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Preface

Many elements of the periodic system such as arsenic, mercury, lead, etc. have
been discussed and evaluated in the scientific community and in the public aware-
ness in contradictory manner during the past 100 years. But uranium and its
daughter nuclides and some fission products are probably the most controversially
discussed elements in recent days. In 2011, we celebrate the 100th anniversary of
the Chemistry Nobel Prize awarded to Marie Curie for the disco-very of radium
and polonium that she separated and identified from uranium ore. A few years
after the Nobel Price was awarded, Europe was in a rush for radium-rich waters in
spas like Joachimsthal and Schlema based on the believe that radium may cure
cancer and other diseases. It took a while to find that radon and not radium caused
the partly extremely high radioactivity of these waters and that radioactivity is
a two-sided sword in terms of health treatment. However, even nowadays radium
and radon spas exist in many countries. But nowadays waters with about 1kBg/l
are common while in the very beginning waters with 30kBq/l up to 160kBg/l
have been reported.

With Hiroshima, Nagasaki and the end of WW 1II, a new era was initiated
characterized by the cold war between east and west and a uranium mining boom
to supply both nuclear weapon production and slightly later feeding nuclear
power plants. Not before 1963 the first version of the Limited Test Ban Treaty,
pledging to refrain from testing nuclear weapons in the atmosphere, underwater,
or in outer space, was signed. However, this nuclear weapon tests emitted more
than a 100 times the amount of hazardous nuclides into the atmosphere in com-
parison to the 1986 Tschernobyl accident. Two other major mistakes of human
society of these times are related to the way of mining, milling and isotope sepa-
rating causing severe environmental damages in many countries worldwide on
the one side and the missing concept for nuclear waste handling on the other
side. The latter has not been solved until recent days.

With the end of the cold war in the late 1980s a new era started. It was charac-
terized by less or no future demand of uranium for weapons, certain conferences
on disarmament, and dilution of highly enriched uranium-235 with depleted ura-

XV
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nium to produce reactor fuel. The latter action caused a severe drop of uranium
price worldwide and in consequence the closure of many uranium mines, uranium
processing facilities and as well all plants to recover uranium from phosphate.

However, in 2004 the uranium price continuously started to rise from
10USD/Ib to a peak of 135USD/Ib in 2007 and since then establishing at
50 USD/Ib. This was caused by a continuous request of nuclear fuel and construc-
tion of new nuclear power plant in particular in Asia (China and India). But as
well other newly industrialized countries and developing countries are interested
in building nuclear power plants. It is estimated that the about 450 nuclear power
plants that exist today will partly be pulled down due to their age of 50 years and
more but 450 new nuclear power plants are planned or under construction world-
wide. As a consequence uranium mining and milling is booming in many coun-
tries with Kazakhstan in 2011 the by far biggest uranium producer followed by
Canada, Australia, Namibia, Niger, Russia, Uzbekistan, and the USA.

The accident of the Fukushima nuclear power plant in Japan in March 2011 had
no significant impact on the uranium price and the energy policy in most coun-
tries. The probably most significant consequence was the hasty decision of the
German government to shut down all German nuclear power plants at the latest in
2022, which is an impressive example for the public awareness of accepted risk
because in Germany roughly 250.000 persons (8.300 per year) were killed during
the last 30 years by traffic accidents; another 180.000 in household accidents,
4.2 million (140.000 per year) due to smoking and 2.3 million (77.000 per year)
due to heart attack; but nevertheless the majority of Germans do believe that nu-
clear power plants are the most severe threat to their health although the number
of casualties related to nuclear power plants in German in the last 30 years is
probably close to zero.

In contrast to this, the same German government is doing nothing against the
permanent poisoning of agricultural soil due to the application of phosphate fertil-
izers containing uranium, thorium, radium, and polonium although this is out of all
reasons because recovering of uranium and other radionuclide is feasible and
moreover economical concerning the nowadays uranium prices.

Little to no public awareness is recognized about the fact that solar energy is
based on nuclear fusion reactions in the sun and geothermal energy mainly on
radioactive decay in crust and mantle. Thus at the end of the days all forms of
energy (fossil and renewable) are based on nuclear processes and humans have to
deal with this including natural radioactivity in our environment. Besides nuclear
power plants, we utilize radionuclides in medical investigations and treatment;
and the average dose rates received from this is estimated to be at least one third
of the total dose rate of 2.4 mS/y. Many human activities, in particular oil and gas
production and combustion of coal, lead to man-made enrichment of Naturally
Occurring Radioactive Material (NORM) or distribution in the environment as by
the already mentioned case of phosphate fertilizers. Thus, radioactivity is a phe-
nomenon we have to consider and accept. And research related to occurrence of
radioactive nuclides and radiochemistry-controlled processes is of great impor-
tance. A need in additional research can be stated in rather different fields such as
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clean-up of contaminated sites, distribution of radionuclides by natural and man-
made processes, and radiation from outer space and the sun. The international
conference Uranium Mining and Hydrogeology VI in Freiberg is an excellent
platform to discuss at least part of these research needs, technologies that can be
applied, and legal aspects in a globalizing world.

Freiberg, September 2011 Broder J. Merkel
Technische Universitét
Bergakademie Freiberg (TUBAF)
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Marie Curie and the Discovery of Radium

Fernando P. Carvalho

Abstract. Marie Curie gave outstanding contributions to science and society that
were recognized still in her lifetime. In particular, the discovery of radium com-
pletely changed the therapeutic methods for treatment of cancer and other dis-
cases, and allowed the development of radiotherapy and nuclear medicine. Ra-
dium was also used in many non-medical applications. Radium applications
fostered the growth of uranium mining industry during the first half of 20th cen-
tury. During the second half of the past century, with developments of artificial
radionuclides production and particle physics, radium was gradually replaced by
shorter-lived radionuclides and electron and photon beams in cancer therapy. In
the 70s and 80s most radium sources in cancer hospitals were replaced while in
non-medical applications radium had been substituted already. Notwithstanding,
the avenue for medical use of radioactivity and radionuclides opened with Marie
Curie discoveries and radium applications still goes on. This avenue is currently
pursued in curietherapy and nuclear medicine.

Introduction

This year one completes the 100th anniversary of the Chemistry Nobel Prize
awarded to Marie Curie in 1911 for the discovery of radium and polonium, two
radioactive elements she identified and separated from uranium ore. These discov-
eries were made based on measurements of ionizing radiation emitted by the ore
and they steered a fantastic number of scientific discoveries made during the first

Fernando P. Carvalho

Nuclear and Technological Institute (ITN) Department of Radiological Safety
and Protection E.N. 10, 2686-953 Sacavém, Portugal

E-mail: carvalho@itn.pt
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4 F.P. Carvalho

half of 20th century. Likewise, they paved the way to numerous radioactivity
applications, particularly in medicine (NN 2011, Fevrier 2011).

In all the research she made, Marie Curie revealed a curious mind, open to nov-
elty, while keeping an unfailing application of the scientific method in hypothesiz-
ing, planning experiments, interpreting results and reporting the findings. Fur-
thermore, she combined that with perseverance, hard work, and thoroughness in
the laboratory experiments, while fighting for research funding and teaching in the
University. In those days these were not activities of easy access for a woman.

Marie Curie was also a woman sensitive to the problems of her time and, be-
yond her work for radium application in medicine, she was active in societal
matters providing her direct contribution. Just two examples are given here. One,
during the First World War, when she installed X-rays apparatus on cars, called
the “little curies” and worked as volunteer radiographer in the screening of
wounded to support medical surgery near the war front line. Other, when after the
war she acted as one of the founding members of the Commission for the Intel-
lectual Cooperation of the Society of Nations, which is an ancestor of UNESCO
(NN 2011, Fevrier 2011, Curie E. 1938).

The history of scientific contributions given by Marie Curie has common roots
with the uranium mining history. It is therefore appropriate to remind and cele-
brate her scientific discoveries here.

Marie Curie (1867-1934)

Borne Manya (Marie) Sklodowska, in Warsow, Poland, she was the youngest of
the five children of a couple of school professors. In 1891 she travelled to Paris,
joining her sister Bronya who had concluded studies in Medicine. In Paris, Marie
Sklodowska followed courses in the Faculté de Sciences de Paris, and obtained her
diploma in Physics in 1893, and in mathematics in the following year. Marie met
Pierre Curie, Professor and researcher at the Paris University, in 1894 when she
started research for her doctoral thesis in his laboratory. They married in 1895 and
had two children, Eve and Irene. In 1898, with Pierre Curie, she discovered two
new elements, polonium and radium. Pierre passed away in 1906, victim of an
accident. She continued research isolating polonium and radium to fully demon-
strate the existence of the elements discovered through their radioactive emissions.
She was awarded two Nobel Prizes, one in 1903 together with Pierre Curie and
Henri Becquerel for the discovery of radioactivity, and other in 1911 for the dis-
covery of polonium and radium (Fig. 1). In 1910 she published her “Traité sur la
Radioactivité”. In 1914 the Institute du Radium de Paris was built, but with the
start of the First World War, the opening was postponed. She helped, together
with her daughter Irene as radiologists at the war front. After the war, she resumed
her research on radioactive elements in the Institute du Radium. She visited the
USA in two occasions, in 1921 and 1929, and received each time a donation of 1 g
radium. The first she used in the Radium Institute in Paris and the second she
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Fig. 1 Marie Curie aged 44, the year she received the Nobel Prize of Chemistry

offered to the Radium Institute in Warsaw. Marie Curie deceased in 1934 victim
of leukemia caused by the exposure to ionizing radiation for many years. Her body
ashes, as well as those of Pierre Curie, were transferred in 1995 to the Pantheon, in
Paris (NN 2011, Fevrier 2011, Curie E. 1938).

The Discovery of Radium

Near the end of the 19th century, in 1895, Conrad W. Roentgen discovered the
X-rays, the new type of radiation that allowed seeing internal structures of opaque
bodies. This was followed by the discovery of the “uranic rays” made by Henri
Becquerel in 1898, during his research on the phosphorescence of uranium salts.
When Marie Sklodowska, a young Polish lady that had completed the Degrees
in Physics and Mathematics at the Sorbonne University in Paris, arrived in 1894 in
Pierre Curie’s laboratory at the Faculté de Sciences looking for a doctoral research
subject, she considered first to work on X-rays. However, although very recent
this subject had been already thoroughly investigated in comparison with the
“uranic rays”. Until late 1896 about 1000 articles and 50 books had been pub-
lished already on Roentgen radiation (X-rays), while the Becquerel “uranic rays”
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were still mysterious and only 20 articles had been published on this subject. Fur-
thermore, a new instrument recently invented by Pierre Curie and his brother
Jacques, the Curie’s electrometer that allowed much more precise measurements
of the air ionization by radiations, might have contributed to Marie Sklodowska’s
selection of “uranic rays” as the subject for her research (NN 2011).

She started work in Pierre’s laboratory in Rue Lhomond, Paris, using pitch-
blende uranium ore from the Joachimstal mine in Poland, at that time ruled by
Austria. She tried to identify which substances and minerals besides pitchblende
could also emit ionizing radiation. For this purpose she tested all compounds and
minerals she could find in the Sorbonne University and noted that all uranium salts
emitted radiation. She observed the same emission also with thorium salts, not
being aware that in Germany another scientist had discovered the radiation emitted
by thorium a few weeks before.

She focused her attention on the pitchblende from Joachimstal mine and noted
that this rock emitted about 2.5 times more radiation than explained by the rock
uranium content. She wrote on her laboratory note book: “I searched whether
other substances, besides uranium compounds, could be susceptible of ionizing the
air and allowing for electric conductivity”. She found that all uranium salts and
natural uranium phosphate were even more active than metallic uranium and about
this she wrote: “This is an outstanding fact and makes one to think that these ores
may contain another element much more active than uranium” Curie M. (1921).

Using another supply of uranium ore she initiated a lengthy and laborious
chemical procedure to extract the mysterious radioactive element. Her husband
Pierre Curie joined her in this research and they looked also into the collaboration
of a chemist, Gustav Bémont, Professor at the Ecole de Physique et Chimie de la
Ville de Paris. For this work they could only use a shed in the university yard.
There Marie treated the ore and, following Fresenius chemistry methodology, she
separated several salt fractions and measured the radioactivity in each fraction
(NN 2011, Fevrier 2011).

In the bismuth fraction, she measured a strong radioactivity emission, and they
wrote about this in her article to the Académie des Sciences: “We believe that the
substance extracted from the pitchblende contains an unknown metal with analyti-
cal properties close to those of bismuth. If the existence of this metal is confirmed
we propose to name it Polonium, according to the name of the country of origin of
one of us”. The symbol Po is written for the first time in the laboratory note book
on 13 July 1893 by the hand of Pierre Curie. The article published in the Comptes-
rendus de 1’ Académie des Sciences announces the discovery of a new element,
more radioactive than uranium, but not seen as yet. The word radioactive was used
for the first time in this article (Curie & Curie 1898).

The research by the Curies on the radioactivity of uranium ore was not over
yet. In the physical and chemical separation procedure applied to treat the uranium
ore, they observed also high radiation emission in another chemical fraction con-
taining barium. They hypothesized that eventually other substance with a chemical
behavior close to barium could be present. They planned to check this hypothesis
in a three step approach. Firstly, they checked that normal barium was not radioac-
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tive. Next, they found out that a radioactive substance could be concentrated
through fractional crystallization starting with the radioactive barium chloride
fraction obtained from the pitchblende. At last, they pursued this separation proce-
dure until obtaining a chloride salt with 900 times more radioactivity than metallic
uranium (Curie 1921).

The emission spectroscopy analysis of this salt revealed that the lines observed
did not match any known element and their intensity increased along with radioac-
tivity increase, i.e., with the purification of the chloride, while barium lines de-
creased in intensity. The Curies wrote: “There is a strong reason to believe that the
substance obtained contains a new element. We propose to name it as Radium.
This new radioactive substance obtained probably still contains a large amount of
barium mixed therein, but radium radioactivity seems enormous” (Curie et al.
1898). In their laboratory notebook the word Radium, followed by a question
mark, was first annotated on the 18 November 1898.

The acceptance of this discovery was dependent upon separation, purification
and chemical characterization of the element with confirmation by spectroscopic
emission that the element emission spectrum was different of known elements.

Marie Curie initiated then a lengthy procedure to isolate radium from uranium
ore tailings from the processing of Joachimstal mine ore, given by Austria. Even-
tually she succeeded to obtain a precipitate of radium chloride of few milligrams
obtained from one ton of ore.

Fig. 2 Marie Curie, Pierre Curie (at the center) and their laboratory technician (at leff) in the
laboratory of rue Lhomond, Faculté de Sciences, Paris. On the bench, the Curie’s electrometer
used to measure ionization of the air by radioactivity
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On 21 July 1902, Marie Curie using a sample containing 0.129 g of barium-
radium chloride, which could contain probably only 1:1000 parts of radium in
barium, made the first determination of the atomic mass of this new element, and
obtained 223.3. Later she would correct this to 225+ 1 and to 226.4 (actual value
226.0254). That chloride sample contained for the first time radium in visible
amounts, and was 1 million times more radioactive than uranium (NN 2011).

In November 1903, Marie Curie presented her Doctoral Thesis, entitled “Re-
cherches sur les Substances Radioactives” at the Sorbonne University, Paris. The
same year the Swedish Academy awarded her, together with Pierre Curie and
Henri Becquerel, the Nobel Prize of Physics for the discovery of radioactivity.

In 1911 again the Swedish Academy of Sciences awarded to Marie Curie the
Nobel Prize, this time of Chemistry, for her discovery and characterization of the
new elements radium and polonium (Curie 1911).

Following the adoption of the curie (in memory of Pierre Curie) as the unit of
radioactivity, and upon request by the International Radium Standards Committee
in 1911, Marie Curie prepared a radium standard with 21.99 mg of pure radium
chloride in a sealed glass tube. The secondary certified radium standards for other
countries were prepared and tested against this primary standard, now deposited in
the Bureau International de Poids et Mesures in Sevres, near Paris (Curie 1912).

Radium Applications and the Dawn of Radiotherapy

Few years only after Becquerel’s discovery of the “uranic rays”, Ernest Rutherford
and Frederick Soddy demonstrated that the radiation emitted by radioactive sub-
stances was indeed composed of three distinct types of radiation. These radiations
behaved differently when under an electromagnet, and had very different energy.
More of 80% of the emitted radiation was due to alpha particles with little pene-
trating power; beta radiation was also made of particles with electric charge but
much smaller than alpha particles and with much higher energy and able to pene-
trate to a certain depth in the tissues. The third type of radiation were gamma rays
(first identified by P. Villard in 1900), which accounted only for 1% of radiation
with high energy, short wavelength and strong penetrating power (NN 2011,
Mould R F (2007).

The idea of using radium in medicine to destroy tumors dates back to 1900, to
the skin burns observed by two German scientists, Friedrich Walkoff and Frie-
drich Giesel, and to the incident of Henry Becquerel who carried a tube with
a small amount of radium in the pocket of his waistcoat during 14 days. He devel-
oped a skin burn, and mentioned that to Pierre Curie. Pierre Curie amazed with the
radium effect decided to confirm it and applied a small source of radium against
his arm for 10 hours, obtaining a localized burn as well. That gave him the idea
that radium could be used in medical work. Meanwhile, Becquerel’s burn was
serious and he went to see a dermatologist at the Hospital St Louis, Paris. The
dermatologist, Dr. Ernest Besnier, noted that the Becquerel’s radium burn was
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similar to X-ray burns and immediately thought that radium could be used in
medical therapy such as the X-rays. He persuaded the Curies to lend a small
amount of radium to a hospital colleague, Dr. Henri Danlos, who successfully
used the radioactive material to treat lupus and other dermatological diseases and
published his work in 1901 (Danlos & Bloch 1901).

Across the Atlantic, the first use of radium in therapy seems to have occurred
by the same time, by the hands of a physicist, Francis Williams, in Boston. He was
aware of the successful use of X-rays in the treatment of lupus and speculated that
the radiation emission of the recently discovered radium could be used in treating
this disease. In late 1900s, Francis Rollins seem to have prepared about 500 mg of
radium chloride and placed them in a sealed capsule, and passed it over to his
brother-in-law, Dr. William Rollins, for use in therapeutics (Mould 2007).

In his discussion of the first 42 cases treated with radiation from the encapsu-
lated radium, William Rollins compared the results with the previous use of X-ay
in similar therapy. He wrote: “The comparison at the present time is greatly to the
advantage of radium.(...) When radium is employed for healing purposes no cum-
bersome apparatus is necessary: radium is portable and always ready for use. Fur-
ther, the dose from radium is uniform; the strength of the output does not vary, so
that the dose depends entirely on the length of exposure and the distance of the
radium from the part to be treated. Radium may be applied to parts that are not
readily accessible to the X-rays, such as the mouth or vagina. Furthermore, the
healing action of the radium is more prompt”. He also wrote about the severe
burns that radium could cause in health tissues and the need for protection (Mould
2007, Danlos & Bloch 1901).

Since the very beginning, many medical doctors used radium in the treatment
of tumors and malignant neoplasms, including for example the work in the Gus-
senbauer Clinic of Vienna (1902), the work at the Biological Laboratory of Ra-
dium in Paris by Louis-Frederick Wickham (1905); the work by Robert Abbe
(1904) and William Morton (1914) in New York amongst many others, all testing
improvements and innovation in radium therapy (Abbé R 1904, Eisenberg 1992).

Foundation of the Radium Institute in Paris

Encouraged by the successful therapy applications of radium, particularly those of
Henri Danlos in Paris, the foundation of the Radium Institute was agreed in 1909
between the Pasteur Institute and the University of Paris. The Radium Institute
was set up to further develop the research on radioactivity started by the Curies
and to foster their application in medicine and biology. The Radium Institute
would house two laboratories, the Curie Pavilion for research on physics and
chemistry of radioactive elements under the direction of Marie Curie, and the
Pasteur Pavilion for research on radium applications in biology and medicine and
treatment of patients with Claudius Regaud, a biologist from Lyon, as director
Fevrier (2011).
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The construction of the Radium Institute started in 1911 and it was nearly ready
in 1914 when the First World War started. The opening of the Institute was post-
poned and took place only after the war, becoming fully operational in 1919. The
Radium Institute was renamed Institute Curie in 1932 and was leaded by Marie
Curie until she died in 1934 Fevrier (2011).

The medical treatments achieved using radium inspired the foundation of ra-
dium institutes in many other countries. The treatments performed with radium
rapidly increased in number and the demand for this element increased as well.

The Radium Mining Industry

Following the pioneer work carried by doctors in Paris and Vienna immediately
after the discovery of radium, the use of this radioactive element in therapy rapidly
expanded. In Europe, around 1913 the use of radium therapy was already wide-
spread, but still little used in USA. Most American radiologists performed therapy
with X-rays. This was due to the availability of the newly invented high energy
X-rays and to short radium supply in USA (Mould 2007).

During the first two decades of the 20th century the radium commercially
available was mainly produced from the Joachimstal mine, in Bohemia, and some
small mines in France, Portugal, and a few other countries. Joachimstal in 1913
contributed alone to about 80% of the world radium supply. Nevertheless, the
amounts produced were modest, rendering radium salts price astronomically high.

The search for other sources led to discovery of radium in carnotite, in Colo-
rado, USA. The Standard Chemical Company, founded by Joseph Flannery of
Pittsburgh, purchased the Colorado mines in 1911 and began to supply radium in
1913. This company published from 1913 to 1925, a bulletin entitled Radium, to
publicize the radium production but where most of the knowledge and applications
of this element were abstracted as well (Mould 2007).

In 1910 in USA was founded also the National Radium Institute that jointly
with the US Bureau of Mines set up a radium recovery plant in Denver. The pro-
duction by this plant substantially decreased the cost of radium and made it more
available in the USA. By 1922, some 80% of the world’s supply of radium was
produced already in the USA.

A few years later, a turning point in radium industry took place with the dis-
covery of the richer uranium ores of the Chinkolobwo mine in the Haut Katanga
Province, in Belgian Congo. Large amounts of radium from Congo ores were
produced in Oolen, Belgium, and this nearly closed radium production in Ameri-
can and European mines (Mould 2007).

In the beginning of last century most radium supply was from the mines of Joa-
chimstal in Poland and nearby, that produced 100 g radium from 1899 to 1940.
The Colorado, New Mexico and Utah mines in USA, produced about 200 g be-
tween 1900 and 1926. Port Radium in Canada, produced 60 g between 1933 and
1937, while Haut Katanga mines in Belgium Congo, produced 50-100 g per year
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from 1922 to 1940 (total between 900 and 1800 g). Radium productions in other
countries were of a few grams or even less (Mould 2007).

In the beginning of the 20th century, radium price was at § 180,000 per gram
(about 1.8 million Euros today). In 1921, when a subscription was made in the
USA to offer 1 g radium to Marie Curie, this amount did cost $ 100,000 (about
1 million Euros today) and it was produced from the uranium mines in Colorado
and Utah. Later, with the discovery of uranium in Katanga, the prices dropped to
$70,000 per gram. After the Second World War, other mines were exploited and
together with the decreasing use of radium in medicine and industry the price of
1 g dropped to $ 25,000 in the fifties (Fevrier 2011, Mould 2007).

