages. Technical Reports are usually guidebooks
and manuals and prepared by a group of specialists and are results of Consultancy
Meetings. A number of these reports have now been recognized as main refer-
ences on these subjects. TECDOCSs 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. Proceed-

2002 ings of an International Symposium held in Vienna, 2 - 6 Octo-
ber 2000

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

2006 clear Fuel Cycle — Supply and Demand, Economics, the Envi-

ronment and Energy Security, Proceedings series

IAEA-TECDOC-  Methods of Exploitation of Different Types of Uranium Depos-

1 1747 2000 1ts

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

IAEA-TECDOC- Impact of New Environmental and safety Regulations on Ura-
1244, 2001

nium 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

TAEA-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 technol-
ogy).

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

Previous IAEA activities on ISL

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

The second, much bigger technical meeting was organised in October 1992. Its
results are published in an 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 IAEA-TECDOC-1239 “Manual of Acid In Situ Leach Uranium Mining
Technology” issued in 2001 finalised the 7-year long period .

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

Different views on ISL

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

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

What is ISL mining?

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

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

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

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

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

Future IAEA activities in ISL

Based on what has been shown above, a lot of work has to be done to find answers
to questions raised about the ISL technology and to show, that the proper use of
this technology in proper conditions and under proper management can give re-
sults, which will be acceptable for all involved parties. This is the reason why sev-
eral activities on ISL are being performed or planned.
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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 Mongo-
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lia. Between 1961 and 1995 many of these operations closed down, but rarely was
any remediation undertaken, unless sites were close to significant population cen-
tres. 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
kilometres from the nearest settlement, has not been covered, has livestock graz-
ing 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 lo-
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cal population of water contaminated by the seepages as a potable supply and for
irrigating food crops. The IAEA, in conjunction with other agencies, is working 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 vicin-
ity.

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 con-
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cerns 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.

Uranium disc
Inflowing
solution
spiked with
uranium
Model
grid
gy 5 'L
PRE R sty B s
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N R SR ] Effluent
el S-S Oy T v'F 2204 -
solution
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 Aspé (quoted in Bruno et al.,
1999).

Initial calculations showed that the water is close to equilibrium with respect to
albite, quartz and several clay minerals, reflecting the main constituents of granitic
rock and its weathering products. Subsequent calculations maintained equilibrium
with H-saponite, which provides for silicate and pH-buffering in the system. The
infiltrating solution was brought into equilibrium with 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.
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Table 1. Calculated (data for Aspd from Bruno et al (1999)) and measured water composi-

tions [mol/dm’].

Component Aspd measured Component Aspd measured
Na* 9.13-107 9.27 10™ HCO;y 1.64-10" n.d.

K* 2.05-10° 5.81 107 PO 3.1310°
Ca® 4.73-10 8.85 10 cr 1.81-10% n.d.

Mg* 1.73-10° 1.67 107 SO~ 5.83-107 9.1210°
Fe** 430-10°° 1.3310° pH 7.7 6.64
Mn?* 5.28-10°° 8.45 107 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.

Cl [mol/l]

Fig. 3.
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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),] (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 et 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.

a) Schoepite saturation index b) Aqueous U concentrations
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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 r; 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 um; 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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Sample Lines
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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

Plenary



52  Diane A. Blake et al.

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 pro-
portional to the amount of UO,>" present in the sample.
A 4-point standard curve was generated using the FPD, as shown in Fig 3.

Fig.2. Primary data traces from the FPD. Solid line, sample containing antibody but no UO,>".
Dashed line, sample containing antibody plus a UO,*" concentration high enough to fill all an-
tibody binding sites (10 nM).

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 di-
lution was 473.1 +/- 87.9 nM. Points obtained for generation of the standard curve were sin-
glets 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 (Ky) 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.

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.

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 con-
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gressional legislation, title to the site and responsibility for cleanup were trans-
ferred to the U.S. Department of Energy (DOE) in 2001. Cleanup, including
ground water, was required to be performed in accordance with Title I of the Ura-
nium Mill Tailings Radiation Control Act (UMTRCA) of 1978. The act was insti-
tuted to clean up former uranium-ore processing sites across the U.S.; these clea-
nups were largely completed in the 1980s and 1990s.

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

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

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

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

Ground water conditions

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

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

Alluvial
Aquifer

Paradox Formation /

Fig. 2. The conceptual model shows density-dependent ground water flow in alluvium to the
Colorado River.

Plenary



62  Donald R. Metzler et al.

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.

When DOE took over the Moab site and began sampling backwater channels of

Fig. 3. The distribution of ammonia in shallow alluvial ground water is shown along with a back-
water channel.
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the Colorado River, ammonia was detected at concentrations that are toxic to cer-
tain endangered fish species that inhabit the river, including the Colorado pike-
minnow, 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 [Ibs]) of ammonia and 190 kg (400 lbs) of uranium are re-
moved annually.

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

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

Surface water runoff and its effect on aquatic habitat

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

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

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

Long-term ground water remediation strategy

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

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

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

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

Conclusions

As the ground water interim action system is further evaluated, tailings removal
begins, and the Colorado River channel is mapped following the runoff of 2008, a
Final GCAP will be developed and submitted for NRC concurrence. Continued
coordination with the U.S. Fish and Wildlife Service will take place to ensure pro-
tection of sensitive aquatic species.
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Abstract. It was the objective of this contribution to provide a comprehensive
synopsis on the significance of the dispersion of uranium in the environment by
common fertilizer practices. Recent studies revealed that uranium originating from
fertilizers accumulates in soils over time and thereby increases uranium losses to
water-bodies. Studies on the uranium content in soils and surface waters in rela-
tion to fertilizer practice substantiate such coherence. The most efficient and sus-

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

Toxicological significance of uranium

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

Uranium shows toxic effects on all forms of life: The most common and unspe-
cific one is DNA damage followed by mutations (Envirhom 2005; Henner 2008;
Lin et al. 1993; Thiebault et al. 2006). The effect of U on DNA is a sinister com-
bination of the biochemical and radiological toxicology of U. Uranium builds up
in living systems inter alia due to its high affinity to phosphorus containing com-
ponents such as DNA (Busby and Hooper 2007). Once attached to the DNA U
amplifies natural background radiation and causes through photoelectron en-
hancement effects damages to the DNA. This effect occurs to an excess that is ob-
viously much stronger than that from o-radiation of U (Busby, 2005; Schmitz-
Feuerhake and Bertell 2008). Bishop (2005) proposed also a signaling from ra-
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diated 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 pug U when a simplified
daily diet of 2000 kcal is assumed with 60% cereals and cereal products (1.5
pg/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 con-
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taining fertilizers, which makes the amount of boron applied with phosphorus fer-
tilizers five times higher than the amount of U applied. Boron is like U easily mo-
bile 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 prevent
disease in humans through healthy environments (Priiss-Ustiin and Corvalan
2006).
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The Potential of Thorium Deposits
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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 (ThQ,), 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 33000 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 disso