The availability of radium from the 1920s and the decrease in market price de-
finitively enabled the adoption of radium therapy in many medical centers. This
allowed for the development of therapeutic methods and increased reporting of
successful healings in many countries.

At the same time, the abundance of radium and popular believes that this ele-
ment could in small amounts be miraculously beneficial to health, lead to the in-
vention of a high number of side applications marketed for public use. In that time
were commonly advertised and used beauty products such as face powders and
skin creams, hygiene products such as toothpaste, and radioactive water to the
benefit of stomach. All these products contained added radium and were available
for unrestricted use (Mould 2007).

Other radium applications were invented, such as the use in phosphorescence
quadrants of wrist watches, alarm clocks, night reading instruments, including
industrial, aviation and military instruments. NN 2011 (Fevrier 2011, Mould
2007).

The Onset of Radium in Medicine and Other Applications

The noxious effects of radiation emission from radium were noticed early, and
Marie Curie herself noticed also how easily instruments and clothes became con-
taminated with radium in the laboratory. She encouraged the use of caution to her
collaborators and students. However, the radiation protection as a science was not
born yet, and sadly she was victimized by the element she discovered and handled
for so many years.

The radiation protection knowledge was progressively accumulated and led to
improved protection measures and regulations today used worldwide in research
laboratories, hospitals, mining and chemical industry, and nuclear power plants
Fevrier (2011).

Radiation protection considerations and the carcinogenic potential of prolonged
exposure to radium led to abandon the use of radium in applications for public use,
such as luminescent dials. In medicine, with the discovery of artificial radioactiv-
ity, fission products such as cobalt-60 and cesium-137 with much shorter half-lives
than radium and high energetic radiation replaced radium allowing for safer appli-
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cations in teletherapy. In curietherapie other radionuclides, such as iridium-192,
gradually replaced the radium needles. After several incidents with lost radium
needles, an international program was implemented to recuperate these needles and
dispose them safely. Production of radium sources for use in medicine ended in the
1970s (Mould 2007, Eisenberg 1992).

The improved knowledge on biological effects of ionizing radiations and ap-
proval of international basic safety standards against the harmful effects of ioniz-
ing radiation, led also to improved mining and milling waste management and to
the concept of environmental remediation of former radium and uranium produc-
ing facilities (IAEA 2005).

The life cycle of radium applications was than completed.

Medical applications of radium were developed for about 70 years, many pa-
tients underwent radiotherapy, many successful healings were achieved and hu-
man lives extended. During those years many technologies and new sciences start-
ed with radium use. Although artificial radioisotopes have already replaced radium
to increase the benefits of ionizing radiation and reduce the radiological and envi-
ronmental risks, and new technologies such as photon and electron beams pro-
duced by linear accelerators, and nowadays using proton emission technology
(PET), have in turn taken their place, the way was opened with the discovery of
radium (IAEA (2009).

Radiation therapy and nuclear medicine continue developing today, making use
of much shorter lived radioisotopes, and using as radionuclide carriers organic
compounds tailored to specifically bind to certain cells and tissues. The outcomes
are much improved radio diagnostic and less invasive therapy techniques along
with better targeted cancer treatments.

It shall be remembered that this path was opened also by the Curie family with
the discovery of artificial radioactivity by Frederic and Irene Joliot-Curie, Nobel
Prize of Chemistry in 1935.

What Future?

During the first half of the 20th century, radium was used in exciting applications,
which drove the uranium mining to grow. Today, radium has no major applica-
tions and it is not the aim for mining industry. Nevertheless, the mining of radio-
active ores and uranium for energy production continues.

The radium applications particularly in medicine, devised by Marie Curie and
other scientists of her time, were continued and refined generally through the use
of radionuclides with shorter half-lives. The curietherapy is still a method cur-
rently applied in medicine to treat cancer tumors, with recent developments in the
treatment of prostate and gynecological cancers.

For a while at least, radium is left now in peace by human kind. In nature ra-
dium continuously provides a significant contribution to the maintenance of mild
temperatures that allowed and sustain human and non-human life on Earth. Never-



Marie Curie and the Discovery of Radium 13

theless, applications of radium isotopes are not over. Naturally-occurring radium
isotopes are currently used as natural tracers in hydrogeology and in the investiga-
tion of groundwater discharges into the oceans. Most likely, other applications or
uses of radium isotopes will be invented.
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Part 1
Renaissance of Uranium Mining






License Procedure for Uranium Recovery
from Talvivaara Deposit, Eastern Finland

Ari Luukkonen, Esko Ruokola

Abstract. Since 2007, Talvivaara Mining Company has held permits to exploit
black schist hosted Ni-Zn-Cu-Co sulfide deposit that is one of the largest in Eu-
rope. In 2010, the company conducted an evaluation on the environmental impacts
of U production. The company will need a license to produce U concentrate. The
application was submitted to Finnish Government in April 2010. The licensing
process is expected to be accomplished during 2011. Commissioning of the U re-
covery facility is subject to Radiation and Nuclear Safety Authority approval.

Geology of Talvivaara

Since 1930s, the geology of Talvivaara area has been studied in several occa-
sions. Talvivaara Ni-Zn-Cu-Co mineralization was discovered in the 1970s.
Talvivaara area is located in Early Proterozoic Kainuu schist belt that is domi-
nated by quartzite, back schist, and mica schist rocks. The western border of the
Kainuu schist belt can be genetically related to black schists of the famous Outo-
kumpu Province. Especially in eastern Finland, the black schist formations are
very thick compared for example to younger ‘Kupferschiefer’ black schists in
Central Europe. Talvivaara drillings have penetrated even 400 meters thick beds
of black schist while the thickness of ‘Kupferschiefer’ is around one meter (Lou-
kola-Ruskeeniemi 1990).

It has been long known that many heavy metals (e.g. lanthanides, Y, Ta, and U)
have a tendency to slight enrichment in organic fraction of carboniferous sedi-
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ments (Vine and Tourtelot 1970). It was already relatively early indicated that e.g.
the average U concentration of black schists of Outokumpu province is around
50 ppm (Peltola 1968, 1960). According to more recent studies, Talvivaara black
schists contain on the average 19 ppm U (Loukola-Ruskeeniemi and Heino 1996).
However, it was concluded in 1991 that U concentrations in Finnish black schists
are so low that they do not solely indicate ore potential (Loukola-Ruskeeniemi
1991a). In Talvivaara U occurs as thucholite (U bearing pyrobitumen) that is a hy-
drocarbon mineraloid. Usually thucholite has uraninite (UO,) core that is sur-
rounded with hydrocarbons.

Geochemical and mineralogical evidences and general relation to ophiolites in-
dicate that Kainuu and Outokumpu black schists are of marine origin, and are
related to hydrothermal exhalative vents that have supported anaerobic bacterial
biota. Similarly to present day mid-ocean ridge conditions, bacterial life was based
on sulfur utilizing chemosynthesis in warm strongly reducing conditions. The
black schists adjacent to sulfide ore deposits have likely originated in such an
environment (Loukola-Ruskeeniemi 1988, 1991b). Uranium has possibly bound
itself to organic matter via metabolic and/or chemical processes. Strongly reducing
conditions may have enhanced U precipitation from seawater to carboniferous
sediments. Hydrothermal fluids may have also added metals to black shale sedi-
ments later during diagenesis and/or metamorphosis.

Products of Talvivaara

Profitable base metals (Ni, Zn, Cu, Co) in Talvivaara are located in several sulfide
phases. Main ore minerals are pyrrhotite (FeS), pyrite (FeS,), sphalerite
((Fe,Zn)S), pentlandite ((Fe,Ni,Co)oSs), and alabandite (MnS). Nickel is concen-
trated especially to pentlandite and pyrrhotite, and with minor extent to pyrite.
Currently, Talvivaara Mining Company estimates that Talvivaara contains some
1200 million tons of ore (measured or indicated) that would support an anticipated
production for at 46 years. In 2007, Talvivaara Mining Company received its
environmental permits for base metal production and in 2008 it got its licenses for
extensive usage and storage of hazardous chemicals. Mining operations at the site
started in spring 2008. Profitable base metals are precipitated as sulfides from
leaching solutions. In 2010, Talvivaara Mining Company produced about 10,000
tons and 25,000 tons Ni and Zn, respectively (Talvivaara Mining Company 2010).
The annual base metal production is still in ramp-up stage.

According to the mining company, bioheap leaching method for base metals
makes also U extraction profitable as a by-product. The company justifies U re-
covery as follows: 1) Removal of U from mine tailings is environmentally more
sustainable, 2) the production of U will not increase excavations in the mine,
3) utilization of ore, as well as possible, is in accordance with the Mining Act
4) the increase in usage of hazardous chemicals is small compared to the total
amounts used, 5) produced Ni concentrates need not to be U decontaminated in
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the smelting plant, and 6) self-sufficiency of Finland in respect of U would be
better. The uranium end-product from Talvivaara mine would be yellowcake that
contains mostly (ca. 80%) uranium peroxide (UO,xH,0), and at lesser extent also
other uranium oxides (e.g. UO,, UO;, and U;0g). Talvivaara Mining Company
plans to produce annually approximately 350 tons of U, or 410 tons of yellowcake.
The mining company has preliminary agreed with Cameco Corporation on com-
plete delivery of produced yellowcake to Canada for further upgrading (Talvivaara
Mining Company 2010).

License Process for Uranium Recovery

The nuclear license procedure related to Talvivaara Mining Company U recovery
application is illustrated in Fig. 1. In addition to the U recovery license, the com-
pany will need updates of licenses not shown in Fig. 1. The company will need an
update of the environmental license pursuant to Environmental Protection Act.
Update of this license will be issued by Kainuu Centre for Economic Development,
Transport and the Environment (Kainuu ELY). The company will need a permit for
handling and storing hazardous chemicals necessary in the U leaching process.
This permit will be issued by Finnish Safety and Chemicals Agency (TUKES).
New buildings at the site will need a construction license that will be issued by
Sotkamo Municipality. The license for U uranium recovery will be a separate li-
cense in addition to the existing mining license. Commissioning of the U recovery
facility is subject to STUK’s safety judgment and approval.

Environmental Impact Assessment

Talvivaara Mining Company started its application procedure by launching envi-
ronmental impact assessment studies on the possible U recovery (Fig. 1). Results
of these studies were published in 2010, and Kainuu ELY (contact authority) be-
gan the evaluation of environmental impact assessment. Environmental impact
assessment is based on law. Its purpose is to estimate possible impacts and to help
the planning of facilities so that negative impacts can be minimized, but also to
increase information delivery to citizens and to give opportunities to citizens to
influence to the facility plans. The applicant is obliged to give opportunities to
interested citizens and groups of people to express opinions on plans, if they feel
that planned actions have influence to their living. Hearings were arranged as
public hearings and briefings. The essential goal of environmental assessment is to
produce information for the license process and finally for the decision making.
The assessment report describes possible impacts related to possible indoor U
recovery and the alternative of no recovery. The important part of the report is to
consider the potential consequences of U recovery to ground sediments, ground-
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Fig. 1 The license process related to Talvivaara U recovery application. The license for U
recovery is issued by Finnish Government. The illustration excludes procedures related to the
environmental license updates, permits related to handling and storing hazardous chemicals, and
construction licenses related to new buildings. Kainuu ELY is acronym for Kainuu Centre for
Economic Development, Transport and the Environment. MEE is acronym for Ministry of Em-
ployment and the Economy. STUK is acronym for Radiation and Nuclear Safety Authority

and surface waters, biota (e.g. animals, plants, fungus, and micro-organisms),
diversity of nature, and air quality. The consequences to human health, habitabil-
ity, community structure, landscape, and cultural heritage need to be covered. The
report also illustrates chemicals and their amounts to be used in the recovery,
handling of waste waters, and purification equipments for gases (e.g. hydrogen
sulfides, Rn). Also other waste material flows than water and rock, transports of
ore concentrates, recognition of safety risks, emergency preparedness, and moni-
toring the environment need detailed descriptions.

However, environmental impact assessment is not directly assigned either to
the update processes of environmental license or to U recovery license. The ade-
quacy and extent of assessment program and reporting is evaluated by Kainuu
ELY that writes the official statement on the environmental impact assessment.
This statement can then be attached to the license applications. Before making the
official statement Kainuu ELY asked expert opinions from several authorities.
Radiation and Nuclear Safety Authority (STUK) expressed its views on e.g. opera-
tional radiation and transport safety, and on long-term radiation safety of waste
rock and mine tailings. Opinions were requested also form many other authorities,
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e.g. from MEE, Geological Survey of Finland, Ministry of Social Affairs and
Health, Kainuu Regional Authority, several municipalities (Sotkamo, Paltamo,
Valtimo, and Rautavaara), and Kajaani town.

Also local associations were entitled to express their opinions and follow-up
the assessment work. Associations included for example the local office of Finnish
Association for Nature Conservation in Kainuu, local village, hunting and fishing
associations, Vuokatti Holiday Centre, and Kainuu Rescue Department. The com-
pany also informed on the progress of the assessment work in its web-site and
mailed progress updates to interested parties.

Application of Uranium Recovery

In April 2010, Talvivaara Mining Company submitted application to produce U
concentrate from Talvivaara deposit. The application was based on the demand
declared in Nuclear Energy Act (990/1987), and was supplemented with details
defined in Nuclear Energy Degree (161/1988). According to the degree, the appli-
cation must contain 1) a description of the land use rights and a copy of the mining
license (referring to Mining Act (503/1965)), 2) a geological site description in-
cluding details on U content, 3) a description of planning details for the mine and
enrichment plants and their immediate vicinity, 4) a description of the planned
enrichment method, 5) an outline of the radiation protection arrangements, 6) a
description of environmental impacts caused by the planned actions and a criteria
how potential damages are minimized, 7) a description of the applicant’s financial
prerequisites and the economical viability of the project, 8) an outline of the own-
ership and occupation of the facilities, 9) a description of the quality and quantity
of the ores, nuclear materials and nuclear waste that will be produced, handled and
stored, 10) a description of transportation arrangements, 11) a description of plans
and available methods for arranging nuclear waste management, including the
decommissioning or demolition of the facilities, 12) a description of the radiation
protection expertise and operating organization, and 13) any other information
considered necessary by the authorities.

MEE makes the preparations for the license decision (Fig. 1). In October 2010,
MEE requested Talvivaara Mining Company to supplement its original application
with 1) land register certificate of the location of U recovery plant, 2) more detailed
description of the planned enrichment method, 3) an outline of radiation protection
arrangements, and 4) a description of available radiation protection expertise. Like
in the previous evaluation stage expert and everyman opinions were requested from
authorities and associations. However, this time the request was broader than in the
environmental impact assessment stage. Opinions were requested from 13 munici-
palities and towns, 17 authorities, and 18 associations. Among the authorities,
STUK has an emphasized expert role because STUK produces safety judgment
evaluation on the license application for the usage of MEE. Also several ministries
are able to make strong arguments to license preparations. Civil associations that
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had an opportunity to influence the license preparation can be divided environment
protection organizations (e.g. the Finnish Association for Nature Conservation,
WWF, Greenpeace), interest groups of industry and commerce (e.g. employer
associations, labor unions), and local associations (e.g. local village, hunting, and
fishing associations, and local nature conservation associations).

At the moment, Mining Act of Finland is subject to modernization. The current
act was made in 1965 and has been amended several times since then. The new act
is expected to come in operation later this year and it will emphasize more the
rights of local citizens in the mining license decisions. In future this means that
local municipality may use veto in licensing decisions for U production (Fig. 1).
However, in the present procedure Finnish Government has full power in the U re-
covery decision.

Commissioning of the Recovery Plant

The U recovery license procedure is expected to be accomplished during 2011. If
Finnish Government grants the U recovery license for Talvivaara Mining Com-
pany, then commissioning of the recovery facilities is subject to STUK’s approval.
STUK regulatory control will then focus on occupational and environmental radia-
tion protection, safety of transport of uranium concentrate, management of resi-
dues from U recovery, and nuclear safeguards.
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New Uranium ISR Satellites at Beverley North,
South Australia

Horst Miirten, Richard Phillips, Peter Woods

Abstract. Recently discovered uranium deposits, including Pepegoona and Pan-
nikan, have been developed as in-situ recovery (ISR) satellite mines to the Bever-
ley plant. Both deposits are located within the Eocene Eyre formation of the
Frome Embayment. The paper characterizes mineralogy, hydrogeology and geo-
chemistry briefly and describes ISR satellite operation in combination with central
processing, environmental management and specific requirements of the approval
process including mine closure concepts. After performing a field leach trial in
2010, the ISR satellite wellfields and plants were commissioned in 2011.

Introduction

Heathgate Resources Pty Ltd (Heathgate) operates the technologically advanced
in-situ recovery (ISR) Beverley and Beverley North uranium mines, located about
550 km north of Adelaide, South Australia, on the arid plains between the northern
Flinders Ranges and Lake Frome. The original Beverley uranium mine has oper-
ated since 2000 under close environmental scrutiny (Jeuken et al. 2008, Woods
2011, Mérten et al. in press). Since the discovery (Curtis et al. 1990) and mining
of the original Beverley uranium resources, additional uranium deposits have been
found in the area and mining is extending over a larger area. In 2009 Heathgate’s
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exploration group discovered the first of several new deposits to the north of Bev-
erley. The Pepegoona and Pannikan deposits are the first ISR uranium satellite
mines in Australia and form the nuclei of the Beverley North Project.

Mineralization at original Beverley is hosted within a series of palacochannels
~100-140 m below the surface within unconsolidated Beverley sands, silts and
clays of the Miocene Namba Formation. Ore primarily occurs as coffinite and
uraninite associated with organic-rich layers of the palacochannel sediments (Cur-
tis et al. 1990). By contrast, at Beverley North mineralization occurs in the Eocene
Eyre Formation (Stoian 2010) as will be described below.

Geological Setting and Characteristics

A schematic stratigraphic cross-section of the region indicating known uranium
deposits is shown in Fig. 1.

The geological setting of the Beverley deposits is in Tertiary sediments of the
Frome Embayment of the Callabonna sub-basin of the Lake Eyre Basin. These
sediments cover an area of approximately 25.000 km” between the Mount Painter
Inlier in the north-west, the Olary block to the south and Broken Hill block to the
east. Basement to this sub basin may be variably Cretaceous Palaeozoic, Adelaid-
ean or Mid to Lower Proterozoic, generally following that progression from north-
west to south-east. The sub basin comprises an almost flat lying sequence reaching
300 m maximum thickness.

In its southern part, Lower Tertiary (Eocene) Eyre formation sediments are re-
stricted to incised palacovalley infill. Overall gentle palacovalley gradients are to
the north where skeletal valley fill sediments grade into widespread blanket sands
overlying the Cretaceous Frome Embayment.

NORTH SOUTH
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=

@D Silcrete (sil
emmp Uranium mineralisation

F Fault

Fig. 1 Schematic stratigraphic cross-section including Beverley North/Beverley deposits
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Mesoproterozoic, uranium rich granites within infringing or underlying terrains
are considered the source for the uranium mineralization.

Interpretation of seismic data has previously identified the major faults as west-
dipping structures that extend well down into Proterozoic basement rocks and
show west over east compression. The structural regime was established in the
early Palacozoic and has periodically re-activated. The faults generally extend
steeply to within 100 m of surface; some are expressed at the surface.

Uranium mineralization at the currently known Beverley North deposits is in-
terpreted to be in a series of stacked rollfronts. At the first-discovered deposits of
Pepegoona (including its extension, Pepegoona West) and Pannikan mineraliza-
tion occurs between approximately 200 and 260 m below the ground surface.

The main reactive materials within and in the vicinity of the mineralized zones
of Beverley North include the major reductants pyrite and carbonaceous material
as well as calcite (neutralizing), kaolinite and other clay minerals (partly neutraliz-
ing, cation exchange capacity). The overall abundance of both organic carbon and
calcareous minerals is below the empirical limit for acid ISR technology (<3%
and <2% CO, equivalent, respectively, cf. IAEA 2001).

The hydrogeology of the Beverley North area (Heathgate 2010) consists of
a series of Tertiary and Mesozoic sedimentary aquifers and aquitards overlying
a highly variable bedrock aquifer. The deposits are sandwiched between the over-
lying Namba Formation and the underlying Bulldog Shale (Fig.1). The Eyre for-
mation is dominated by sandy lithologies, with thin shale beds in the middle and
lower parts of the sequence and silcrete-like layers in the upper parts. Hydraulic
transmissivity in the zone of interest (Eyre formation) varies from 70 to 240 m*/d

360000

365000

6670000

6665000

(A

0 2

Kilometers

6660000

Fig. 2 Beverley North map and aquifer conditions within Eyre Formation (dashed lines — water
level in Eyre formation, arrows — interpreted groundwater flow)
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(from pump tests) corresponding to groundwater flow velocities in the order of
10 to 25 m/a.

ISR Satellite Mines: Permitting and Operation

The operations of Beverley are subject to stringent environmental regulations. The
mines operate in accordance with the environmental standards and procedures
initiated through a comprehensive environmental impact assessment process
which incorporates input from State and Commonwealth Governments as well as
from the broader community through consultation. This process is ongoing as
continual improvement is sought be all parties. As well as the original Beverley
EIS (Heathgate 1998), thorough reviews and updating of environmental and radia-
tion protection aspects, and public consultation arrangements, were undertaken as
part of the Public Environmental Report (PER) processes for the extension of
mining at Beverley North (Heathgate 2010). At the same time significant review
and associated updates to its Radiation and Radioactive Waste Management Plans
was undertaken (Kutty et al. 2010). Operational documents, namely the current
Mining and Rehabilitation Programs (MARPs) and annual environmental reports
for the Beverley and Beverley North mines are public documents.

Permitting also required consideration of future rehabilitation and mine closure.
At Beverley North, as at Beverley, the area will be returned to low-intensity pas-
toral use. Although the mined aquifer does not meet regulatory guidelines for
potable, irrigation or stock water use, the surrounding aquifers and the Eyre For-
mation aquifer outside the mining lease is to be protected. Kalka et al. (2011)
describe the hydrogeochemical modeling undertaken as part of the permitting

‘waler managamant tanks,

Fig.3 Schematic of ISR operation at Beverley North
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process and Douglas et al. (2011) one of the optional supplementary groundwater
treatments that could be considered if required in the future.

Typically, ISR satellites are standalone operations of wellfields in combination

with an ion-exchange (IX) facility to capture the uranium out of the mining solu-
tion cycle. An ISR operation is schematically shown in Fig. 3. The major compo-
nents of a satellite ISR operation include:

1.

Wellfield consisting of injection and extraction wells both designed with regard
to position and screened interval to enable the most efficient flow of the mining
solution through the ore body and to selectively mobilize uranium by oxidation
[U(IV) minerals — soluble U(VI) uranyl complexes].

. System of lateral monitoring wells (screened intervals at various depths in the

mining aquifer) together with underlying and overlying monitoring wells
within adjacent formations. Monitoring wells are used control the mining solu-
tion within a well-defined area and to avoid any migration of mining solution to
the outside (monitoring data to be assessed in combination with a hydrological
model of the mining aquifer).

. Wellhouses with distributors to the injection wells and collectors to combine

the uranium enriched solution from the extractors towards the IX capture facil-
ity. Wellhouses are equipped with bag filter banks for both extraction and in-
jection solution as well as electrical systems (in particular for the extraction
pumps), measuring gauges, data acquisition system and sampling points.

. IX facility (within a bund) for uranium capture consisting of 3 or 5 columns

operated in merry-go-round (pair(s) of lead and tail columns and one column
idle for resin transfer), see Fig. 4.

Fig. 4 Pepegoona ISR satellite with IX columns on the right



28 H. Marten et al.

5. Water management tanks including barren mining solution tank (de-gassing),
resin transfer infrastructure etc.

6. Bund with storage tanks for leaching chemicals (sulfuric acid and hydrogen
peroxide) together with dosage systems to injection pipeline.

7. Loading/de-loading area (for both chemicals and resin).

. Diesel generator and diesel tank for standalone power supply.

9. Miscellaneous facilities including electrical and digital control systems, work-
place safety facilities, mini-laboratory, etc.

o]

The new satellite plants at Pepegoona and Pannikan undertake the first part of
in-situ recovery mining, absorbing mobilized uranium onto ion-exchange resin
beads. The loaded resin is then trucked to the Beverley plant where the processing
(elution, i.e. de-loading of uranium from the resin, and further down-stream proc-
essing and packing) is completed, and the regenerated resin trucked back to Bever-
ley North sites for re-use.

After a successful field-leach trial in a few wellfield patterns at Pepegoona per-
formed in 2010, the full-scale operation of the Pepegoona satellite plant (also
operating in-situ recovery from the adjacent Pepegoona West deposit) commenced
at the beginning of 2011, followed by the commissioning of the second Pannikan
satellite in July 2011. These two ISR satellites are operated in parallel with the
ongoing recovery from remaining wellfields close to the Beverley plant by using
pipelines to pump the mining solution to the plant and — after capture of uranium —
back to the wellfields (ISR cycle).

As for the original Beverley operation, the ISR chemistry applied to Beverley
North is moderately acidic (sulfuric) in combination with the addition of hydrogen
peroxide as oxidant. Compared with the natural geochemistry within the Namba
formation at Beverley, the Beverley North deposits are hosted in the more reducing
Eyre formation (determined by the abundance of both pyrite and carbonaceous
material). This has required some adjustments of ISR chemistry in the first phase of
wellfield operation (increased acidification, whereas the H,O, dosage is adjusted
under the condition that practically all Fe in the mining solution is oxidized to fer-
ric). The stronger reducing conditions in the mineralized zones at Beverley North
have caused retarded uranium recovery reaching its maximum about 2—-3 months
after wellfield startup, whereas most of the historical Beverley wellfields showed a
maximum recovery within about 0.5 to 1.5 months, followed by the typical decline.
The Beverley North geochemistry is further analyzed in comparison with a reactive
geochemical model in order to optimize ISR performance in the new areas.

Due to the stronger reducing conditions in the Eyre formation it can be ex-
pected that the natural attenuation (NA) after ISR operation will be more efficient
than originally assumed. The computer simulation of NA within post-mining
scenarios (together with enhanced effects by additional measures — ENA) per-
formed by the use of a reactive-transport model (recently published by Kalka et al.
2011) has demonstrated the efficient restoration of the Beverley North aquifer
towards reducing chemical conditions in combination with the compensation of
the introduced acid potential by neutralizing minerals in a reasonable time frame
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(to be shortened by ENA). From the real wellfield performance it can be con-
cluded that characteristic (E)NA decline parameters will be significantly shorter
than predicted by the model so far. Further work to improve the model predictions
is in progress.

Summary and Conclusions

Heathgate has developed two new ISR satellite operations at Beverley North.
After performing a field leach trial in 2010, the ISR satellite wellfields and plants
were commissioned in 2011.

The Beverley North orebodies discovered to date are each significant. Eco-
nomically, each deposit provides a vital ongoing source of production for Heath-
gate’s operations at the Beverley Uranium Mine processing facility. Further, the
new deposits and two satellite processing plants constitute the first instance of
Satellite Mining for ISR uranium mining in Australia. They also open up addi-
tional exploration targets for Heathgate and for the uranium mining industry in
South Australia generally.

The mineralogical and geochemical conditions of the Pepegoona and Pannikan
deposits within the Eocene Eyre formation differ from the historical Beverley
deposits within the Miocene Namba formation considerably. The strongly reduc-
ing chemical milieu within and around the new deposits had to be compensated by
adjusting the ISR chemistry on the one side, but are favorable with respect to post-
mining restoration of the aquifer by natural attenuation effects.

The future validation of the hydrogeological and hydrochemical (E)NA model-
ing based on real-world data will be a valuable opportunity to refine the concep-
tual and numerical modeling tools, as well as providing important evidence of
successful closure of the Beverley North mining areas. It will also be used to op-
timize the ISR operation by balancing the mobilization of uranium against inter-
fering leaching effects.
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Waste Water Treatment of CO, + O, in-situ
Leaching Uranium

Lechang Xu, Naizhong Liu, Guofu Zhang

Abstract. An in-situ leaching uranium mine locates in Northern China. The mine
applies processes of CO,+ O, leaching uranium of ore-bearing aquifer, The mine
reduces consumption of the industrial reagent and water and generation and dis-
charge of waste water as much as possible by comprehensive waste water treat-
ment technology with process water recycle, reverse osmosis and natural evapora-
tion. Process water of the mine that can be recycled and reused include barren
fluid, solution washing loaded resin, solution regenerating barren resin, precipitat-
ing mother solution and filtered liquor of yellow cake.

Introduction

In-situ leaching uranium includes acid and alkaline leaching. Acid in-situ leaching
has been developing for 20 years and now produces 200t U/a. Alkaline in-situ
leaching experiment has carried out for about 10 years. However, commercial
alkaline in-situ leaching uranium mine was not built before 2010.

Alkaline in-situ leaching uranium has obvious environmental advantages over
traditional mining/milling and acid in-situ leaching. But the control and treatment
of liquid effluents from uranium milling operations have assumed greater impor-
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tance because of increased environmental awareness and more stringent regulatory
requirements. Conservation of water has also placed more pressure on mill opera-
tors to recycle water, which both minimizes usage and limits quantities requiring
disposal.

Site Characterization

An in-situ leaching uranium mine locates in Northern China. The topography of the
mine site is flat and spacious (Fig. 1). The precipitation of the site is 200 ~ 577 mm
and evaporation is 1467 ~ 2242 mm. There no surface water system such as lake and
river near the site. The uranium ore body occurs in Yaojia formation of Cretaceous in
212-315 m depth. Yaojia formation is a 21-50 m thickness confined sandstone aqui-
fer overlying 4—-12 m mudstone and underlying 0.5-2 m mudstone. Chemical com-
position in groundwater of the ore-bearing aquifer is simple. Chemical type of the
groundwater is mainly HCO3;—Na and HCOj3-Cl-Na, TDS 3.5-5.7 g/L, groundwater
temperature 15-16°C, pH 7.2-8.4, HCO5; 1120-2520 mg/L, CI" 287-647 mg/L,
SO4* 176-682 g/L, Fe*'/Fe** 0.5-1.5,0, <2 mg/L and U 0.443—1.80 mg/L.

Fig. 1 Topography of the site

In-Situ Leaching Uranium Process

The mine applies processes of CO, + O, leaching uranium of the ore-bearing aqui-
fer, ion-exchange recovering uranium of lixiviate, NaCl+NaHCO; eluting ura-
nium of ion-exchange resin and NaOH precipitating uranium of the eluate.

Wellfield is one of the key part of the process. The wellfield areas have been
divided into mining units for scheduling development. The wellfield of the first
developed area consists of 5Smining units with 246 injection wells, 105 recovery
wells and 15 monitoring wells which is about 50-100 m away from the nearest
mining unit boundary (Fig. 2).
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Injection and recovery wells are cased and cemented to isolate the open hole or
screened ore bearing interval from all other aquifers. The specification of injection
and recovery well is @148 x 14 mm and @100 x 10 mm, respectively.

Wellfields were arranged as seven-spot pattern, which is 6 injection wells ar-
ranged in a hexagon with the recovery or extraction well in the centre (Fig. 3). The
distance between injection and recovery well is 35 m. All wells, including monitor
wells, were connected via buried pipelines to a wellfield “headerhouse” where
injection and recovery well flow meters, pressure gauges, flow controls, oxygen
mixers, and sample ports were located.
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Waste Water Treatment

The mine reduces consumption of the industrial reagent and water and generation and
discharge of waste water as much as possible by comprehensive waste water treat-
ment technology of process water recycle, reverse osmosis and natural evaporation.

Water Recycle and Reuse

During production operations, about 99.5% of the produced water is re-fortified
with oxygen and carbon dioxide gas and re-injected into the wellfield. A bleed of
0.5% is taken to maintain a hydrological cone of depression to ensure the leach
solutions are contained within the wellfield.

Process water of the mine that can be recycled and reused include barren fluid,
solution washing loaded resin, waste solution regenerating barren resin, precipitat-
ing mother solution and filtered liquor of yellow cake.

99.5% of barren fluid is recycled to make up of leachant, wash loaded and bar-
ren resin and regenerate barren resin. The solutions from washing loading resin are
also recycled to make up of leachant. 90% of precipitating mother solution is re-
cycled as eluant. The resin regeneration waste solutions generate 25% salt water
and 75% fresh water by reverse osmosis treatment. 52% of the fresh water is recy-
cled as leachant, 35% of the fresh water is used to irrigate local grass and 13% of
the fresh water is used to wash yellow cake. Filtered liquor of yellow cake is recy-
cled as yellow cake precipitation. In the end, radioactive waste water of the mine
is only from small barren fluid and precipitation mother solution.

Reverse Osmosis

The resin regeneration waste solutions containing higher chloride and other chem-
ical constituents are treated by reverse osmosis as mentioned above.

The reverse osmosis facility is given in Fig. 4.

Technical parameters of the reverse osmosis treatment technology are given in
Table 1.

Nature Evaporation

Salt water from osmosis, waste solution from washing barren resin and 10% of
precipitating mother solution are pumped in evaporation pond and be treated by
nature evaporation (Fig. 5).
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Fig. 4 Reverse osmosis facility

Fig. 5 Evaporation pond and evaporating waste water

Table 1 Parameters of reverse osmosis

Parameter Index
Treatment capacity 40m*/h
Chloride concentration of feed solution <2.0g/L

RO Recovery 75%

Typical Salt Rejection 90%-95%
Operation mode Intermittence

The evaporation pond can be preventing from seepage by setting 2 layer of
0.3 mm thick HDPE and 1 layer of 600 mm thick compacted clay.

The evaporation pond has a total capacity of 23,855 m® with the total area of
16,570 m? and a depth of 1 m.

Groundwater Quality and Waste Water Treatment Efficiency

Tables 2 and 3 present groundwater quality and reverse osmosis treatment effi-
ciency.
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Table 2 Groundwater quality

Monitoring H U Ra As Se F Cl SO
point P (mg/L) (Bg/L) (ngl) (pgl) (mgll) (mgl) (mgl)
GC-01 8.82 0.438 0.053 142 6.22 4.45 174 239
GC-02 7.80 0.503 0.176  19.8 7.25 4.70 279 478
GC-03 7.80 0.288 0.091 8.62 4.0 1.71 232 233
GC-04 8.4 0.569 0.117 204 <2.0 413 473 538
GC-05 8.1 0.320 0.168 159 <2.0 2.82 493 603
GC-06 7.9 0.229 0296 24.0 7.46 1.47 324 381
GC-07 8.0 0.458 0.117  4.02 <2.0 1.67 129 44.8
GC-08 7.95 0.200 0.349 16.5 2.10 1.18 516 560
GC-09 7.86 0.495 0.016 4.26 11.3 <1.0 1380 1410
GC-10 7.90 0.483 0344 185 9.62 <1.0 826 1010
GC-11 8.05 0.164 0314 158 7.26 1.51 681 712
GC-12 8.12 0.183 0.477 875 17.8 1.20 770 859
GC-13 8.18 0.105 0.170  21.0 2.04 <1.0 646 745
Upper aquifer  7.97 0.004 0.005 3.42 4.72 <1.0 7.17 <2.0
Criteria * 6.5-85 — - <50 <10 <1.0 <250 <250

? Criteria is taken from III class of GB/T 14848-93.

Table 3 Contaminants removal efficiency of reverse osmosis

Monitoring U 2Ra As Se F Ccr S0,
point (mg/L)  (Bg/L) (ng/L) (ng/L) (mg/L)  (mg/L) (mg/L)
Raw water 0.062 0.671  4.84 329 1.99 1080 97.0
Salt water 0.102 24 261 1200 8.07 4490 403
Fresh water  0.047 0.093 <2.0 1.62 <1.0 39.3 <2.0
Removal 24.19 86.14 >5868 99.51 >4975  96.36 >97.94
efficiency (%)

Criteria * 0.05 1.1 50 20 2 250
U and ***Ra are taken from GB23727-2009; As, Se, F_ and CI” are taken from GB5084-2005.

It is known from Table 2 that the groundwater quality of the site is more re-
markable spacious variation and has slightly higher background. However, most
of the chemical constituents in groundwater meet III class water quality of “Qual-
ity standard for ground water” (GB/T 14848-93).

Table 2 shows that reverse osmosis has very higher treatment efficiency. U and
2°Ra concentration of fresh water from reverse osmosis meet “regulations for radia-
tion and environment protection in uranium mining and milling” (GB 23727-2009);
As, Se, F and Cl” meet “Standards for irrigation water quality” (GB5084-2005).
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Conclusions

Alkaline in-situ leaching uranium has more obvious environmental advantages
over traditional uranium mining/milling and acid in-situ leaching. But the mine is
the first commercial alkaline in-situ leaching uranium mine in China and its waste
water treatment has still assumed greater importance. The comprehensive waste
water treatment technology with process water recycle, reverse osmosis and natu-
ral evaporation is very effective technology. It reduces not only consumption of
the industrial reagent and water, but also generation and discharge of waste water
as much as possible.
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Radiation Protection and Environmental
Safety Surveillance in Uranium Mining
and Ore Processing in India

A.H. Khan, V.D. Puranik

Abstract. Radiation protection and environmental safety surveillance has been
an integral part of the entire uranium mining and ore processing industry in India
since the first uranium mine and the mill were commissioned at Jaduguda in 1967.
Workplace and environmental monitoring for gamma radiation, radon, airborne
long-lived alpha activity and evaluation of workers’ exposure are undertaken in all
facilities. Treated tailings are safely confined in engineered containment facilities
and regularly monitored to ensure regulatory compliance. Many monitoring de-
vices such as scintillation cell, low level radon detection system, continuous radon
monitor, Rn working level meter and SSNTD/TLD based personal dosimeters
have been indigenously developed, calibrated and used for monitoring of work-
place, personnel and the environment including dwellings. Regular up-gradation
of mining and ore processing operations including ventilation system has helped in
keeping workers’ exposures well below the prescribed limit. Treated effluents are
mostly recycled for use in plants. All releases to the environment are monitored.
Used up part of the tailings pond is being provided with appropriate soil and vege-
tation cover to reduce gamma radiation and radon flux to near natural background
levels. Radiation dose to mine workers has shown a downward trend averaging
around 5mSv.y ' during the past several years. The indigenously developed in-
struments and monitoring methodologies are described and workplace and envi-
ronmental monitoring data for over a decade are summarized in this paper. Role of
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vegetation and plants in the long-term stabilization, confinement and remediation
of uranium tailings is discussed. Impact of the operations on the public domain is
found to be negligible.

Introduction

Several low grade uranium ore deposits are identified in different parts of India.
Uranium mining and ore processing commenced at Jaduguda in eastern India in
mid 1960s. Subsequently, other mines were developed and are in operation at
Bhatin, Narwapahar, Turamdih, Banduhurang and Bagjata in the same region
with an addition large mill at Turamdih commissioned in 2007. Now, another
mine and an ore processing mill are being developed at Tumallapalle in southern
India. Proposals for development of other deposits are underway. The low grade
of ore requires large tonnages to be mined simultaneously from several workings
which, in turn, require relatively large workforce. Similarly, the processing plant
and tailings management also need significant man power. Workers are exposed
to radon and its progeny along with low levels of gamma radiation and airborne
ore dust of low specific activity. The workplace and environmental radiation
monitoring and evaluation of dose to workers are regularly carried out in all the
facilities by an independent Environmental Survey Laboratory and Health Physics
Unit established at site by the Bhabha Atomic Research Centre (Beri 1998;
Bhasin 1998a, b, 1999; Gupta 2004). A brief description of the monitoring meth-
odologies, indigenously developed instruments and dose evaluation with a sum-
mary of results is presented in this paper.

Materials and Methods

Internal exposure of workers is evaluated by monitoring radon at the workplace
and occupancy period using an equilibrium factor. The external radiation exposure
is evaluated either by area monitoring and occupancy period or by deploying per-
sonal thermo-luminescent dosimeters (TLDs).

Development of Monitoring Devices

The main radiation dose in mines arises from inhalation of radon with its progeny.
Radon in mines is monitored using pre-evacuated scintillation cells while in lower
concentration areas like the mill, tailings site and the environment a low level
radon detection system (LLRDS) or a solid state nuclear track detector based ra-
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don dosimeter is used. Often, radon and the potential alpha energy concentration
of its progeny are measured simultaneously to evaluate the equilibrium factor, F.

Scintillation Cell Technique

The indigenously developed and calibrated scintillation cell technique is one of the
simplest and very convenient for collection of large number of air sample from the
mine workings. It is a 150 ml metallic cylindrical cell coated inside with ZnS(Ag)
with a transparent window which is optically coupled to a photomultiplier tube
and counting system as shown in Fig. 1.

Pre-filtered air is introduced into the evacuated cell which is later counted for al-
pha activity over a known period, typically for about 600s after ~ 180 min post
sampling, when the progeny attain equilibrium with radon in the cell. Radon con-
centration is estimated using the relation (Raghavayya 1981),

B 0.0697xC
EV .exp(=\t).[1—-exp(—AT)]

CRn

where

Cg, — radon concentration, Bq/m >

C —net count rate (cps)

E — efficiency of counting (fraction)
V' —volume of the sampler (m )

A —decay constant of radon (s )

t —time delay post-sampling

T - counting period (s)

Fig. 1 Radon sampling and counting system
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Low Level Radon Detection System (LLRDS)

This indigenously developed system is based on electro-deposition of freshly
formed positively charged (~90%) *'*Po atoms on a negatively charged plate for
a predetermined collection and alpha counting period (Srivastava et al, 1984). The
system consists of a 5 liter cylindrical aluminum chamber with a ~5cm dia Al
disk on the top lid. Filtered air is introduced in the system. A negative voltage of
—800V supplied to the metallic disc for a period of about 90 min and the alpha
activity deposited on the plate is counted ideally from 1 to 75 min post collection.
The radon concentration is estimated from the relation,

C, = C
Rn E.V.Z.0.9(l—6(0'042H_4'31))

where

C —net counts observed

E — efficiency of the counter

V' —volume of the chamber (m?)

H —relative humidity in the sample (%)
Z —alpha emission factor

zZ= 23:1([ (1 —e M )(e_}”"T‘ —eMb )
i=1

K1=277s,K,=982s, K3=-5599 s
A — decay constant of the radon daughters (s ')

This system is also used for measurement of radon in the exhaled breath of
workers to evaluate internally deposited radium inhaled in the form of ore dust
(Srivastava 1983).

Continuous Radon Monitor

A continuous radon monitoring (CRM) system has been developed to monitor the
diurnal variations in radon concentrations near the tailings facility and in the envi-
ronment (Khan et al. 1989). The CRM is a 600 ml perforated cylindrical chamber
covered with suitable foam and provided with a negatively charged plate at the
bottom and a ZnS (Ag) scintillator at the top optically coupled to photomultiplier
tube and counting assembly. Air with radon diffuses into the chamber and freshly
formed, positively charged radon daughters are deposited on the negatively
charged plate at the bottom. Size of the chamber is such that only alpha particles
from radon reach the scintillator. A portable microprocessor attached to the coun-
ter receives the pulse out put from the counter for preset time and stores for subse-
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quent display. The system has been modified for continuous use for several days
(Ashokkumar 2008). A data transmission system can be attached for on-line
measurement of radon.

Radon Progeny Working Level Meter

A radon progeny working level monitor has also been developed for use in mines.
It comprises of a small portable air sampler, an alpha counter and a microproces-
sor housed in an aluminum casing. The sampling and counting are programmed
and the microprocessor attached to the unit receives the pulses from the counter
and displays radon progeny WL (Khan et al. 1989). The system can measure radon
progeny down to 10 mWL.

SSNTD Based Radon Evaluation

For evaluation of very low levels of radon in the environment or in dwellings and
for dosimetry of mine workers a system for integrated measurement of radon us-
ing SSNTD has been developed and calibrated. The system is shown in Fig. 2.

The device comprises of a 60 ml cylindrical aluminum chamber covered with
a permeable membrane which allows only radon to diffuse in, due to its rela-
tively longer half life, and serves as a barrier for Rn-219, Rn-220 and aerosols. A
1.8cm x 3 cm SSNTD film is placed between two TLD chips mounted on a disc at

INTEGRATED RADON
DOSIMETRY

I

Fig.2 SSNTD and TLD based Rn and y dosimeter
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the base of the chamber. The SSNTD film and the TLD in the chamber are re-
placed every two months. The TLDs are processed to give cumulative gamma
radiation exposure. The SSNTD film is etched with 10% sodium hydroxide solu-
tion at a temperature of 60°C for 90 min. The tracks are electronically counted
which are correlated to radon exposure using a calibration system (Jha and Ragha-
vayya 1983; Raghavayya et al 1986). The cumulative radon exposure is obtained
from the track density as,

E(Bghl™)=0554T,

where E is the cumulative exposure, T is track density per cm?, h is the exposure
period in hours and 0.554 is the calibration factor between the track density and
radon concentration (Bq.I'™").

Average radon concentration for the exposure period can be obtained from the
relation,

C(Bql™)=0.554T/h.

Dose Evaluation

Average Radon Concentrations

The ventilation system in all the underground mines is regularly reviewed and
upgraded to keep radon and progeny concentrations well within the regulatory
limits. Average radon concentration trend in the Jaduguda uranium mine during
the past decade is shown in Fig. 3.

Radon Conc (Bg/m®) EER

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010
Year

Fig. 3 Average radon concentrations in Jaduguda mine (2000-2010)
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Dose Evaluation for Mine Workers

For dose evaluation, radon progeny concentration (WL) is computed from the radon
monitoring data and the average equilibrium factor ‘F’ for different locations. From
the progeny concentrations (WL), occupancy period and gamma dose rate obtained
from the TLD, the annual effective dose is given as (Khan et al. 2009),

K.A.Zn: WLT,

H(mSv)=—~_———+» GT,
ey 170 z i

where

H = effective dose, mSv

K = conversion factor (1 WLM=5mSv)

WL; = radon daughter conc. at ith location (WL)
T; = time spent at ith location (h)

n  =no. of locations

A = annual attendance (d/y)

G; = gamma dose rate at ith location.

The average internal and external doses to workers from all the five underground
and one opencast mine during the period of 2006 to 2010 are shown in Fig. 4.

10 4

O Internal exposure
W External exposure

Annual per caput dose (mSv)
h

Only Open
cast mine

Turamdih Bagjata

Jaduguda Bhatin Narwapahar Bandhuhurang

Uranium mines

Fig. 4 Average doses to workers in different uranium mines (2006-2010)
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Fig. 5 Average dose to Jaduguda mine workers from during 1964-2010

The underground mines at Jaduguda, Bhatin and Narwapahar have been operat-
ing for over 30 to 40 years and their ventilation systems are well developed and
stabilized. The Turamdih and Bagjata mines are in the process of development
where ventilation systems are in the process of up-gradation by opening up of
fresh air routes for radon control. Hence, while the average radiation doses in the
older mines are around 4 to 5.5mSv-y ' showing a gradual downward trend, the
doses in Turamdih mine are in the range of 6 to 6.5mSv-y '. Improvement in the
ventilation system is in progress to bring down the average doses to an optimum
level around 5 mSv-y . The slightly increasing trend in the opencast mines is due
to relatively better grade of ore with increasing depth of the mine.

Dose records are maintained for individual workers. The annual average radia-
tion doses to workers in Jaduguda mine during 1965 to 2010 are shown in Fig. 5.
A consistently reducing trend is seen in the radiation doses to Jaduguda mine
workers during the last 9 years.

Workers are also monitored for internally deposited radium-226 by radon
measurement in exhaled breath (Srivastava, 1983).

Dose to Mill Workers

Radiation, radon and airborne radioactivity are regularly monitored in mill. Dose
to the mill workers is relatively small as most of the operations are carried out in
buildings with adequate natural ventilation augmented by well designed ventila-
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tion systems and appropriate enclosures. The average dose to mill workers during
the past five years has been around 1.7mSv-y ' (Khan et al 2009). Bioassay of
mill workers is also carried out, especially for workers in the final product section.
These are well within the appropriate limit.

Environmental Monitoring

Environmental monitoring around the mining facility, especially around the tail-
ings, is carried out regularly. Gamma radiation and radon are monitored using
TLDs and LLRDs, respectively. Sampling and analysis of effluents and the ground
and surface waters are carried out ensure that operations comply with regulatory
norms and exposure of members of the public is kept well with in the prescribed
limits. Analysis of soil, vegetation, plants and local foodstuff is also undertaken
periodically.

The radon levels at 1 m above the tailings pond surface and the tailings em-
bankment are typically around 30-35Bq-m > and 20 Bq'm >, respectively, which
reduces to the natural background level of about 10—15Bq-m > within a short dis-
tance. Similarly, the gamma radiation on the tailings surface vary from 1.50 to
3.00 uGy-h', which reduce to around 0.40 uGy-h™' at the embankment and reach
the natural background level of 0.10 to 0.15 uGy-h ' with in 20 to 30 m from the
embankment (Khan et al 2000, Jha et al, 2001, Kumar et al, 2006).

Radon and radiation levels are also monitored in the dwellings in the region.
The radon levels vary from 25 to 185Bq'm and average around 100Bg:m .
The gamma radiation levels vary from 0.07 to 0.20 uGy-h', averaging around
0.13 uGy-h™'. These levels are similar to those reported from many regions in
India and abroad with temperate climate (Khan and Puranik 2010).

Tailings Management and Remediation

The uranium mill tailings management system comprises of treatment of barren
liquor from the ion exchange columns in uranium mill with lime stone slurry fol-
lowed by addition of lime slurry to raise the pH to 10-10.5 and mixing with the
barren cake slurry, obtained after filtration of the dissolved uranium. The pH is
maintained above 9.5 to precipitate the residual uranium, radium, other radionu-
clide and chemical pollutants. The treated slurry is classified into coarse and fine
fractions. The coarse material, forming nearly 50% of the total mass, is backfilled
in mines. The fine tailings are pumped to an engineered tailings pond for perma-
nent containment.

At present there are three valley-dam type of tailings ponds at Jaduguda. The
first and second tailings ponds of about 33 and 14 hectare (ha) surface area, re-
spectively, located adjacent to each are now nearly filled up. The third stage of the
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tailings pond having an area of about 30 ha is currently in use. The underlying soil
and the bedrock of these tailings ponds have very low permeability.

The effluents from the tailings pond are clarified and a major portion is recy-
cled for use in the milling process. The rest is treated first with BaCl, and then
with lime slurry to precipitate the radioactive and chemical pollutants, especially
*Ra and Mn. It is clarified and the settled sludge carrying the Ba(Ra)SO, and
Mn(OH), precipitates is returned to the tailings pond with the main tailings and
the clear effluent is discharged to environment after monitoring.

Remediation of the used up part of the mill tailings is an important aspect of
radiation and environmental safety in uranium industry.

As an interim measure, vegetation cover of grass and shrubs, not grazed by cat-
tle, such as Saccharum spontaneum, Typha latifolia, Ipomoea carnia and lantana
are grown over the used up portion of the first two tailings ponds. Some plants
pick up radioactivity and trace metals from tailings or the cover material which
may have a small potential of reaching cattle and the human food chain. Hence,
uptake of radionuclide by these plants and shrubs including the cynodon dactylon
grass has been studied. The cynodon dactylon shows highest affinity for Mn and
Zn which are present in the tailings. It is also the only component of vegetation
that may be grazed by cattle. All other species mentioned above showed soil to
plant transfer factor in the range of 10~ to 10%. Typha latifolia showed relatively
higher uptake (Basu et al. 2000). Roots of vetiver grass (vetiveria zyzanoides) are
found to have good soil binding properties but laboratory experiments show a high
uptake for uranium from the tailings (Venu Babu 2007). Hence, this grass may be
a good candidate for phytoremediation.

On an experimental basis, soil cover has been provided on one of the tailings
ponds to reduce radiation levels and radon emanation rate to near natural back-
ground levels. After studying its effectiveness other used up parts may be provided
with an appropriate soil cover. Studies are under way to provide vegetation cover
of such grass and shrubs which have low pick up of radionuclides or heavy metals,
have shallow root penetration and are not grazed by cattle.
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Estimates of Effective Doses Among Czech
Uranium Miners

Ladislav Tomasek, Jiri Hulka, Petr Rulik, Helena Mala, Irena Malatova,
Vera Beckova

Abstract. Radiation doses in Czech uranium mines are estimated using meas-
urements of physical and chemical characteristics of the mining aerosol. The main
parameters were: size, chemical solubility in lung fluid, and amount of Rn gas
emanating from uranium particles. Based on these parameters, committed effec-
tive doses from long lived radionuclides in uranium dust were calculated using the
IMBA software. In conditions at mine Rozna in 2000-2009, mean annual effective
doses are 1.9 mSv from long lived radionuclides, 4.1 mSv from radon and its prog-
eny and 2.2 mSv from external gamma radiation.

Introduction

Radiogenic risk in uranium mines is usually linked to radon exposure, particularly
in earlier periods of mining, when ventilation in mines was limited. At present,
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radon levels are 1-2 orders of magnitude lower. Therefore, exposures to other
radiation components — external gamma and long lived radionuclides in mining
aerosol are of increased importance.

Czech uranium mining started on industrial base in the 1890s. It is estimated
that the total production has been 110.000t of uranium and the uranium industry
has employed nearly 100.000 underground workers.

The aim of this report is to estimate size distribution of aerosol particles con-
taining uranium and its decay products in uranium mine Rozna I in dependence on
conditions in the mine and mill.

Methods

The estimation of physical parameters of mine aerosol was based on samplings
and measurements in mine Rozna I, where the ore is mined from the depth up to
1200m. Five and six stage cascade impactors were repeatedly placed at three
different sites where higher dust content was expected — at stopes, at crushing
plants, and at the end of the chute where carts are loaded by the ore. Gamma spec-
trometric analyses were performed using HPGe detectors.

The radiation dose from the mine aerosol depends on several physical and
chemical parameters. The physical ones include isotopic composition, including
proportion of radon activity escaping from particles, which determines how the
gross alpha activity is distributed into radionuclides of the uranium series. Estimates
of this proportions in terms of activities of Rn decay products (Bi-214, Pb-214) and
Ra-226 were based on gamma spectrometry as above. The particle size in terms of
activity median aerodynamic diameter (AMAD) for each working site were esti-
mated assuming log-normal distribution of activities corresponding to stages of
cascade impactors (Hinds 1999), including geometric standard deviations (GSD).

Chemical parameters of particles, particularly the solubility of particles in lung
fluid, were estimated by own measurements for U-234 and U-238 (Beckova and
Malatova 2008) and parameters for other radionuclides were taken from (Duport
et al. 1991).

For conversion of unit intakes into effective doses, we used software IMBA
(Integrated Modules for Bioassay Analysis), which implements the biokinetic and
dosimetric models currently recommended by the International Commission on
Radiological Protection (ICRP) and enables the users to specify their own parame-
ter values to the customized internal dose calculations (IMBA 2005).

Results

Samplings in mines resulted in a total of 14 data sets. The character of activity
distribution obtained from these samplings is similar. The highest fraction of ac-
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tivities is in the two last categories (4.2—10.2 and > 10.2 pm) and lowest fraction in
category 0.39-0.69 um. Surprisingly, the activity in the very low category
(<0.39 um) is higher then in next categories suggesting bi-modal distribution. For
these reasons, analyses were conducted ignoring the first category (representing
about 20% of activities) and parameters (AMAD and GSD) were estimated from
such limited data. Particle size for different working sites in terms of AMAD were
in the range 2.0-9.2 um with the mean of 7.3 um and GSD were in the range 2.1—
6.5 with the mean 3.2. These results generally correspond to data in workplaces
(Dorrian and Bailey 1995).

The fraction of escaped radon in different samplings varied from 32% to 63%.
The mean value was 43%. Based of this observation, the isotopic composition of
U-238 series can is summarized in Table 1. The weights in this table indicate frac-
tions of alpha radionuclides, both long lived (LL) and short lived (SL) in the gross
alpha activity.

Effective doses from unit intake of radionuclides were calculated for long lived
radionuclides. These calculations were performed using the IMBA software
(IMBA 2005) with user defined absorption parameters (Table 2) similarly as in
(Marsh et al. 2011). Results of these calculations in terms of conversion coeffi-
cients are given in Table 3 containing calculations for different particle sizes
(AMAD <0.4um and AMAD=35, 10, and 7um). The resulting conversion of
3.4 mSv/kBq corresponding to AMAD =7 um was used to illustrate mean annual

Table 1 Isotopic composition and numbers of alpha emitters assuming 43% radon escape for
U-238 and U-235 decay series

Emitter type® Weight”

U-238 LL 1
U-234 LL 1
Th-230 LL 1
Ra-226 LL 1
Rn-222 SL 0.57
Po-218 SL 0.57
Po-214 SL 0.57
Po-210 LL 0.57
Total 6.28
U-235 LL 0.0526
Pa-231 LL 0.0526
Th-227 LL 0.0526
Ra-223 LL 0.0526
Rn-219 SL 0.0526
Po-215 SL 0.0526
Bi-211 SL 0.0526
Total 0.3682

* Emitter type: long lived (LL), short lived (SL)
" Assuming fraction 2*U/>*U=0.0526 and 43% Rn escape, i.c., n=6.65 alpha emitters
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Table 2 Absorption parameters of long lived radionuclides

Nuclide 5 s dh’ s (d'Y £
229Ra, 2°Ra, **Ra 0.11 7.32 0.000412 0.2
210py, 0.26 3.91 0.00101 0.2
28Th, 2°Th, »>Th 0.14 456 0.000683 0.0005
By, P, P 0.22 0.78 0.00144 0.2
Blpy 0.18 4.1 0.000886 0.0005
2TAc 0.18 4.1 0.000886 0.0005
210p, 0.18 4.1 0.000886 0.1

 Rapid fraction

® Solubility of rapid component

¢ Solubility of slow component

¢ Fraction of activity absorbed in blood from intestines

Table 3 Estimates of conversion coefficients (mSv/kBq) for different long lived radionuclides
and particle size (AMAD) assuming 43% radon escape and resulting conversion for U-238 and
U-235 series

AMAD <04wm Spwm  10um 7pum  Sum® 10um?® Tum®
U-238 5.84 3.09 1.87 2.50 3.72 2.75 3.25
U-234 6.79 3.98 2.41 3.23 4.64 3.38 4.04
Th-230 8.78 4.96 3.06 4.04 5.83 4.34 5.09
Ra-226 10.6 6.18 3.92 5.09 7.18 5.38 6.31
Po-210 5.15 3.32 1.80 2.60 3.78 2.56 3.20
Pb-210 0.76 1.10 0.94 1.02 1.03 0.90 0.97
U-235 6.19 3.41 2.07 2.76 4.05 2.98 3.53
Pa-231 10.3 5.82 3.56 4.73 6.84 5.03 5.96
Ac-227 36.2 24.5 15.0 19.9 27.1 19.5 23.5
weighted sum ° 38.09 22.46  13.88 18.33  26.07 19.20 22.76
resulting conversion 5.8 34 2.1 2.8 3.9 2.9 34

* Correction for 20% fraction of fine particles (< 0.4 um)
® Assuming fraction 2*U/>*U=0.0526 and 43% Rn escape, i.e., n=6.61 alpha emitters

effective doses at mine Rozna in the period 2000-2009, which is 1.9 mSv. For
comparison, the mean effective annual dose from radon and its decay products is
4.1 mSv using the latest recommendation of ICRP on radon (ICRP 2009) and the
mean annual doses from external radiation is 2.2 mSv.
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Evaluation of Transboundary Impact
of Toxic Metals of Uranium Mine Mailoo-Suu
(Kyrgyzstan)

V.B. Aparin, J.P. Voronova, S.K. Smirnova

Abstract. Uranium mine Mailoo-Suu is located within the valley of the same
name river in Kyrgyzstan territory. Tailings impoundments and heaps of Mailoo-
Suu are the sources of contamination of surface waters with radionuclides and
heavy metals — selenium, arsenic, manganese, copper. In bottom sediments height-
ened contents of uranium, selenium, chromium, nickel, cobalt are established. In
plants and human biosubstrata (nails, hair) are established high contents of sele-
nium, uranium, molybdenum, nickel, zinc.

Introduction

The frontier between Uzbekistan and Kyrgyzstan lies through piedmont part of the
Ferghana intermountain depression, located within Tiyn Shan mountain System.
Uranium deposit Mailoo-Suu is located within the valley of the same name
river (Fig. 1) in Kyrgyzstan territory at a distance of 30 km from the frontier of
Uzbekistan. Here as a result of working of the Western metallurgical plant which
during 22 years (1946—1968) has been intensively treated of uranium ores of the
deposit, as well as ores from the Eastern Germany, Czechoslovakia, Bulgaria and
China, radioactive wastes have been accumulated. They are concentrated within
23 tailings impoundments and 13 heaps of non-commercial ores. 16 tailings im-
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U tailings
impoundments

Mailoo-Suu
settlements

Fig. 1 Location of Mailoo-Suu settlements and tailings impoundments within relief

poundments out of 23 were build according to projects, but within the other 7
accumulation of tails took place without order. Total volume of radioactive tails is
near 2 million m® or more than 4 million t.

As a result of investigation of tailings impoundments # 3,7,10 it was estab-
lished that buried radioactive tails are thin crushed limestones in paste condition.
Chemical composition of wastes is corresponded to initial content of uranium ore.
Besides radionuclides there are established heightened concentrations of lead,
molybdenum, vanadium. As well as in tails material toxic chemical reagents, us-
ing for extraction and enrichment of uranium oxide, are contained. Among them
there are: sulfuric acid, manganese oxides, ammonium sulfates, arsenic, etc. The
main radionuclide is radium created maximum equivalent dose (MED) some thou-
sand microroentgen/hour (mcR/h). Besides radium within tailings impoundments
have been concentrated significant quantities of thorium, the most part of it is
represented with its isotope — ionium (Th-230), as well as uranium remnants. Ra-
dioactive wastes are concentrated within 13 non-cultivated heaps and are non-
commercial ores with radioactivity up to the first hundreds mcR/h.

Materials and Methods

Field works are necessary to collect samples for this study. Sampling of rocks,
dumps, soils, waters and plants have been carried out in four above mentioned
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locations. It is designed to assess the spatial distribution of heavy metals in the
area.

Rock and ore samples have been crushed to <2 mm in a jaw crusher, quartered
and then pulverized using “Pulverizette 6” grinding mill. Dry plant samples and
soil samples have been disaggregated, sieved and pulverized. Selected ore, tailings
and soils samples have been subjected to density separation using heavy liquids.
High density fraction have been made into polished mounts.

Preliminary study of sample compositions (major and some trace elements)
have been carried out using XRF spectrometer (Oxford Instruments ED-2000Rh).
Major minerals have been identified using X-ray diffractometer (DRON-2). Pow-
dered solid samples have been digested with appropriate acids (HNO3/HCIO4;
aqua regial) using microwave digestion system (Paar Physica “Multiwave”). Some
of quartered samples have been leached with deionized water (> 18 MOhm) to
determine water-soluble elements. Resulted solutions as well as water samples
have been analyzed for radioactive and heavy metals by ICP-MS (Perkin Elmer-
Sciex ELAN-6000).

Mineral forms of heavy and radioactive metals have been studied in polished
mounts using electron microprobe (JEOL JXA-8800R, 3 wavelength spectrome-
ters and 1 energy-depressive spectrometer Link ISIS-300).

Results and Discussion

Tails composition corresponds to composition of ore which was treated at that
moment. Analysis of tails of tailings impoundment #3 (Table 1) shows that car-
bonates and silicates are prevailed, as well as following metal concentrations:
uranium — up to 0,1-0,15%; selenium — 2636 mg/kg; copper — 0,11-0,18%; man-
ganese — 0,5-1,0%; cobalt — 20—34 mg/kg. Total a-activity of tails is ranged from
67 up to 113 thousand Bq/kg, that can be regarded to radioactive wastes according
classification.

Using electron microprobe analyses a number of minerals were studied in tail-
ings: uraninite, orthobrannerite, selenian pyrite, uranotallite, nisbite, cerussite, etc.

Table 1 Data of chemical sampling of tails in tailings impoundment #3

Area Chemical composition of tails, Content of toxic metals in tails,
% mg/kg
Ca0-35.1, CO,-22.8, Si0-25.8, U-1500, Th-3.64, Mn-10285,
Tailing impound- AL,03-4.7, MgO-3.07, Fe,05-3,28, Cu-1879, As-52.6, Se-26.45,
ment #3, depth 6m Na,0-0.82, K,0-1.07, TiO,-0.35, Pb-44.2, Co-33.47, Ni-44.9, Zn-99,
P,05-0.06, SO;5-1.19, CI-0.01 Sr-293, Mo-4.42, Cd-1.11
Tailings im- Ca0-42.4, CO,-31.0, SiO-15.8, U-1000, Th-3.07, Mn-5696,
AlLO3-2.6, MgO-2.75, Fe;0;-2.36, Cu- 1059, As-43.8, Se-35.71,
poundment#3,  \) 5.0.47, K,0-0.67, Ti0>0.19,  Pb-26, Co-19.93, Ni-49, Zn-62.4,

depth 12 P,05-0.04, S05-0.69, C1-0.01 Sr-291, Mo-3.09, Cd-0.7
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Dissolution of these minerals by percolated water is a reason for contamination of
adjacent areas.

Tailing impoundments of uranium deposit Mailoo-Suu are buried with neutral
soils of 15-25 cm thickness. On surface of impoundment gamma-radiation chang-
es from background values up to anomalous ones (100-500 mcR/h). Heightened
values were observed locally in setting of impoundments as well. As a result there
was established that on the surface of soil cover of tailings impoundments take
place contaminations with chromium and especially selenium. Contents of sele-
nium are from 2 to 20 mg/kg. This contamination are fixed within all impound-
ments. For some of them weak contamination with nickel, cobalt, lead, zinc, cad-
mium is observed. These elements are not characterized for ores of Mailoo-Suu
deposit and to all appearance they were connected with imported ores from Ger-
many and Czechoslovakia.

In marginal parts and borders of impoundments anomalous concentrations of
selenium, chromium and for some of them, uranium, molybdenum, manganese,
lead, zinc are observed as well. Migration of significant amounts of heavy metals
into soil cover is connected with two manner of migration: mechanical (owing to
destruction and removal tails from impoundments) and migration of elements in
soluble (ionic) form.

Thus, top-soil of Mailoo-Suu tailings impoundments are contaminated with ra-
dionuclides and heavy metals — selenium, chromium, uranium, molybdenum,
manganese, lead, zinc.

Analyses of water samples from Mailoo-Suu river was shown that in limits of
studied region river waters are fresh, weak alkaline, with normal gustatory sense.
Their mineralization is rather increased from the north to the south (from 0.19 to
0.26 g/1), composition as a rule, is stable (bicarbonate, calcic-sodic). Hardness of
water is changed from 2.5 to 3.3 mg/eq.

Microcomponent content of river water (Table 2) is characterized mainly by
low concentrations of elements. Uranium content in water is increased down-
stream from 0.2 up to 6-11 mcg/l, content of radium — from 5*10 " to 1¥10'* Ci/l,
selenium — from 1 to 6 mcg/l. Below the Mailoo-Suu settlement contents of lead,
zinc, molybdenum are increased sharply. This is connected with technogenic pol-
lution stipulated by electric bulb’ plant activity.

Ground waters are pinched out down the river bed of Mailoo-Suu and in foots
of tailings impoundments. In such a case waters are especially polluted. In ground

Table 2 Microcomponent content of Mailoo-Suu river water

Point Cr Mn Co Ni Cu Zn As Se Mo Sb Pb U
mcg/l mg/l mcg/l mcg/l mcg/l mecg/l mecg/l mecg/l meg/l meg/l meg/l meg/l

Ml 1.6 023 <02 041 031 1.05 092 1.03 035 0.15 <02 021
Ml6 2.4 844 0.19 164 136 341 1.08 327 091 0.15 <02 0.50
M58 6.0 6.59 0.15 225 207 025 245 593 1.1 041 <02 3.1
M60 4.3 504 0.15 339 173 2596 126 281 174 032 289 58
M61 4.2 7.87 0.17 243 132 2435 127 237 200 032 274 34
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waters pinched out from under tailings impoundment #3 (M 42), uranium content
is 1648 mcg/l, from under impoundment #5 (M 18) — 1938 mecg/l, from under
impoundment #7 (M 48) — 131.4. Besides uranium high concentrations of sele-
nium, manganese, arsenic and elevated contents of molybdenum and copper are
established (Table 3).

For investigation the dominating plants were selected — absinthe, camel bur.
Surface part of the plant (leaves) was sampled, then after drying plant samples
have been disaggregated, pulverized and dissolved with acids, using microwave
digestion system. Plants have analyzed by IPS-MS (Perkin-Elmer Sciex ELAN
6000).

Investigations show that concentrations of elements are quite different (Ta-
ble 4). Thus, for uranium deposit Mailoo-Suu it was observed high contents of Se,
U, Mo, Cu, Ni, Zn in plants. The Chatkal-Kurama region and the in first place
mining and metallurgical plants are characterized by heightened contents of sele-
nium in top soil. Plants growing close to tailings impoundments and heaps as a rule
are enriched by selenium. Especially accumulation of this element takes place in
plants with deeply rooted. This is in the first place a Camel bur is accumulated
selenium up to 216 mg/kg. Absinth growing in tailings impoundments, heaps and
adjoined areas is accumulated selenium as well (from 0.1 to 1 and more mg/kg).
Only in Mailoo-Suu content of selenium in absinth was reached 32 mg/kg. Element
contents are depended on content of selenium in top soil and underlying rocks.

Table 3 Microcomponent content of ground waters of uranium tailings impoundments of
Mailoo-Suu deposit

Point Cr Mn Co Ni Cu Zn As Se Mo Sb Pb U
meg/l mcg/l meg/l mecg/l meg/l meg/l meg/l meg/l meg/l meg/l meg/l meg/l

MI18 4.66 023 0.13 382 234 396 13331 979 1554 044 334 1938

M42 423 142 0.08 289 14.12 2092 13.07 134 672 1.87 026 1648
M48 5.18 314.09 038 1572 244 328 231 263 923 045 <02 131

Table 4 Microcomponent content of plants in zone of technogenic impact of mines and metal-
lurgical plants in Mailoo-Suu

Point  Species Cd As Se Pb Zn Co Ni Cu Mo Mn U

M7 Absinth 0.13 127 32 1.1 36 03 43 16 1.8 42  0.20
M21 Caemalbur 0.08 5.73 45 23 71 02 13 25 147 89 8.62
M33  Absinth 0.16 141 03 26 55 0.7 147 21 14 94 0.16
M34 Caemalbur 0.03 0.84 2 1.0 28 07 46 23 1.1 30 267
M47  Caemalbur 0.04 721 216 0.7 74 02 25 12 47 64 8.06
M49  Absinth 0.14 140 16 1.2 50 04 6.6 17 1.1 48 0.83
M55 Caemalbur 0.04 132 34 0.7 75 02 64 12 57 40 9.12

M1 Absinth 049 043 01 19 69 14 160 31 07 99 0.15
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Thus, it is established that owing to migrate properties some toxic metals of
mineral deposits transfer into plants and reach in some cases accumulations. For
uranium tailings impoundment Mailoo-Suu the most danger are high contents of
selenium, uranium, molybdenum, nickel, zinc.

Contents of heavy metals in varies human organs ad tissues studied by many
researchers. Especial attention are paid to those accessible for study object as nails
and hair. However contents of elements not always are connected with contents of
these ones in environment. Different methods and analysis also have been made
difficulties in comparison of data. Last achievements is mass-spectrometer instru-
ments permit us to give answers on many questions of metals occurrence in human
organism in connection with contents within environment.

The most important question for estimation of metals contents in human nails
and hair is conception of “background level of metal”, which is of region signifi-
cance. The Tables 5 and 6 show average of metals in human nails and hair from
mining and metallurgical plants of Ferghana valley and comparative published
data. It was established that there are differences in element concentrations within
biosubstrates in various deposits and some common tends to high concentrations.

In the first place siderophile group of elements attracts attention. On the back-
ground of high contents of chromium, iron it observed low contents of cobalt.
Cobalt is a biological active elements and always is present in animals’ organisms
and in plants. Low contents of chromium, iron and cobalt cause anemia. During
field works there was inquest of inhabitants about state of health. In all settlements
anemia is the most widely — distributed disease.

Analysis of metals contents in different age groups shows that for children and
young people (into 35-40) it is observed tends to increase of metals contents in
organism in comparison with other age groups this tendency by low metals con-
tents in organisms doesn’t display clear. However increasing of concentrations is

Table 5 Microcomponent content in nails of peoples inhabitants in zone of technogenic impact
of mines and metallurgical plants in Mailoo-Suu

Birthday Cr Co Ni Cu Zn As Se Mo Pb U

1926 2 009 06 58 44 <0.01 0.11 0.09 1.81 0.02
1951 57 004 24 1.7 10 <0.01 0.22 0.1 027  0.01
1962 82 0.05 37 24 11 <0.01 034 0.09 033 0.01
1963 87 0.17 8 3.8 18 0.14 022 059 099 0.04
1964 109 0.09 63 4.6 14 <0.01 0.52 027 084 0.01

1964 34 0.03 32 1.1 8 <0.01 0.14 0.05 017 0.01
1965 255 0.26 13 8 23 <0.01 089 05 1.5 0.04
1967 50 003 41 19 10 <0.01 0.2 0.07 055 0.01
1973 1 012 22 135 55 3.67 1.2 038 215 0.02

1976 85 008 47 33 12 <0.01 0.4 0.14  7.83 0.01
1977 20 077 41 207 235 419.2 1.85 099 432 0.15
1981 530 0.17 20 11.7 26 <0.01 1.14  0.44 1.59  0.02
1982 3 0.1 1 8.4 149 43.7 039 017 333 0.02
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Table 6 Microcomponent content in hair of peoples inhabitants in zone of technogenic impact
of mines and metallurgical plants in Mailoo-Suu

Birthday Cr Co Ni Cu Zn As Se Mo Pb U

1926 2.18 0.11 1.05 18.1 86 0 0.46 0.18 10.19  0.07
1951 6.08 0.01 0.7 0.76 9.7 0.01 0.04 0.02 0.11 <0.01
1959 13,5 0.01 065 097 &.1 <0.01 0.06 0.03 0.16 <0.01
1962 3.03 0.01 021 072 11.1 <0.01 0.06 0.01 0.02 <0.01
1963 226 0.01 013 046 99 <0.01 0.04 0.01 0.03 <0.01
1964 23,1 0.02 134 136 13 <0.01 0.12 0.03 4.84 <0.01
1964 299 0.01 0.12 0.62 9.99 <0.01 0.04 <0.01 0.01 <0.01
1964 827 0.01 035 0.73 7.61 <0.01 0.04 0.06 0.26 <0.01
1965 0.17 0.01 0.01 032 499 <0.01 0.03 <0.01 0.01 <0.01
1966 6.03 0.01 039 072 5.08 <0.01 0.03 0.01 0.23 <0.01
1967 0.78 0.01 0.13 058 6.82 <0.01 0.04 0.01 0.11 <0.01
1973 448 0.14 1.12 103 124 1.62 048 0.49 1.21 0.02
1976 11.1 0.02 063 1.18 79 <0.01 0.09 0.03 0.45 <0.01
1977 243 0.09 1.01 11.6 617 0.8 029 027 14.6 0.08
1981 59 0.01 041 125 1191 <0.01 0.02 0.02 0.24 <0.01
1981 6.11 0.01 045 1.14 824 <0.01 0.05 0.01 0.18 <0.01
1982 0.55 0.1 1.6 444 998 0.8 0.67 0.67 52.9 0.15
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Fig. 2 Uranium and selenium contents in nails and hair of peoples inhabitants of mining areas

distinct connected with age differentiation. This dependence is shown in plots
(Fig. 2). It is evident that accumulation of elements in young organism is going
more intensive owing to active metabolic processes.

Conclusion

Realized geoecological investigations of transborder territories of Uzbekistan and
Kyrgyzstan give the opportunity to estimate of the ecological situation in Ferghana
valley at present and to determine geological risk and real danger in a case of state
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of emergency stipulated by destruction of wastes produced by the mining and
processing plants in uranium, lead and gold deposits.

Environmental impact of mining and processing activity is studied on the basis
of chemical and geochemical investigations provided valuable information on
concentrations of pollutants in soils, surficial flows, groundwaters, plants and
human biosubstrata (nails, hair).

Present situation and estimation of mining and industrial wastes, tailings im-
poundments, dams is analyzed.

Main elements-pollutants influenced on all natural units are established for eve-
ry object. For uranic object Mailoo-Suu the main pollutants are Se, U, Cr, As.
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Abstract. Pollution of a river is determined by the contamination of the water

and the corresponding sediments. This paper presents the comparison of the varia-
tion of the activity per unit mass of uranium-238 in water and sediments along the
course of the Mulde River. The Mulde River drains the former Saxonian uranium
mining and milling areas. The uranium activities per unit mass of the sediments
show more variability, but they generally reveal the same variation along the

course of the Mulde River as uranium activities of the water.
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Introduction

At the time of the Warsaw Pact, the former German Democratic Republic (GDR)
was the third largest producer of uranium in the world and the most important
supplier of uranium for the USSR. The Zwickauer Mulde River in Saxony and the
Weille Elster River in Thuringia are the most important river systems draining the
uranium mining and milling dominated areas of the western Ore Mountains and its
foreland, resulting in accordingly high heavy metal loads. Thus they are of par-
ticular interest for radiation protection and radioecology. Today this area is subject
to a remediation project which, due to its large scale, can be characterized as pio-
neer work.

The Mulde River is a left side tributary of the Elbe River and mainly situated in
Saxony. The river system consists of three main rivers: Zwickauer Mulde,
Freiberger Mulde and Vereinigte Mulde. The Muldenberg Reservoir in the west-
ern Ore Mountains is deemed to be the source of the Zwickauer Mulde River.
Eight kilometers downstream of the dam, which is used as a drinking water re-
servoir, the river already receives contaminated water from the former mine
Schneckenstein. On its way through the Ore Mountains the river flows through the
uranium mining area Aue and Bad Schlema. Downriver of Zwickau the Zwickauer
Mulde River passes Crossen and its former uranium ore processing plants and
merges with the Freiberger Mulde River at river kilometer 163. The source of the
Freiberger Mulde River is located in the Czech Republic, about 5km from the
German border on the ridge of the eastern Ore Mountains. It drains mining areas,
however there is no uranium mining in its catchments area. The Vereinigte Mulde
River, which is often simply called Mulde River, originates from the merging of
the two frontal flows Freiberger Mulde and Zwickauer Mulde and flows into the
Elbe River north of Dessau at river kilometer 307. At high water-levels the Mulde
River is deemed to be the fastest flowing river in Central Europe. Due to its origin
in a high-mineral and high-ore affected area it is the most significant reason for
heavy metal entering into the Elbe River and thus into the North Sea.

This research project was established to quantify the long-term effect of the
former uranium mining and milling activities by investigating the uranium content
of the water and sediment of the Mulde River. It is part of a work package dealing
with transport and availability of uranium and its decay products in the Mulde
floodplains, which in turn is part of a joint project on radionuclides in the envi-
ronment and their transport to man via food chains, supported by the German
Federal Ministry for Education and Research (BMBF).

The condition of a river is defined by its water and sediments. The interaction
between these compartments is characterized by a continuous mass transfer,
caused by solution- and precipitation reactions, by desorption and adsorption as
well as by suspended particles. This particularly applies to recent (fresh) surface
sediments, which are in close contact with the flowing water, and thus primarily
are affected by different exchange processes. Although surface sediments are
subject to continuous dislocation by flowing water, they can be regarded as quasi-
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stationary in comparison to the river water. The river acts like a chromatographic
system, in which the water body performs the task of the mobile phase, and the
sediment forms the stationary phase. As the river water reacts more rapidly to
changes than the river sediment, the water rather reflects the present condition of
the river, while the surface sediments give information about changes in the more
recent past. Furthermore, undisturbed stratified subsurface sediments can serve as
environmental archives.

Sampling and Analysis

A total of 26 water samples and more than 36 sediment samples were collected in
April, May and October 2008. 19 water samples and 29 sediment samples were
collected along the course of the Zwickauer Mulde River and the Vereinigte
Mulde River, respectively. Water and sediment from the Freiberger Mulde River,
as well as from a small influent of the Zwickauer Mulde River were used as refer-
ence samples. Only water samples and the corresponding sediment samples were
considered. Additionally, two water samples from the headwaters of the Zwickau-
er Mulde River were analyzed. Figure 1 shows the Mulde River system and the
sampling locations.

Generally, four liters of water were collected at each sampling location. Ura-
nium was concentrated by coprecipitation with ferric hydroxide and separated by
solid-phase chromatography using UTEVA (purchased from Eichrom). Following
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Fig.1 The Mulde River system with the sampling locations
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this procedure the sample was transferred to a stainless steel planchet via electro-
deposition and measured by Alpha- spectrometry. A description of this method is
given in detail in a previous paper [1]. Sampling and preparation of the sediment
samples followed the measuring instructions of the German Federal Ministry for
the Environment, Nature Conservation and Nuclear Safety (BMU) [3]. Sampling
of surface sediment was performed using a dipper. Two liters of wet sediment
were taken from the river bed, preferably in the middle of the river. The samples
were dried, ground, passed through a 2 mm sieve, and measured using Gamma-
spectrometry [2].

Results and Discussion

Table 1 summarizes the measured activities per unit mass of uranium-238. Fig-
ure 2 shows the variation of the mass-related activity values of uranium-238 in
water and sediment plotted against the chainage of the Zwickauer and Vereinigte
Mulde River. There is no official chainage for the Mulde River system. Thus, the
dam of the Muldenberg Reservoir (Gauss—Kriiger coordinates: 4528788, 5586248)
was defined as the start chainage. The uncertainties are given as combined A and
B type standard uncertainty of the measurement according to GUM.

Results reveal that the mass-related activity level of the sediment samples is
more than 1000 times higher compared to the corresponding water values. The
earth’s primary uranium deposits consist of virtually insoluble uranium oxides
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Fig.2 Variation of the activities per unit mass of uranium-238 in water and sediment of the
Mulde River plotted against river kilometers
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(UO; up to U30g), which have to be oxidized to the uranyl cation (U022+) in at-
mospheric oxygen to become soluble. The uranyl cation is indeed well soluble, but
it is subjected to adsorption and coprecipitation processes. This behavior favors
a shift to the solid phase (sediment), and subsequently enhances particulate trans-

port of uranium.

Table 1 Activities per unit mass («) and related uncertainties (u(a)) for uranium-238 in water

and sediments of the Mulde River

river Sediment Water
river | kilometer U-238 (Bqg/kg) U-238 (mBq/kg)
(km) a u(a) a u(a)
5 FM2 46,4 75 2,0 0,2
< FM3 31,2 7,0 12,2 1,2
S Bach 29,8 49 8,4 1,0
-1 2,0 0,2
5 3,0 0,4
52 165,6 20,4 73,9 75
62 174,0 17,5 69,3 7.1
5 73 341,2 32,1 63,5 6,4
-02: 83 1931 21,5
° 87 192,2 15,9
o) 101 1435 15,3
= 102 167,2 17,9 79,0 6,8
5 103 176,4 29,5 85,9 8,1
> 108 211,5 20,9 83,7 7.7
g 110 358,2 348 824 7.8
‘g’ 113 145,2 20,6
N 131 87,8 15,2
134 185,7 28,8
144 1476 15,3
151 201,3 14,1 69,5 5,8
162 1594 13,2 74,0 6,6
163 125,8 13,1 74,4 6,9
C 166 66,2 9.3 252 26
2 171 146,0 20,3
4 176 167,9 25,5 38,6 3,3
98 191 65,2 11,4 30,9 3,1
S 199 65,1 8,8 30,8 14
= 209 94,7 13,6 33,4 15
2 212 93,2 11,6 30,8 2,6
2 216 50,1 9,8 32,4 3,1
© 224 106,4 141
2 235 36,8 8,9
242 497 11,6 30,9 2,9
253 67,0 7.7 30,1 3,2
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Furthermore, the measured values for the activity per unit mass in water shows
less variability than the values determined for the sediment samples. This finding
was due, as flowing water is considerably more affected by mixing and homoge-
nizing processes than the ‘quasistatical’ sediments. Sedimentation conditions can
vary on a small scale, and accordingly the measured activities exhibited a higher
level of variability. The bond of heavy metals to sediments depending on the size
of the particles, is called particle size effect. Adsorption reactions are surface reac-
tions, and the decrease of the particle size results in a considerable increase of the
reactive surface. This interrelationship is employed, e.g., when using active carbon
as filter material. Investigations within the scope of a monitoring program on
sediments and alluvial soils [4] showed that uranium accumulates in sediments
with a high amount of fine particles. The enrichment of uranium-238 in fine-
grained sediments (silty sand) was about three times higher regarding the arithme-
tic mean as compared to sediments from coarse material (sandy gravel). The parti-
cle size of the deposited sediments depends, in turn, on the flow velocity of the
river. This means that the uranium enriched fine-grained sediments preferably
settle in river reaches of low flow velocity. Generally, river bank areas are places
of low flow velocity with the plant cover causing additional deceleration. In this
connection, it has to be considered that sediments often contain a certain amount
of organic matter, which on one hand ‘dilutes’ the sediment and so reduces the
activity per unit mass. But on the other hand, decomposition of organic matter is
an oxygen-consuming process, which promotes the reductive precipitation of
uranium, and thus results in an increase of the activity per unit mass. River bank
areas were only sampled, if no other sampling location was available. Further-
more, sediments can be ‘diluted’ by mixing with material introduced by less con-
taminated influents, as well as by erosion of farmland soils caused by flood events.

In Fig. 2, the first three samples of sediment and the first five samples of water,
respectively, are used as reference samples as they are unaffected by uranium
mining activities, and thus represent the natural background content of uranium in
this area. Samples FM2 and FM3 originate from the Freiberger Mulde River.
Sample FM2 was taken near the town of Nossen from the middle reaches of the
Freiberger Mulde River (Gauss—Kriiger coordinates: 4593475, 5655187). FM3
was sampled close to the small village of Sermuth about 1.5km in front of the
confluence of the Freiberger Mulde River with the Zwickauer Mulde River
(Gauss—Kriiger coordinates: 4556998, 5669149). The third sample (Bach) origi-
nates from a small influent of the Zwickauer Mulde River at river kilometer 110,
which drains the farmland on the flood plains. The sampling was carried out close
to the inflow into the Zwickauer Mulde River (Gauss—Kriiger coordinates:
4544984, 5640405). The next two water samples (—1 km and 5 km) originate from
the uncontaminated headwaters of the Zwickauer Mulde River. The first one was
collected from the Muldenberg Reservoir, which is used as a drinking water reser-
voir. Downstream of river kilometer 8, the Zwickauer Mulde River receives con-
taminated water for the first time from an influent coming from the former mine
Schneckenstein. Using these reference values results in an arithmetic mean of
5.5 mBg/kg for the natural uranium background in the water. For sediments, an
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arithmetic mean of 35.8 Bq/kg for the natural uranium background was obtained,
which is inserted in Fig. 2 as an auxiliary line.

The uranium activity of the two environmental mediums increases significantly
after the Mulde River has passed the uranium mining area. The values of the activ-
ity per unit mass in the water reveal a slight decrease as the river approaches the
town of Zwickau. This effect can be explained by dilution with less contaminated
water from tributaries. Downstream of Zwickau the activity per unit mass of ura-
nium in the water increases again. This increase results from the effluents of the
former uranium milling industry site near Crossen. In the further course of the
Zwickauer Mulde River, the activity remains approximately constant up to the
confluence with the Freiberger Mulde River. Due to measurement uncertainties,
the values are in agreement with a slight, but not significant decrease of the activ-
ity per unit mass corresponding to dilution caused by tributaries, especially by the
Chemnitz River, which is the largest tributary of the Zwickauer Mulde River. Due
to the strong deviations, this trend could not be observed for the sediment samples.
With three exceptions, the uranium activities remain largely constant along the
course of the Zwickauer Mulde River. The strong increase of the uranium activity
at kilometer 73 can by explained by the course of the river. Here, the Zwickauer
Mulde River leaves the mountain range of the Ore Mountains, which comprises a
significant decrease in slope and flow velocity. Thus, a huge proportion of the
particles carried away from the Ore Mountains is deposited in this reach. This is
reflected by the high uranium activity here. At river kilometer 110 the Mulde
River is calm and deep, and flows very slowly. Very fine-grained sediment was
collected near the river bank, which could explain the increase of the activity per
unit mass. In contrast, the sample collected at river kilometer 131 exhibits a rela-
tively low uranium activity. Here, the river is also quite calm. The river bank be-
ing part of a pasture shows impact of cattle treading. Soil erosion of the bank
caused by grazing lifestock may be responsible for a ‘dilution’ of the river sedi-
ment, and subsequently for a decrease in measured activity value.

A considerable decrease in the activity per unit mass of uranium-238 in the wa-
ter becomes evident as a result of the confluence of the Zwickauer Mulde River
and the uncontaminated Freiberger Mulde River due to the strong dilution effect.
The variation of the first three measured values reflects inhomogeneous and slow
mixing of waters of the two rivers. Samples were collected at both sides of the
Vereinigte Mulde River. The average uranium activity decreases from 75.5 mBq/kg
in the Zwickauer Mulde River (arithmetic mean from km 52 to km 163) to
31.5mBg/kg in the Vereinigte Mulde River (arithmetic mean from km 166 to
km 253). There is a similar situation for the sediment samples, although the de-
crease of the uranium activity is considerably less pronounced. Nevertheless, it is
clearly discernable. The average activity per unit mass of uranium-238 decreases
from 186.8 Bq/kg in the Zwickauer Mulde River (arithmetic mean from km 52 to
km 163) to 126.0 Bg/kg in the Vereinigte Mulde River (arithmetic mean from
km 166 to km 253). The mixing area extending to kilometer 191 is represented by
five samples. The effect of the sampling on different sides of the river is clearly
illustrated by the analogue behavior of water and sediment sampled in parallel.
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From river kilometer 191 on, the uranium activity of water and sediment re-
mains nearly constant along the course of the Vereinigte Mulde River, even
though the values of the sediment samples show high variability. The uranium
activity of the water of the Vereinigte Mulde River is still considerably higher than
the activity of uncontaminated samples, whereas the uranium activities of some of
the sediment samples reach the level of the uncontaminated samples.

Conclusions

As expected, the activities per unit mass of uranium-238 in sediment samples are
much higher than in water samples. The variability of the uranium activity along the
course of the river is more pronounced for the sediments. This reflects the strong
dependence on local sedimentation conditions. In general, the activities per unit
mass of uranium-238 of water and sediment show the same variation along the
Mulde River. A strong increase of the uranium activities can be observed down-
stream of the former uranium mining area, as compared with natural background
values, represented by samples from the Freiberger Mulde River, by a small influent
of the Zwickauer Mulde River, and by water from the headwaters of the Zwickauer
Mulde River, respectively. The arithmetic means of the activity per unit mass of the
water increase from 5.5 to 75.5 mBqg/kg, while the arithmetic means of the activity
per unit mass of the sediments increase from 35.8 to 186.8 Bg/kg in the course of the
Zwickauer Mulde River. After the confluence with the uncontaminated Freiberger
Mulde River, a decrease of the activities per unit mass of uranium-238 in water and
sediment can be observed. The arithmetic mean of the activity per unit mass of the
water decreases from 75.5 mBqg/kg in the Zwickauer Mulde River to 31.5 mBqg/kg in
the Vereinigte Mulde River, and the arithmetic mean of the activity per unit mass of
the sediment decreases from 186.8 to 126.0 Bq/kg, respectively. The water of the
two rivers needs about 30 km for thoroughly mixing.
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Assessment of Background Uranium
Concentration in Groundwater
Around a Proposed Mining Area

K. Brindha, L. Elango, R.N. Nair

Abstract. This study was carried out in and around a proposed mining area
(Lambapur and Peddagattu) located in Andhra Pradesh, India with the aim of
assessing the spatio-temporal variation and the impact of rainfall on uranium con-
centration in groundwater. The concentration of uranium in groundwater varied
from 0.2 to 77.4 ppb. There was significant increase in uranium concentration in
groundwater after rainfall which was due to the leaching of uranium ions present
in the unsaturated zone along with rainwater. The reason for the presence of ura-
nium in groundwater of this region is highly localized that depend on the lithology
inherent to this region.

Introduction

In most parts of India, groundwater forms the only reliable source of drinking
water. Groundwater contains a number of dissolved constituents as a result of
chemical and biochemical interaction between groundwater and the geological
materials inherent to the region. Also contribution from atmosphere and surface
water bodies may play a role in deciding the chemical composition of groundwater
in a region. Increase in the concentration of several ions in groundwater such as
fluoride, nitrate, arsenic, total hardness and some toxic metal ions have been no-
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ticed in groundwater in several parts of India. The presence of high concentration
of certain ions in groundwater may also be due to the presence of huge quantity of
ore deposits of a particular element.

Due to the increasing demand for radioactive minerals, exploration for radioac-
tive ores is being carried out in several parts of the world. Uranium is one of the
radioactive mineral which is of great importance. After mining and milling of
uranium bearing rocks, the waste called as uranium tailings are stored by ponding
on ground surface. Contamination of groundwater due to uranium around mines
has been studied worldwide (Gomez et al., 2006; Neves and Matias, 2008; Leijnse
et al., 2001).

In India uranium mining is being carried out in Jaduguda and Turamdih. Ura-
nium reserves have been found in Lambapur, Peddagattu and Thumnapalli of
Andhra Pradesh; Western Kasi Hills district of Meghalaya and Gogi of Karnataka.
It is planned to carry out mining of uraninite from Lambapur and Peddagattu area
of Andhra Pradesh, India in near future. In view of this, it is important that the
groundwater quality be assessed before the commencement of mining in order to
indentify if there is an impact of mining activity on groundwater quality in future.
Preliminary investigation has been carried out on uranium concentration in
groundwater by Brindha et al (2009). The objective of this study is to assess the
influence of rainfall on the spatial and temporal variation in uranium concentration
of groundwater in the proposed mining area of Lambapur and Peddagattu, Andhra
Pradesh, southern India.

Study Area

The study area is located at a distance of 135km ESE of Hyderabad and forms
a part of Nalgonda district, Andhra Pradesh, India (Fig. 1). It covers the proposed
Lambapur and Peddagattu uranium mining areas and Seripalli tailings pond area.
The area was demarcated with well defined watershed boundary covering an area
of about 750 sq km. The southeastern side of the study area is surrounded by the
Nagarjuna Sagar reservoir and the southern side of the area is bounded by Pedda
Vagu river. The northern side is bounded by Gudipalli Vagu river. This area ex-
periences arid to semi-arid climate. The study area goes through hot climate dur-
ing the summer (April-June) with a temperature ranging from 30° to 46.5°C and
in winter (November—January) it varies between 17 and 38°C. The average annual
rainfall in this area is about 1000 mm falling mostly during the southwest mon-
soon (June—September). There are four rain guage stations in this area. The re-
corded rainfall in two of these stations is shown in Fig. 2. The surface runoff has
resulted into the development of dentritic to subdentritic drainage pattern in this
area. The elevation of the study area varies from a maximum of 348 m in the
northwestern side to a minimum of 169 m in northeastern side. Agriculture is the
main land use in this area. Paddy, pulses and cotton are widely grown.



Assessment of Background Uranium Concentration in Groundwater 75

Geology

Granitic rock forms the basement of this region, which is traversed by numerous
dolerite dykes and quartz veins (Fig. 1). Most part of the investigated area has
exposures of granitic rocks belonging to late Archaen. Medium to coarse grained
granites are present in this area. The Srisailam formation, the youngest member of
the Cuddapah supergroup uncomformably overlies the basement granite with a
distinct unconformity. The Srisailam metamorphic formation is exposed in the
southeastern part of the study area. The sediments of Srisailam formation are
mainly arenaceous and include pebbly-gritty quartzite shale with dolomitic lime-
stone, intercalated sequence of shale-quartzite and massive quartzite. The litho
units of this formation are dipping at an angle ranging from 3 to 5° towards SE.
The generalized stratigraphic sequence of this area is given in Table 1 (after GSI
1995). The uranium deposit occurs adjacent to the unconformity between base-
ment granite and the overlying Proterozoic Srisailam quartzite in the north western
margin of the Cuddapah basin.

Groundwater occurs in unconfined condition in this area mostly in the weath-
ered rocks. Groundwater head fluctuates between 0 and 15 m bgl. Groundwater is
used for various purposes from these bore wells and dug wells. The dug wells of
this area are shallow with depth ranging from 1.5 to 20m and their diameter is
from 2 to 5 m. The bore wells are more than 10 m deep and are generally of 15 cm
diameter.
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Table 1 General stratigraphic sequence (after GSI 1995)

Cuddapah supergroup Massive quartzite
Srisailam formation Upper shale
Quartzite with shale intercalation
Lower shale with limestone intercalation
Pebbly and gritty quartzite/arenite
Uranium mineralized region
Unconformity---------- (Uranium mineralized region)-----------
Granite/granitic gneiss intrusion of
basic dykes and vein quartz

Late Archean/Lower Proterozoic
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Fig. 2 Rainfall (mm) at different stations

Methodology

Groundwater samples were collected from 36 wells in July 2009 and 44 wells in
September 2009 representing before and after rainfall. Polythene bottles of 500 ml
capacity were used for collecting groundwater samples. They were cleaned before
sampling by soaking in 10% nitric acid for a day followed by washing with dis-
tilled water. In the field before collecting the sample, the bottle was rinsed with
the filtrate of the sample. Groundwater level was measured in-situ using a water
level recorder (Solinst 101). After collection, the samples were kept in a cool place
away from sunlight. The concentration of uranium in the groundwater samples
was measured using laser fluorimeter at Health Physics Unit, Nuclear Fuel Com-
plex, Hyderabad, India. Blanks and standards were run at regular intervals during
the analysis.
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Results and Discussion

Uranium concentration in groundwater ranged from 0.2 to 77.4ppb. Statistical
summary of uranium concentration before and after rainfall is given in Table 2.

As groundwater is mostly used for drinking in this area without proper treat-
ment, it is essential to monitor its suitability based on uranium concentration.
Maximum permissible limit for uranium in drinking water is 30 ppb as per USEPA
(2003) standards. Of the 80 groundwater samples, 19% were above 30 ppb thus
not fit for drinking.

Table 2 Uranium concentration in groundwater

Month Number of Min Max Mean % of samples above
samples (ppb) (ppb) (ppb) 30 ppb of uranium

July 2009 36 0.2 65.1 12 14

September 2009 44 1.4 77.4 19 23

Total 80 0.2 77.4 15.8 19

Temporal Variation

The temporal variation in groundwater level and uranium concentration was as-
sessed (Fig. 3). Obviously there was increase in groundwater level (m bgl) in all
the dug wells after rainfall. The bore wells were not considered as their exact level
could not be measured. The fall or rise in uranium concentration in groundwater
after rainfall is also shown in Fig. 3. This shows that uranium concentration in
groundwater has increased significantly in most of the wells before and after rain-
fall. This is because the uranium in the weathered zone percolates with the rain-
water and reaches the groundwater table thus increasing uranium concentration
after rains. Also the number of groundwater samples exceeding 30 ppb has in-
creased from July 2009 to September 2009 (Table 2).

Spatial Variation

Figure 4 shows the spatial variation in uranium concentration in groundwater.
Uranium concentration in groundwater is higher in the northern and south eastern
part of the study area. It is comparatively less and within limits in the proposed
mining area. This may be due to difference in the intensity of weathering of ura-
nium rich rocks in this area and also the wells in these locations penetrate only the
Cuddapah formation.
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Fig. 4 Spatial variation in uranium concentration (ppb) in groundwater

Source

Previous studies have shown that the granitic rocks of this region contain higher
concentration of uranium. Shrivastava et al. (1992) reported that the granitic rocks
of Nalgonda district contain uranium in the range of 10.2 to 116 ppm with an aver-
age of 35 ppm. The weathering of this granitic rocks and rock water interaction are
the reason behind the increased uranium concentration in groundwater in parts of
this area. Sinha etal. (1995) reported that uraninite, pitchblende, kasolite and
uranophane are the main uranium minerals present in the deposits of Lambapur
and Peddagattu. Lambapur mineralisation occurs in the surface or near surface
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whereas it occurs below 50 m in Peddagattu (Sinha 1996). This may be the reason
for high uranium in groundwater in the south eastern part where the mineral de-
posits are present.

Conclusion

The spatial and temporal variation of uranium concentration in groundwater in a
proposed uranium mining area in southern India was assessed. Groundwater had
uranium concentration ranging between 0.2 and 77.4 ppb. Uranium concentration
was above USEPA maximum permissible limit for drinking (30 ppb) in 19% of
the wells. The concentration of uranium in groundwater increased after rainfall
depicting the leaching of uranium salts from the unsaturated zone during rainfall
recharge. Spatially uranium concentration was high in the northern and south
eastern parts of the area. This is because of the presence of uranium rich granitic
rocks spread throughout this area. Depending on the intensity of weathering, the
concentration of uranium in groundwater varies. The concentration of uranium is
comparatively less in the proposed mining area. It is necessary to decrease the
uranium concentration in groundwater as it being used for drinking purposes by
adopting remedial measures such as rainwater harvesting.
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Geochemistry of Radionuclides

in Groundwaters at the Former Uranium
and Radium Mining Region

of Sabugal, Portugal

Fernando P. Carvalho, Joao M. Oliveira, W. Eberhard Falck

Abstract. Recent concerns over potential radiological hazards posed by the ura-
nium mining and milling wastes have led to assess the radioactivity in groundwa-
ters of County of Sabugal, central region of Portugal. Waters from the Bica Mine
were the highest concentrations measured in waters from this region. Water from
irrigation wells generally showed low concentrations with the exception of several
wells near the Bica Mine. Waters from public drinking water supplies in the vil-
lages and towns contained 28y, 2%Ra, #°Th, »'°Po and **Th in concentrations
below values recommended for drinking water. Only one local spring exceeded
the limit for alpha radioactivity. Overall water resources were not significantly
contaminated by the historic uranium mining activities. Nevertheless, mine waters
from Bica Mine still require treatment to prevent dispersal of acid mine drainage
and radionuclides into aquifers. Other mines nearby, with near neutral pH and
anoxic waters show low dissolved concentrations of uranium.

Introduction

The uranium resources of Sabugal in the Beira—Baixa province of Portugal have
been known since the early 20th century. These deposits occur as secondary miner-
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Fig. 1 Old radium-uranium mines (so/id circles) in the Sabugal region, Portugal

alization of uranium (gummite, sabugalite etc.) formed as vein deposits in granites.
The Rosmaneira mine was exploited as early as 1912 for radium, whereas at the
others uranium production only began after 1945. The main uranium mine was
Bica mine that operated until the late 1980s as an underground mine (Fig. 1). In the
last years of production also sulfuric acid was injected into the rock for in situ ex-
traction of low grade uranium ores. After its closure, the mine was let to flood natu-
rally, which led to the generation of acid mine drainage (AMD). The AMD is now
pumped to the surface, neutralized and Ra is co-precipitated by BaCl, addition. The
water level in the underground mine fluctuates with the seasonal rainfall, and with
water pumping for neutralization, which has caused AMD to migrate into the sur-
rounding aquifers. The AMD also promotes dissolution of U-series elements. Now,
nearly 20 years after the closure of the Bica mine, the resulting radioactivity in
nearby groundwaters and in drinking water supplies was assessed.

Materials and Methods

Groundwater samples were collected from wells in the vicinity of the six uranium
mines in the Sabugal-Belmonte region, namely the mines of Bica, Pedreiros, Car-
rasca, Vale de Arca, Rosmaneira and Coitos (Fig. 1), as direct sampling of mine
water was possible only in the Bica and Coitos mines. Drinking waters from pub-
lic water supplies in towns and villages relying on local groundwaters, were sam-
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pled at the tap (Fig. 1). Sampling and sample preparation procedures are described
elsewhere (Carvalho and Oliveira, 2009; Carvalho et al., 2009a, b). Radionuclide
analyses were performed on water samples, suspended matter, soils, and mining
waste materials by wet radiochemistry and alpha spectrometry (Oliveira and
Carvalho, 2007). In order to get a better understanding of the uranium migration
behavior, some simple modeling runs using PHREEQC (Parkhurst and Appelo,
1999) were performed.

Results and Discussion

Water from the Bica mine, collected from the underground mine gallery, showed
very a low pH-value, of 3.05 (Table 1), an effect of the acid in situ leaching that
together with oxic conditions promotes further U dissolution. Th, Ra and Po also
present in the ore are also partially dissolved at low pH-values, which facilitate
their migration into adjacent aquifers (Table 2). In other mines no acid in situ
leaching was employed and the slight acidity observed is due to pyrite oxidation.
Figure 2 shows the calculated uranium species distribution for a number of se-
lected samples (cf. Tables 1-3).

Radionuclide mobilization was clearly observed in the irrigation wells at farms
in the valley below the Bica mine to a distance of about 1 km. Mobilization was
much lower at the other uranium mines, which all had a higher pH. At the Carras-
ca mine, with a pH of 6.45 and a low Eh (-95 mV) waters contained little U, con-
sistent with the lower solubility of U(IV). Conversely, a much higher Po concen-
tration than in other mines was measured in these waters (Tables 1 and 2).

For the calculation of inorganic uranium species distributions for selected sam-
ples equilibrium with atmospheric CO, was assumed, while maintaining the meas-
ured pH values. It is not known, whether any organic ligands, such as humic or
fulvic acids, were present. The dominating species are the uranyl ion and uranyl-
hydroxo species, with the exception of samples 20.4 and 21.4 that seem to have
elevated phosphate concentrations derived from agriculture (Fig. 2). Most of the
species are uncharged, which tends to promote their migration.

The particulate phase accounts for a significant fraction of total radioactivity in
unfiltered water (Tables 2 and 3). In well-water the average fractions were 29%
(range 0.2-66%) for U, 32% (0.8-67%) for **°Ra, 54% (12-92%) for *'°Pb, and
71% (35-91%) for 2'°Po. Thus, U and Ra were mostly dissolved. There is a clear
trend that with increasing pH more U is bound onto particles (Fig. 3). The increas-
ing predominance of hydro-species as pH-values become higher (Fig. 2) might
indicate some colloid formation. The aqueous chemistry of Th is complicated by
the fact that it forms poly-nuclear complexes and colloids, which is not suffi-
ciently reflected in the currently available thermodynamic databases.
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Fig. 3 Percentage of dissolved uranium of total uranium vs. pH. The arrow indicates the super-
natant from Bica Mine neutralization pond

The AMD neutralization sludge from Bica are collected in decantation ponds
and stockpiled in the open nearby. Sludge and mining waste piles were not cov-
ered so far. Determination of radionuclides in nearby stream showed that the treat-
ed discharge water still contains 57% of the U (Fig. 3), 1% of the *°Th, 5% of the
*%Ra, 0.8% of the *'’Pb and about 10% of the *'°Po initially dissolved in mine
water. This mine water treatment, although effective to neutralize the acid, is not
so effective for the removal of U.
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Another potential source of radionuclide groundwater contamination is the
near-surface disposal of mining waste at several mines. Concentrations in the fine
fraction of these materials as well as in agriculture soils from the region are shown
in Table 4. Mining residues disposed of near the Bica and Rosmaneira mines show
concentrations about three orders of magnitude above that in the soils of the Sabu-
gal region. Continued weathering may release these radionuclides and cause their
migration into underlying groundwaters.

The analyzed tap waters (Table 5) contain always higher concentrations of U se-
ries than Th and Ac series radionuclides, reflecting their relative distribution in the
source rock. However, these waters generally meet the requirements of the Euro-
pean Drinking Water Directive (CEU 1998) and the WHO drinking water guideline
(WHO 2006), i.e., 1 Bq 1" for beta and 0.5Bq 1" for alpha radioactivity. The water
from the public water supply of Azenha village is the only exception and this could
be due to infiltration of Bica mine water into groundwater in the valley.

Remediation of the AMD in the Bica mine may be improved by inducing re-
duction of U(VI) with organic matter or Fe (II) injected into the flooded mine, or
by bioremediation with reducing bacteria (e.g., Renshaw et al. 2009). However,
any such routes need to be preceded by a more detailed analysis of the hydraulic
and the hydrogeologic system.

Conclusions

In the Sabugal region of Portugal the legacy of past radium and uranium mining
activities, although discontinued about two decades ago, is still very much present
and may require continued intervention for years to come. However, most of the
old mines in this region have mine water with no noticeable acidity and the near
neutral water pH coincides with low radioactivity concentrations. The main excep-
tion is the Bica mine, where acid in situ uranium was carried out. Residual acid is
still dissolving radionuclides that then migrate into the surrounding groundwater.
The treatment of AMD seems justified and will continue until a more satisfactory
water pH is obtained. However, the current neutralization procedure effectively
raises the pH, but is not effective in removing the uranium.

In consequence, several irrigation wells near the Bica mine showed enhanced
radionuclide concentrations and the water is not suitable for human and animal
consumption. Preventing radionuclide leaching from the respective waste heaps by
e.g. capping may make the waters useable eventually. Waters from other mines in
this region do not need treatment and can be used for irrigation. Other groundwa-
ter-based drinking water resources in the Sabugal-Belmonte region are generally
not contaminated and meet the EU radiological standards.

However, in the long run, mining wastes and sludge from mine water treat-
ment, especially at the Bica and Rosmaneira mines, should be capped in order to
stop their weathering and ensuing leaching of radionuclides into the environment.
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Simulation of Radionuclide Transport
and Fate in Surface Waters in the Vicinity
of a Past Uranium Processing Plant

Maria de Lurdes Dinis, Anténio Fiuza

Abstract. This paper describes an application of a transport and fate model for
radionuclides in surface waters. The generic approach was based on the IAEA
models used for assessing the impact of discharges of radioactive substances into
the environment. The case study refers to a discharge of an effluent with high
radium concentration into a stream that in turn is affluent into a river. Several ex-
posure points were considered along the minor watercourse strategically defined
by the measured data. Radium concentrations were estimated for these points
permitting to establish a relationship between concentrations and the distance to
the discharge location. The concentration in the river sediments was also estimated
for the same exposure points.

Introduction

Uranium mining and processing generate effluents which contain radioactive and
non-radioactive elements as well as chemical compounds that, if not properly
treated or contained, can represent a serious environmental impact.

Liquid effluents are generated at all stages of uranium production that manipu-
lates water and chemicals. They contain radioactive elements, such as uranium and
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radium, and non-radioactive elements such as arsenic, nickel, molybdenum, man-
ganese, magnesium, selenium, fluorides and sulfates. In addition, acid mine drain-
age may also be generated due to ore leaching and mineralized waste rock.

Effluents treatment and control is a long-term task that must continue after ura-
nium production ceases. It also goes through the decommissioning and rehabilita-
tion of the site as well as through the monitoring stage after reclamation operations
are complete. Generated effluent at any stage must be treated before being dis-
charged into any watercourse.

Active effluent treatment is preferably used during uranium production and
passive treatments during reclamation and long-term monitoring. Nevertheless
both treatments may be used during operations and decommissioning.

One of the important active effluent treatments consists in neutralization with
lime by precipitation of most contaminants. In addition barium chloride is added
to remove the radium present resulting in high barium-radium sulfate sludge. The
resulting effluent from this sludge sedimentation may be then discharged in the
environment.

Radioactive elements remaining in the effluent that is discharged into a water-
course are subject to physical and chemical processes that affect their transport
from the sources point and concentration during their movement along the water-
course. Among these processes we may refer advection, dispersion and diffusion
for the physical processes and adsorption, precipitation and ion exchange for the
chemical processes.

This work describes an application of the radionuclides transport model in sur-
face water. The radionuclides concentrations in water and sediments are estimated
considering routine discharges from the effluent treatment by barium chloride into
different types of water bodies. The radionuclides discharge into a river was con-
sidered for applying the model to a specific case study. The generic approach was
based on the IAEA models used in assessing the impact of discharges of radioac-
tive substances into the environment (IAEA 2001).

Methods and Materials

Description of the Model — Radionuclide Concentration
in the Water

Radionuclides transport in watercourses may be affected by transport processes
such as advection, hydrodynamic dispersion and molecular diffusion. On the other
hand, many chemical and biological reactions may take place, such as attenuation,
retardation, ionization or dissolution, changing radionuclides fate.

Radionuclides transport and fate in superficial waters may be predicted, with
more or less detail, by a simple mass balance with a multidimensional numerical
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solution. In a generic way, radionuclide transport and fate in surface water may be
described by the advection-diffusion equation in a three dimensional form.

2 2 2
a—C+Ua—C+Va—C+WaC—W:gxa—c+gya—c+gza—c—kiC+S (1)
ot ox  dy 0z ox> oy? 0z°

In this generic equation C is the concentration of the radionuclide transported in
superficial water: U, V and W are the pore velocity in the directions x, y and z,
respectively; S represents the radionuclide addition or subtraction and A is the
radionuclide decay constant. This generic governing equation was simplified to
obtain appropriate solutions according to the water body considered, calculating
the radionuclide concentration at defined distances from the source; it is implicitly
admitted that potential receptors are located at those points.

The methodology adopted in IAEA models is based on analytical solutions to
advection-diffusion equations describing radionuclide transport in surface waters
with steady state uniform flow conditions (IAEA 2001).

Radionuclide concentrations in water and sediment may be calculated for spe-
cific locations where members of a critical group may be exposed through contact
with the water resulting from drinking, fishing, irrigation or swimming and still
through sediment usage for agricultural activities. These exposure points are de-
fined by a specific distance to the source and are incorporated as an input to the
model.

For different sources of radionuclides discharges, radionuclide concentration
should be calculated separately for each radionuclide at the same location. The
individual results may then be summed for cumulative radionuclide concentration
at the considered location (IAEA 2001).

Radionuclide concentration in water may be calculated at a location along the
river bank where the discharge takes place or along the opposite bank.

Considering radionuclide concentration along the opposite river bank as the
discharge, radionuclide transport occurs at least to a distance of half of river width
to reach the exposure location. In this situation, radionuclide concentration can be
calculated by (IAEA 2001):

C, = ge(_%x] =C,, @)

where C,, (Bg/m’) is the radionuclide concentration in the water, Q (Bq/s) is ra-
dionuclide annual average discharge rate, q (m’/s) is the mean river flow, A (s ') is
the radioactive decay constant, x (m) is the distance between the receptor and the
discharge point and U is the river velocity (m/s).

Considering radionuclide concentration along the same river bank as the dis-
charge, two situations may occur depending on exposure location. If the exposure
location is very near to the discharge point (x<7D, D is the river depth) and be-
fore the vertical mixing can occur, this means that radionuclide concentration in
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water is undiluted and consequently is the same as the concentration at the dis-
charge point (IAEA 2001):

C,=Cy, x<7-D, 3)

where Cy (Bg/m”®) is the radionuclide concentration in the discharged effluent and
D (m) is the river depth.

If the exposure is considered to take place at a location after vertical mixing oc-
curs (x> 7D), the concentration must be corrected for partial lateral mixing with a
correction factor P, which depends only on site characteristics (IAEA 2001):

C,=C;-P, x>7-D 4)

1 ,5-D-x ,5-D-x
P = exp| = k| = s 5
r 0’1427[ p( 82 J 0|: 82 i| ()

where P, (unitless) is the correction factor for partial lateral mixing, B (m) is the
river width and k, (unitless) is the modified Bessel function of second kind of
zeroth order.

Description of the Model — Radionuclide Concentration
in the Sediments

Three types of calculations should be considered for radionuclide concentration in
sediments: 1) dissolved in water; ii) suspended sediments and iii) bottom sediments
(IAEA 2001).

The dissolved radionuclide concentration in water (Cys, Bq/m’) may be esti-
mated by using the distribution coefficient for the respective radionuclide, Ky
(L/kg), which expresses the exchange of radionuclides between the dissolved and
sediment sorbed phases (IAEA 2001):

CW
. — 6
140,001 K4 - Sg ©

where S; is the suspended sediment concentration (kg/m’ or g/l) and 0.001 is the

conversion factor from I/kg to m’/kg. For the suspended sediments the radionu-
clide concentration (Csy,, Bq/kg) may be estimated by (IAEA 2001):

0,001-K, -C,,

= 2w 001K, -C,.. 7
™7 140,001-K, - S, 4 s @

And the radionuclide concentration in bottom sediments (Cg,, Bg/kg) can be
given by (IAEA 2001):
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where T, is the effective accumulation time (s). The IAEA (2001) recommends a
default value of 3,15 x 10" s (equivalent to 1 year).

The methodology for estimating radionuclide concentration in water (Bq/m’)
and in sediments (Bq/kg) resulting from routine radionuclide discharges in surface
water was implemented in Matlab. The particular case of routine discharges into
rivers was adopted (IAEA 2001); (USNRC 1977, 1978). The outputs of model are
the radionuclide concentration in water and in sediments in the same river bank
and on the opposite bank relatively to the discharge at specific exposure locations.

Study Area — Scenario Description

The radionuclides transport model was applied to a specific case study: the mining
area of a former uranium mine located at Urgeiriga, near the city of Viseu (North-
East of Portugal). The Urgeiriga mine was active almost during one century, from
1913 to 2001. The activities of this mine, in addition to the exploitation of others
uranium mines in the same region, led to the accumulation of large amounts of
solid wastes (tailings) in the vicinity of the uranium processing plant. In particular,
a tailings pile with an estimated volume of 1.39 million m* with a high radioactive
content. This tailings pile was the main concern of the national plan for the reha-
bilitation of former uranium mining sites due to either its volume either to its ra-
dioactive content.

The contaminated waters from this mine and from the percolation through the
mill tailings used to be collected and neutralized before discharge into a stream
near the contaminated site, Pantanha stream, which is also the main watercourse
that drains the mining area. This stream is also a tributary of a major river — the
Mondego river.

The liquid effluents from the uranium chemical treatment at Urgeirica site have
also been treated and discharged into Pantanha watercourse, for many years. For
these reasons, the model simulation was done for the discharge of an effluent with
a high radium concentration into that particular stream. Also, even after treatment,
effluents discharges do not always occur properly and may originate radionuclides
concentrations in the environment above the permissible legal limits.

Two different situations were considered in the model simulation: a worst sce-
nario case by considering the discharge of untreated effluent with an annual aver-
age concentration of 960 Bq/m® (Pereira et al. 2004) and the discharge of a neu-
tralized effluent with an average concentration of 271 Bg/m’ (Dinis and Fitiza
2008). The effluent results from a mixture of water from the mine with acid infil-
trations from the tailings pile.

The model simulation was done for several exposure points located along the
Pantanha stream. These points, upstream and downstream of the discharge point,
were strategically defined by the available surface water measurements carried out
by the former Uranium National Company (ENU) (Fig. 1). Radium concentration
in superficial water, as well as in sediments, was estimated for these same expo-
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sure points to determine the relation between the diluted concentrations and the
distance to the discharge location.

Monitoring and exposure points C,, C,, C; and C4 are located at Pantanha
stream, Cs is located at another stream (Corujeira), C¢ and C; are located at Mon-
dego river. Distances between the considered monitoring points are presented in
Table 1.

For the model simulation **°Ra is to be released to Pantanha stream at a release
rate of 8,13 x10"Bg/a with an effluent discharge of 0,01 m’/s. Dissolved sedi-
ments, suspended sediments and bottom sediments were also considered to be
affected by the effluent discharge.

The nearest potentially exposed receptor may be located at 150 (C,) or 1650
(Cs5) or 2750 (C4) or 3200 m (CP) from the discharge point (DP) on the same side

Al p—

Fig. 1 Monitoring points along Pantanha stream (1:25,000). DP: discharge point; CP: confluent
point between Pantanha stream and Mondego river

Table 1 Distance between the considered monitoring points (Dinis 2007)

Monitoring point Distance (m)
C,-DP 950

DP-C, 150

C-C 1100

C -G 1500
C;—-Cy 1100
C4—CP 450

CP-Cs 200

CP-C; 800
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river bank of the discharge. Eventually, exposure may also occur at the opposite
side of the river bank, but it isn’t considered in the presented simulation. The river
conditions were stated according to TAEA (2001) models.

Results and Discussion

The results from the model simulation for radium concentration in the surface
water of Pantanha stream are presented in Table 2 (Dinis 2007). The exposure
points Cq and C; are located at Mondego river. Depth, width and flow rate for this
river were recalculated according to IAEA models (IAEA 2001).

Model results for radium concentration in sediments originated by the same ef-
fluents discharges are presented in Tables 3 and 4 according to discharge radium
concentration (Dinis 2007).

In general, model results suggest a clear decrease in radium concentration
downstream with the distance to the discharge point. Radium concentration in
sediments follows the same variation pattern.

Table 2 Radium concentration in surface water for the exposure points considered

Ra DP G, Cs Cs CP Cs C;
Effluent (Bg/m®) 960 23.08 8.36 5.46 5.46 0 0.005
Effluent (Bq/m®) 271 6.51 236 1.54 1.54 0 0.001

Table 3 Radium concentration in sediments for the exposure points considered (radium dis-
charge of 960 Bq/m”®)

Radium discharge 960 Bg/m® Cs (Bg/kg) Cys (Bg/m®) Csw (Bg/kg)
C, 1.10 21.98 10.99

C; 0.40 7.96 3.98

(o 0.26 5.20 2.60

PC 0.26 5.20 2.60

C 2.7x107 0.0054 0.0027

Table 4 Radium concentration in sediments for the considered exposure points (radium dis-
charge of 271 Bg/m®)

Radium discharge 271 Bg/m’ Cs (Bg/kg) Cys (Bg/m®) Csw (Bq/kg)
C, 0.31 6.20 3.10
Cs 0.112 2.25 1.12
Cy 0.073 1.47 0.73
PC 0.073 1.47 0.73

Cy 7.68%x10° 0.0015 7.68x 107"
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At the confluence point (CP) between Pantanha stream and Mondego river, ra-
dium concentration is 5.46 or 1.54 Bq/m’ in consequence of the effluent discharge
(960 or 271 Bq/m’ for radium concentration, respectively).

Upstream exposure points (such as Cs) won’t be affected by the effluent dis-
charge but for downstream exposure points (such as C;) radium concentration was
estimated in 0.005 and 0.001 (Bg/m”) according to discharge conditions.

Nevertheless, due to Mondego river characteristics (width and depth) radium
concentration in water and, consequently in sediments, will turn to near back-
ground values with the distance.

In what concerns to Pantanha stream, it was also observed a huge fall down for
radium concentration in surface water a few meters after the discharge point
(Fig. 2). This corresponds to the turning point where the vertical complete mixing
is achieved and radium dilution occurs. From this point forward radium concentra-
tion gradually decreases until a constant value. This is due to the fact that partial
mixing coefficient, P,, approaches unity as the downstream distances increases;
this coefficient should be greater than or equal to unity (IAEA 2001).

Radium concentration in sediments follows the same variation pattern.

The results from the model referring to the exposure points C,, C;, C4 and C,
were compared with ENU measurements carried out during the year of 1997
(ENU 1998). These measurements are presented in Table 5.

From the analysis of the *Ra measurements in the exposition points it is pos-
sible to observe that the highest values both in water and in sediments do not cor-

Radum cencentration with the distance to the discharge point Radium concantration with fha distance 1o the dischage po

10"

g ¥ it B
o' 10’ 10" 10' 10t i 1ot

' i’ 10’ 10" 10 0
Distance 1o the discharge peet, m Distance 1o the discharge point, m

Fig.2 Radium concentration variation at Pantanha stream with the distance to the discharge
point (effluent discharge: 960 and 271 Bg/m’, respectively)

Table 5 Radium concentration in surface water of Pantanha stream, Bg/m® (ENU 1998)

ID Jan. Feb. Mar. Apr. May Jun. Aug. Sept. Oct. Nov. Dec. Mean

Cc2 150 80 100 100 70 9 210 100 110 70 60 103.6
C3 140 50 70 70 150 80 80 120 140 50 90 94.5

C4 80 50 40 60 60 120 210 160 350 80 60 115.5
c7 - - 110 110 - 70 - 140 - - - 106.7
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respond to the considered discharge point but at a distance comprised between
1650 (Cs) and 2750 m (Cy) distant from the discharge point. The radium concen-
tration continues to decrease with the distance afterwards. This suggests that prob-
ably there are other contamination sources besides the discharged effluent; the
model considers that the contaminated effluent is the only source of contamina-
tion. Nevertheless, surface runoff and seepage of rainwater flowing through the
tailings pile or through contaminated nearby soils may represent a significant con-
tribution to radium concentrations in surface water and sediments. This can be
stressed by the fact that the superficial water measurements performed by ENU
are always much higher than those obtained in the model outputs and the model
simulation was carried out considering only the contribution from the discharged
effluent.

Sediments measurements carried out by Pereira et al. (2004) also showed that
the highest values for sediments concentration do not occur in the vicinity of the
discharge location but at a distance comprised between 1500 and 2000 m from it.
These anomalous concentrations may also result from others sources than the
discharged effluent such as the irrigation of agricultural soils with contaminated
water beside the direct relation with the surface water concentration.

Conclusions

This work presents the results of an application of the radionuclides transport
model in surface water based on the IJAEA models for assessing the impact of
discharges radioactive substances into the environment (IAEA 2001). The radio-
nuclides discharge into a river was considered for applying the model to a specific
case study. Radium concentrations in surface water and in sediments were calcu-
lated for different exposure points.

The observed pattern variation for radium concentration could be explained by
the presence of others contamination sources besides the discharged effluent, as
mentioned before. Nevertheless, model results are below the measured values at
Pantanha stream and Mondego river, for the considered exposure points.

The discharge effluent rate adopted in the model simulation refers to the year of
2000 while the experimental data refers to the year of 1997. Urgeiriga mine ex-
traction stopped in 1992 but the processing plant was used to process uranium
from others mines, until 2001. Presumably in 1997, and before that, the effluent
rate discharge has been much higher than the adopted value; between 1951 and
1991 the processing plant was producing an annual average of 125,000t of ura-
nium concentrate. This could explain the lower values for radium concentration in
water achieved from the model simulation.

Sediments measurements for the same year and exposure points weren’t avail-
able for comparison but taking in consideration the sediments concentration direct
dependency on water concentration we conclude that the model results would be
lower than the measured values.
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Most of the processes inherent to the model transport are highly site specific,
such as the annual river flow rate, flow depth and river velocity, which were esti-
mated based on generic hydrological studies due to unavailable site specific data.
Model structure also has some limitations such as assuming that river cross section
and flow velocity do not change with distance or time, which is not always true.

Uncertainty studies weren’t carried out but it is clear that uncertainty will result
at least from the adopted assumptions and calculated hydrological river character-
istics. Also a great error may arise from sediment adsorption coefficient, Ky, and
suspended sediment concentration, S; site specific values for these parameters
should be obtained to reduce the error.

One may conclude that model simulation was limited mainly by considering
the effluent discharge as the only contamination source. In addition, the lack of
updated data for effluent discharges rate and site specific data for the most sensi-
tive parameters contributed for the observed differences.
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Neutralisation and Trace Element Removal
from Beverley in-situ Recovery Uranium Mine
Barren Lixiviant via Hydrotalcite Formation

Grant Douglas, Laura Wendling , Kayley Usher, Peter Woods

Abstract. An assessment of hydrotalcite formation to neutralize acidity and
remove trace elements was undertaken using barren lixiviant from Heathgate
Resources’ Beverley in situ recovery uranium mine in South Australia. Batch-
scale studies demonstrated proof of concept for neutralization of acidity using
MgO +NaAlO, with concomitant removal of a range of trace elements. The hy-
drotalcite formed during neutralization, hosted a range of potential contaminants
including substantial uranium (~ 1% U) and rare earth elements (~2% REE).

Introduction

Beverley Uranium Mine

The Beverley in situ recovery (ISR) uranium mine in South Australia, owned and
operated by Heathgate Resources Pty Ltd (Heathgate), is the only operational ISR
uranium mine in Australia. The Beverley deposit is located ~550km north of
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Fig. 1 Location of Beverley in situ recovery (ISR) uranium mine in South Australia

Adelaide (Fig. 1). Uranium mineralisation was first discovered in 1969. In 1990,
Heathgate acquired the 21,000 t deposit and commenced ISR mining in 2000.
Mineralisation is hosted within a series of palacochannels ~100-140 m below
the surface within unconsolidated Beverley sands, silts and clays of the Tertiary
(Miocene) Namba Formation. Ore primarily occurs as coffinite and uraninite asso-
ciated with organic-rich layers of the palacochannel sediments. Other element
enrichments include Th, Zn, Mo, V and As (Curtis et al. 1990; Ruperto and de
Caritat 2006; Hou et al. 2007). Palacochannel groundwater salinity varies from
3000-15,000 mg/l with aquifer waters of an Na-HCO3-CI-SOy, type (Table 1).

Uranium Extraction and Recovery

Aquifer pH is reduced from ~7.0-8.0 to 1.5-2.5 using H,SO,, with H,O, used as
an oxidant to assist in U solubilization. Uranium within pregnant lixiviant is
pumped to the surface and recovered. Post U extraction, the lixiviant is refortified
and re-injected to assist in further ore extraction. After cessation of mining within
a mineralized aquifer, under current arrangements barren lixiviant remains in the
mined-out aquifer to undergo natural attenuation. Typical lixiviant compositions
are given in Table 1.
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Table 1 Typical groundwater and average extraction and injection lixiviant compositions
(mg/L) from Beverley ISR U mine (Heathgate data) neutralized lixiviant (Lix + MgO + NaAlO,)
and post-Beverley aquifer sediment column (this study)

Analyte Ground- Li.xivi.ant Lixiviapt Ba.rrjcn Lix +MgO Post-
water Injection Extraction lixiviant +NaAlO, column

pH 7.3 2.1 2.3 1.7 6.9 7.3

EC 831 1324 1199 2470 1900 1980

Al 0.22 36.7 36.9 200 0.094 0.011

As 0.002 0.04 0.05 <0.05 <0.05 0.026

Ba 53 37 39 0.035 0.065 0.055

Ca 370 546 547 638 705 657

Cd 0.2 41 42 0.16 0.078 0.014

Cl 1988 1895 1975 3700 4220 4580

Co 0.11 4.06 4.18 6.7 1.7 0.7

Cr 0.02 0.03 0.58 0.18 0.003 0.002

Cu 0.03 0.12 0.03 0.47 0.005 0.008

Fe 0.74 26.1 259 79 0.013 <0.005

HCO; n/a <1 <1 <1 67 165

K 42 59 59 117 109 121

La n/a n/a n/a 0.79 0.13 0.001

Mg 198 303 303 454 1570 1580

Mn 0.19 0.52 0.55 14 11 9.9

Na 1188 1423 1427 1710 2300 2680

Ni 0.004 1.99 2.04 3.7 1.2 0.4

Pb 0.04 0.1 0.15 0.16 <0.0005 <0.0020

S 508 1378 1303 2300 2500 2600

Sc n/a n/a n/a 0.53 <0.0025 <0.0025

Se 0.001 0.26 0.25 <0.05 0.06 0.09

Si 48 125 126 300 37 42

Th n/a n/a n/a 1.1 0.0051 0.0024

Ti n/a n/a n/a 0.028 <0.002 <0.002

U 0.41 15 211 19 1.3 0.7

\'% 0.001 0.76 0.78 0.9 <0.005 <0.005

Zn 0.29 0.17 0.25 4.2 0.44 3

Hydrotalcite Formation

Hydrotalcites (HT) are a class of naturally-occurring and synthetic materials char-
acterized by positively charged mixed metal hydroxide layers separated by inter-
layers containing water molecules and exchangeable anions (Cavani et al. 1991;
Shin et al. 1996; Ulibarri et al. 2001). Hydrotalcites form via co-precipitation of
divalent and trivalent metal cation solutions at moderate to high pH with the gen-
eral formula: M ,X)%MXH(OH)ZA"’- yH,0, where M** and M*" are divalent and
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trivalent metal ions, respectively (Taylor 1984), x is the proportion of trivalent
metal ion, y is interlayer water and A™ the anion. In Beverley barren lixiviant,
Mg**, AI**, and SO,* predominate giving the formula: MggAL(OH);SO, nH,0.

Hydrotalcites typically contain Mg®* and AI**, in the molar ratio of 2:1to 3: 1,
but other cations including Ni, Zn, and La may occur (Behrens et al. 2010; Vucelic
et al. 1997) via co-precipitation and ion-exchange both during and after formation
(Cavani et al. 1991; Miyata 1983; Seida and Nakano 2000, 2002). Simultaneous
removal of a suite of inorganic contaminants (to form a polymetallic HT) is highly
advantageous in treatment of contaminated waters.

Addition of Mg and/or Al and an alkalinity source are required to optimize
conditions for HT formation in barren lixiviant (Douglas et al. 2010). Alkalinity,
Mg and Al may be obtained from a variety of sources including sodium aluminate
(NaAlO,), other Al salts, Bayer liquor from alumina refining, sodium hydroxide
(NaOH) and calcined magnesia (MgO). Formation of HT in the specific context of
Beverley ISR barren lixiviant may also have other advantages, including:

e broad spectrum contaminant (common within U mineralisation) removal;

e rapid formation and dewatering, resulting in a high solids concentration in addi-
tion to flocculation of colloidal/material from suspension;

e formation of stable HT precipitates above a pH of ca. 4-5 with stability increas-
ing with pH;

e removal of Mg®" and substantial SO,* while only adding Na'; and

e generation of neutralized solute (mostly Na-SOy4) potentially amenable to RO/
electrodialysis of a concentrated solution producing H,SO, and NaOH for use
in lixiviant production/barren lixiviant neutralization, respectively.

Advantageously, the formation of HT in Beverley ISR Mine barren lixiviant is
favored by high Mg concentrations in the aquifer augmented by Mg and Al liber-
ated during ISR (Table 1). With a Mg : Al mol ratio of ~ 1.6, Beverley ISR barren
lixiviant is potentially suitable for HT formation after addition of further Mg and
Al (to increase the mass of HT precipitated) and a source of alkalinity. Impor-
tantly, low Fe mitigates formation of unstable green rusts (Genin et al. 2001).

It was postulated that the formation of HT of suitable stoichiometry, (Mg*": A"
molar ratio of ~2:1 to 3: 1), from the Mg, Al-rich Beverley barren lixiviant could
be facilitated via MgO +NaAlO, addition. The addition of these reagents serves
two simultaneous purposes: adjustment of the Mg: Al molar ratio to a desired
range without Fe addition, and as a source of alkalinity to increase pH to induce
the formation of HT as a sink for a suite of contaminants including U.

Methods

Beverley ISR Mine Batch Neutralisation Experiments

A 21 sample of barren lixiviant was rapidly stirred in an acid-washed flask. Both
MgO and NaAlO, were rapidly added as dry powders. A precipitate formed im-
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mediately and was stirred for ~0.5 h. The resultant suspension was covered and
aged at 50°C in a oven for 7 days, separated, washed with deionized water, and
oven-dried at 50°C. Part of the neutralized supernatant was passed through a 1 m
long column containing unmineralized Beverley aquifer sands. A precipitate sub-
sample was ground in a mortar and pestle and calcined in a Pt crucible at 650°C
for 30 min and re-weighed for mass loss. Dried and calcined precipitate mineral-
ogy was analyzed using X-ray diffraction (XRD) and major and trace elements
using X-ray fluorescence (XRF). Supernatant solutions were analyzed for major
and trace elements via ICP-MS/OES using standard methods.

Scanning electron microscopy of HT was performed on a Zeiss 1555 VP-
FESEM equipped with an energy dispersive spectrometer (EDS). For imaging,
dried samples were placed onto Al stubs and Au-coated. For microprobe analysis,
dried samples were carbon-coated with EDS spectra from single points used to
determine elemental composition.

Results and Discussion

Beverley ISR Mine Batch Neutralisation Experiments

Relative to the initial barren lixiviant pH of 1.7, MgO + NaAlO, addition resulted
in a final pH of 6.9 (Table 1). with a concomitant reduction of dissolved Al con-
centrations (200 to <0.1 mg/L). Considerable Mg (454 to 1570 mg/L) was present
as MgO was added in excess of stoichiometric requirements. Reductions in lixivi-
ant major and trace elements concentrations included Al, Ca, Cd, Co, Fe, La, Ni,
Th, and U from (19 to 1.3 mg/L). Most trace element concentrations were further
reduced, and pH increased to 7.3 after passage of neutralized solute through a
column of unmineralized Beverley aquifer sediments (Table 1). The resultant
solute chemistry is similar to the original groundwater + Mg-Na-SO, (Table 1).

Geochemical modeling (PHREEQC, Parkhurst 1995) indicated after addition of
MgO +NaAlO,, HT at pH 6.9 was ~10* times oversaturated with respect to the
solution. Mineralogical (XRD) analysis confirmed HT as the principal mineral.

The major and trace element composition of the HT precipitate formed from
the addition of MgO +NaAlO, to Beverley ISR mine barren lixiviant and after
calcination at 650°C is dominated by MgO and Al,O; that collectively constitute
~45 and 59%, respectively (Table 2). The 30% mass increase is consistent with
the conversion of HT to spinel (confirmed by mineralogical analysis). Sulfate, (as
SO;) was the major solution anion, and hence predominant HT interlayer anion
constituting ~ 10% in the HT and 14% after calcination to spinel.

Dissolved U from the barren lixiviant (19 mg/L) was concentrated within the HT
(7162 pg/g, 0.85% eU;03) and calcined HT (9778 ng/g, or 1.15% eU;0g), compa-
rable to primary ore grade (Table 2). Rare earth elements (REE) were also concen-
trated; the sum of REE (La+Ce+Nd+Sm+Yb) was 5,867 and 8233 ng/g, re-



106

G. Douglas et al.

Table 2 Major element oxide (%) and trace element (ug/g) geochemistry of Beverley ISR mine
barren lixiviant (lix) precipitates

Element/oxide Lix+MgO +NaAlO, Calcined Lix + MgO + NaAlO,
SiO, 7.45 9.91
TiO, <0.002 0.01
Al 05 25.8 34.14
Fe 05 3.86 4.99
MnO 0.19 0.26
MgO 18.79 24.77
CaO 1.36 2.03
Na,O 1.31 1.71
K,0 0.06 0.09
SO; 10.16 13.91
As 22 29
Ce 1896 2708
Co 2432 3125
Cr 96 116
Cu 179 218
La 317 448
Mo 18 24
Nd 2068 2894
Ni 1175 1527
Pb 51 14

Sc 290 405
Se 10 9

Sm 946 1308
Th 431 569
U 7162 9778
v 470 647
Y 4731 6403
Yb 640 875
Zn 1859 1717

spectively, in the HT and calcined HT. Estimated total REE concentrations based
on interpolation were 9000 and 12,500 pg/g, respectively. Notable was the en-
richment of heavy REE over light REE. Heavy REE such as Yb and Y, a surrogate
mid-HREE, had concentrations 4731 and 6403 pg/g in the HT and calcined HT
(spinel), respectively. Scandium, frequently found in association with REE, also
had elevated concentrations of 290 and 405 pg/g, respectively.

In addition to U and REE, many trace elements (Co, Ni, Zn) exceeded
1000 pg/g in both the HT and the calcined derivative, with other elements (Cu, Cr,
Th) exceeding 100 pg/g. Given the enrichments of U, Th and trace elements, it is
likely that U-Th series radionuclides were also concentrated within the HT.
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Fig. 2 Hydrotalcite (HT) botryoids and detail of face to edge and edge to edge HT aggregates.
Scale bars are 200 nm.

Analysis by SEM revealed flat, hexagonal crystals arranged as edge-to-edge
aggregates within botryoidal masses (Fig. 2). Element mapping revealed similar
distributions of Mg-Al with an Mg : Al molar ratio of ~ 1. While lower than that of
HT, abundant Si (~7%) and a Si: Al molar ratio of ~ 1 suggests co-precipitation of
an amorphous phase with other cation substitution also decreasing the Mg: Al
ratio. Element mapping of U (~ 1%) indicated that it was present in a diffuse dis-
tribution within HT rather than as a discrete secondary uraniferous precipitate.

Batch experiment results have demonstrated that a range of major and trace el-
ements are removed during HT precipitation and confirms aspects of the patents of
Douglas (2006, 2009), that the combined addition of MgO +NaAlO, act concur-
rently as a pH neutralizing agent and as building blocks for HT formation. A HT
precipitation reaction, reflecting the barren lixiviant composition is:

6MgSO, +2NaAl(OH), + MgOy,,, +8NaOH —

, 1
Mg6A12 (OH)16 SO4 ’nH20+5NaZSO4 +Mgo(ex) ( )

where MgO.y, reflects excess MgO added as a Mg source and neutralizing agent.
Post-neutralization solutes were predominantly Na-SO, reflecting the presence of
SO, from the acidic barren lixiviant and Na derived from NaAlO, addition.

Calcination resulted in the dehydration and re-crystallization of HT to spinel
(MgAl,04). Conversion to spinel occurs by the following reaction where the Mg
not utilized in the spinel is converted to MgSO,4 or MgO:

Mg,Al, (OH);6 SO, -nH,0 —

: 2
MgAL,O, +8H,0 +4MgS0, + MgSO, +nH,0 @

Calcination of HT resulted in a mass loss of ~30% due to dehydration. The
MgO formed during the calcination is present in a 4:1mol ratio, constituting a
large buffering capacity in the event of low pH conditions. Alternatively, HT addi-
tion of silica as an interlayer anion results in a chlorite-like composition that could
potentially be used as a “natural” repository. Formation of an Na,SOs- rich solu-
tion after precipitation also enables the possible use of electrolysis to produce
H,S0, for lixiviant generation, and NaOH for neutralization.
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Conclusions

Batch-scale studies have demonstrated proof of concept for the neutralization of
acidity and removal of contaminants from Beverley ISR mine barren lixiviant
using MgO +NaAlO,. Hydrotalcite formed during neutralization hosts a range of
contaminants, notably ~ 1% U and ~ 2% REE indicating a potential to both remedi-
ate barren lixiviant prior to aquifer re-injection and to offset remediation costs.
Importantly, the ionic composition of the neutralized barren lixiviant is similar to
existing groundwater allowing for direct disposal. Hydrotalcite formed during
neutralization may be further stabilized via calcination and/or silicification produc-
ing minerals potentially amenable for inclusion in a long-term waste repository.

In the Beverley context, the HT-based remediation technology is considered
a potential groundwater treatment, if required, for the future closure of its Bever-
ley North operations. Whilst Beverley’s ionic composition would mean easier
application of this technology there, potential exists to apply it to other mines.
This remediation technology, after scale-up and performance validation, allows for
the prospect of a fully integrated ISR mining, processing and lixiviant remediation
strategy consistent with stringent environmental and mine closure standards.
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Concentration of U and Th
in the Bloedkoppie Granite, Namibia

Fred Kamona

Abstract. The leucocratic Bloedkoppie Granite is generally considered to be the
source rock of most of the uranium concentrated in the nearby Langer Heinrich
calcrete-hosted uranium deposit. Ground gamma-ray radiometric measurements
for K, U and Th along two survey profiles within the Bloedkoppie Granite showed
that the intrusive body is uranium-rich with 15 ppm U and 33 ppm Th. Pegmatite
dykes within the granite contain relatively higher U concentrations (23 ppm) com-
pared to the granite (10 ppm).

Introduction

Numerous granites associated with uranium mineralization in Namibia are concen-
trated in the Central Zone of the Pan-African Damaran Orogen (Jacob et al. 1986).
These granites include leucocratic alkali granites with potentially economic pri-
mary uranium mineralization at the Rssing, Valencia, Ida Dome and Goanikontes
deposits as well as those considered to be probable source rocks of uranium for the
various secondary calcrete-hosted uranium occurrences in the Namib Desert
(Hambleton-Jones 1984, Fig. 1).

Langer Heinrich and Trekkopje are the two major secondary uranium deposits
in Namibia. Uranium production at Langer Heinrich started in 2006 where 12.9 Mt
ore of and 11.3 Mt of waste have been mined with an ore feed of 850 ppm U304
(Langer Heinrich 2010, personal communication). The Trekkopje deposit is cur-
rently under development and mining is scheduled to start in 2012. The Bloedkop-
pie and Spitzkoppe granites have been considered as the probable sources of ura-
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nium at Langer Heinrich and Trekkopje, respectively (Hambleton-Jones 1976,
1984; Jacob et al. 1986).

The Bloedkoppie Granite is the main granite underlying the catchment area of
a 15km long Upper Cretaceous palacochannel containing near surface minera-
lization, 1 to 30m thick and 50 to 1100 m wide depending on the width of the
palacovalley (Langer Heinrich 2010, personal communication). Carnotite
(K2(UO»)2(VOy), - 3(H,0)) is the main uranium mineral which lines cavities, frac-
ture planes and also occurs as grain coatings and disseminations in the calcretized
sediments. According to Hambleton-Jones (1984), carnotite precipitation occurred
during the Upper Tertiary in zones of high porosity within the fluviatile sediments
of the Langer Heinrich Formation.

Methodology

A field radioactive survey using a portable gamma spectrometer was conducted in
order to establish the distribution of uranium in the Bloedkoppie Granite and assess
the potential use of ground radiometric surveys in identifying uranium bearing
granites in the Damaran Orogen. The radiometric survey was made with a portable
gamma ray spectrometer (GF Instruments model) with Thallium-activated sodium
iodide Nal(Tl) crystals as detectors capable of recording the full gamma ray spec-



Concentration of U and Th in the Bloedkoppie Granite, Namibia 113

trum as well as sum 512 channels over broad energy windows for the in-situ esti-
mation of K, U and Th radioelement concentrations. Automatic spectrum stabiliza-
tion was by a low-energy peak from a reference isotope ('*’Cs at 0.662 MeV).
Measurement of the concentrations of K, U and Th were made for periods of two
minutes at each station along two selected profiles within the Bloedkoppie Granite
over distances of 110 and 300 m, respectively.

The Bloedkoppie Granite

The Bloedkoppie Granite is a syn- to post-tectonic leucocratic alkali granite intru-
sive into biotite-muscovite schist, calc-silicate and marble units of the Tinkas
Formation of the Damaran Supergroup (Miller 2008). The granite is composed
mainly of microcline, quartz, biotite and plagioclase with accessory zircon and
varies in texture from medium- to coarse-grained. It is intruded by numerous
quartz-feldspar pegmatite veins with minor to accessory garnet, magnetite and
tourmaline (schorl). Recent age determinations based on U-Pb single zircon geo-
chronological dating indicates an emplacement age of 554 =25 Ma for the granite
(Kamona, unpublished data).

Profile 1

A field gamma-ray radiometric survey to determine the concentration of K, U and
Th in the Bloedkoppie Granite was initially conducted along a NNW-WSW 110 m
profile in a part of the granite body with well exposed pegmatite veins varying in
thickness from 1 to 290 cm and generally trending at a bearing of 110°. The results
of the survey are summarized in Table | for both granite and pegmatite, granite
(excluding pegmatite) and pegmatite (excluding granite) respectively.

From the data it is observed that the radiometric concentrations of K and Th
along Profile 1 in the granite and pegmatite veins are not significantly different
(Table 1). However, the average uranium concentration in the pegmatite veins is
nearly three times higher than in the granite, indicating a preferential enrichment of
uranium in late pegmatitic fluids associated with the formation of pegmatite veins.

The variations in the concentrations of K, U and Th along Profile 1 are shown
in Fig. 2 which is a profile that includes both granite and pegmatite rocks encoun-

Table 1 Average values of K, U, Th and Th/U in Profile 1

Rock Type K [%] U [ppm] Th [ppm] Th/U n
Granite and ~ 4.8+0.1 155+1.6 31.6+1.3 45+1.4 58
Pegmatite

Granite 49+0.1 8.5+0.7 33.0£1.7 52+1.7 33

Pegmatite 4.7+0.2 24.8+2.8 29.6+2.2 3.6+£2.2 25
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Fig. 2 Variation in concentrations of K, U and Th in the Bloedkoppie Granite along Profile 1

™ Granite
50.00 + A
= A
e 40.00 - ‘A
‘E A 4 4 A &K%
% 2000 LA A A A AA A A
5 A A A A A Aa EUppm
M A A Th
20.00 4 4 Th ppm
[ o gy M A
10.00 B [ B [ ]
[ ] | ]
oo Mo.".*owcwgg Boo. 28
0.00 ! : =l — .
1] 20 40 60 80 100 120

Distance (m)

Fig. 3 Variation in concentrations of K, U and Th in granite along Profile 1

tered along the survey. Whereas both U and Th exhibit wide ranges in their re-
spective concentrations (0—-61.9 ppm U and 6.8-62.5 ppm Th), the concentration
of K is fairly constant in both granite and pegmatite along the profile.

The concentrations of the radionuclides in the two rock types (granite and peg-
matite) along the survey profile are markedly different, with relatively lower con-
centration of uranium in the granite which varies from 0 to 14.7 ppm U (Fig. 3) in
comparison to the pegmatite veins with 0.8—61.9 ppm U (Fig. 4). As a consequence
of the low uranium concentration, the relative concentration of Th with respect to U
in the granite is consistently higher than in the pegmatites as indicated by the Th/U
ratios of 5.2 and 3.6 in the granite and pegmatite veins, respectively (Table 1).
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Fig. 4 Variation in concentrations of K, U and Th in pegmatite along Profile 1

Profile 2

The second radiometric survey was conducted along a 250 m long N-S profile in
the Bloedkoppie Granite with fewer and thinner (2—40cm), randomly oriented
pegmatite veins within a generally light pink, medium- to coarse-grained bioti-
terich granite. The radiometric concentrations of K and Th along Profile 2 in
the granite and pegmatite veins are not significantly different (Table 2). However,
the average uranium concentration in the pegmatite veins is nearly twice that in
the granite, indicating a preferential enrichment of uranium in late pegmatitic
fluids associated with the formation of pegmatite veins. It is also apparent that
the U and Th values along this profile vary widely (0.5 to 46.4 ppm U and 12.9 to
60.8 ppm Th), whereas the K concentrations are much less variable (Fig. 5).

Separation of the data with respect to rock type confirms the relative enrich-
ment of uranium in pegmatite with 12 to 46.4 ppm U (Fig. 6) rather than in granite
which contains from 0.5 to 30.6 ppm U (Fig. 7) as observed in Profile 1 above. In
this case the granite has average values of 11.2 ppm U compared to 21.9 ppm U in
the pegmatite veins with corresponding Th/U ratios of 7.5 and 1.8, respectively
(Table 2). In contrast the average concentration of Th and K are quite similar in
both rock types (33.3 ppm Th and 4.9% K in granite compared to 34.6 ppm Th and
4.1% K in pegmatites).

Table 2 Average values of K, U, Th and Th/U in Profile 2

Rock Type K [%] U [ppm] Th [ppm] Th/U n
Granite and ~ 4.7+0.1 139+1.9 33.7+1.6 6.1+£2.2 52
Pegmatite

Granite 4.9+0.2 11.2+1.0 33.3+1.8 7.5£2.9 39

Pegmatite 4.1£0.2 21.9+2.6 34.6+34 1.8£0.3 13
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Fig. 6 Variation in concentrations of K, U and Th in granite along Profile 2

Discussion

The radiometric surveys have demonstrated that the leucocratic Bloedkoppie
Granite is a likely source of uranium for the Langer Heinrich calcrete-hosted de-
posit due to its relatively high uranium content (15 ppm U) which is typical of
uranium-rich granites with 10 to 20 ppm U (e.g. Lehman 2008). Granite emplace-
ment occurred at 554 +25Ma as a result of partial melting of crustal rocks during
the Damaran Orogeny. According to Jacob et al. (1986), the uranium was concen-
trated in granitic melts during high-grade metamorphism of the basement gneisses
of the Paleoproterozoic Abbabis Complex (which contain 3 to 5 ppm U;Og) and
metaquartzite of the overlying Neoproterozoic Nosib Group.
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Fig. 7 Variation in concentrations of K, U and Th in pegmatite along Profile 2

Concentration of U and Th was due to normal fractionation processes resulting
in enrichment of these large highly charged cations in granitic melts (Jacob et al.
1986; Cuney 2008). However, most of the uranium was concentrated in residual
pegmatitic melts from which intrusive pegmatite veins formed within the Bloed-
koppie Granite as indicated by the higher uranium content of the pegmatite veins
(23 ppm U) in comparison to the granite (10 ppm U).

Weathering of the Bloedkoppie Granite under semi-arid to arid conditions re-
sulted in the leaching and transportation of highly soluble hexavalent uranium
(U*) as a uranyl carbonate complex in warm meteoric waters and its fixation as
U*" together with potassium and vanadium due mainly to evapotranspiration
(Lehman 2008) to form carnotite as void fillings, fracture coatings and as dissemi-
nated cement in porous valley-fill sediments in the Upper Tertiary (5-2Ma) at
Langer Heinrich (Hambleton-Jones 1984).

Conclusion

The sensitivity of modern spectrometers is capable of discriminating between
uraniferous rock types such as granites and pegmatites as observed at the Bloed-
koppie Granite where pegmatite veins contain up to three times more uranium in
comparison to the leucocratic granite. Ground radiometric surveys are therefore
very useful in uranium exploration to identify anomalous areas with primary min-
eralization as well as potential source rocks of secondary surficial uranium miner-
alization such as that found at Langer Heinrich.
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Concentration Dynamics and Speciation
of Uranium in a Boreal Forest Creek —
Six Years of Weekly Observations

Stefan Karlsson, Bert Allard

Abstract. The concentrations of major components as well as uranium and some
transition metals (Cu, Zn, Cd, Pb) and DOC were measured in a small creek with-
in a boreal catchment during a six years time period. Variations up to four orders
were found during the entire period. There was an evident correlation between
uranium concentration with concentrations of Fe and Al, however not with DOC
(in the absence of carbonate, average pH of 5.5). It is evident that environmental
quality monitoring in small catchments must include the highly variable condi-
tions leading to large variations in concentrations and speciation.

Introduction

Although the hydrogeochemistry of uranium, as well as of transition metals, in the
environment is well known in general, there are only few studies of the these ele-
ments at natural background levels in boreal catchments. Background levels of
uranium are generally substantial in Sweden, reflecting the contributions from the
granitic bedrock (some 5 mg/kg of uranium), as well as from Cambrian shales in
some regions (up to some 300 mg/kg of uranium). In general U(IV) is sparingly
soluble, while U(VI) is mobile and without obvious solubility constraints.
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Recent studies have shown that interactions with colloidal matter in groundwa-
ter might decrease the mobility of U(VI)-species and increase the mobility of
U(IV)-species (Zanker et al. 2006). Identical migration times in sand columns,
except for the impact of colloid filtration, were demonstrated for both oxidation
states in the presence of humic acid (Mibus et al. 2007). This would be of impor-
tance in many till environments considering the high stability constants for U(VI)
humate complexes (Szabo et al. 2006). Also the stability of iron-U(VI) surface
complexes is high, and the effect of sulfate as well as silicate at environmental
levels is minor. Field studies have identified two dominating size classes of ura-
nium carrier phases in soil (Claveranne-Lamolére et al. 2009), one corresponding
to high molecular-weight humic acids and the other one to aggregates of mineral/
organic origin. It should also be noted that interactions with humic substances in
the presence of Fe(Ill) and Fe(II) might stabilize U(IV) (Ulrich et al. 2006; Jang
et al. 2008). It is essential to include hydrological as well as chemical mechanism
in soils and sediments when analyzing the transport of uranium and other elements
at background levels in catchments where the conditions inevitably will vary. In
general, the transport will be governed by chemical processes in solution and on
surfaces, as well as by the physical transport of dissolved species and suspended
particulate carrier substances.

The mobility of uranium and of some transition metals at trace levels, in a
small boreal catchment is described in this study, focusing on the importance of
the variations of physical as well as hydrochemical conditions over time.

Materials and Methods

The Field Site

The catchment, that has an area of some 4 km?, is located in Dyltabruk, some
200 km west of Stockholm, Sweden. The parent bedrock underneath the rather
coarse till soil is granite/gneiss with lenses of calcarcous minerals, notably lime-
stone, and clays. Some 80% of the catchment has quite dense tree stands of conif-
erous (80%) and deciduous (20%) species. The lower vegetation is dominated by
grass and shrubs (Vaccinium spp). The remaining part of the catchment contains
bogs and mires. Annual precipitation is some 650 mm, and the related evapotran-
spiration is some 200-250 mm. Typically, winter begins in early November and
lasts until early April, when the snow pack melts in a few weeks.

The Listrebacken creek is a typical surface water pathway representative of for-
ested catchments in this part of Sweden. It is 0.5-1.5m wide, has a depth of
0.1-1m and it is to some extent resulting from drainage of the surrounding forest
soil. The sampling site was some 2.3 km downstream in the catchment.



Concentration Dynamics and Speciation of Uranium in a Boreal Forest Creek 121
Sampling and Analysis

Samples were collected and water levels measured weekly although with higher
frequency during a few rain storms as well as during snow melt episodes. The
weekly samples were taken at one specific site, but the whole creek was also sam-
pled at least once a year. Samples for metal analysis were taken in polypropylene
test tubes (Sarstedt; 15 ml for metal analysis, 50 ml for other parameters). Samples
for metal analysis were acidified to 1% HNO; with sub-boiled distilled acid.

Electrical conductivity and pH were recorded with conventional probes. Ion
chromatography using a Dionex AS-12 column with bicarbonate/carbonate buffer
as mobile phase was used for the determination of inorganic anions in filtered
samples. The dissolved carbon content (filtration through 0.20 um membranes)
was quantified as dissolved organic carbon (DOC) and inorganic carbon (IC) with
a Shimadzu TOC-V CPH analyzer. The content of low molecular weight organic
acids (LMWOA) was measured in the filtrate by capillary electrophoresis (Dahlén
et al. 2000). The molecular weight distribution of humic substances was estimated
from gel permeation chromatography in a separate filtered sample.

Metal analysis was made by ICP-MS (Agilent 4500, Agilent 7500) on the
acidified original samples as well as on those resulting after different treatments.

Results and Discussion

General Hydrochemistry

During the period of study the precipitation has deviated slightly from the Swedish
reference period (Fig. 1). Autumns and springs have slightly higher precipitation
while summers and winter were dryer. No impact could be seen in the creek
because of the start of the time series. The system is highly variable, with water
levels ranging from a few mm during summer droughts to 60 cm at snow melt, as
shown by the variation of the general hydrochemical parameters and principal
metal concentrations (Tables 1 and 2).

According to Tables 1 and 2 (e.g. mean values) the water is low in total salts
(ions), high in DOC and slightly acidic, as expected in this kind of catchment
dominated by acidic organic material (humic). Generally, concentrations are high
at low water levels and vice versa. Low water level would indicate a larger con-
tribution from the groundwater. There is also a pronounced seasonality of organic
matter as well as conservative and reactive elements (c.f. Fig. 2a, b).

There are periods that are highly different from the general pattern. Individual
rain storms with high intensities regularly result in resuspension and influx of soil
material. This is evident for Al and Fe where the particulate fraction periodically
increases from 20 to more than 95% (not illustrated) whereas only minute changes
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of particulate Mn were observed. Geochemical modeling showed that unfiltered
samples were close to equilibrium or oversaturated with respect to Al(OH);(am),
Fe(OH);(am) and FeOOH(s).

The DOC has similar concentration dynamics and is one of the constituents that
showed a tendency of increasing concentrations over the six years time period.
This becomes more evident when the time series for the DOC/CI ratio is plotted
(Fig. 3). The Cl was conservative and did not show any significant concentration
changes during the period of measurement, except for its seasonality.
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Fig. 1 Percentage of monthly precipitation in relation to the Swedish reference period

Table 1 Summary of general hydrochemical parameters (n=249)

El. Cond pH DOC F cr SO NO;

(uS/cm) (mg/1) (mg/l) (mg/l) (mg/1) (mg/1)
Min 28.7 4.47 0.1 0.02 1.20 0.67 0.10
Max 114.6 6.85 90.9 1.22 15.3 114.9 14.4
Mean 46.0 5.48 30.3 0.33 343 4.60 1.51
S.D. 12.21 0.45 13.2 13.22 1.41 7.97 2.15

Table 2 Summary of principal metal concentrations (mg/1) (n=249)

Ca Mg Al Fe Mn
Min 1.92 0.69 0.26 0.15 0.001
Max 14.86 5.17 4.40 16.28 0.670
Mean 4.03 1.40 0.91 2.47 0.056

S.D. 1.29 0.45 0.60 2.19 0.068
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The quality of the DOC has two dominating features, according to the gel per-
meation chromatography. Fulvic acids (mw 400-2000 D) are always present and
correlates (r* 0.89) with concentrations of DOC. During late autumn and occasion-
ally at intense rainstorms humic acids (mw > 10,000 D) were found.
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Fig. 3 Time series of ratios for DOC/CI and U/Cl

The LMWOA, which represent a minor fraction of the total DOC (generally
less than 5%), is dominated by formate, acetate, citrate and oxalate although lac-
tate was occasionally found during late winters. Their concentrations seem to be
more related to temperature than the hydrodynamics.

Trace Elements

The concentrations of trace metals are generally low in the present creek, Table 3.
Data from “extreme” conditions are excluded in this compilation in order to better
account for ordinary conditions. Maximum concentrations at some periods with
intense rain storms and high fluxes of solid matter were as high as 92 pg/l of U, as
well as 25, 130 and 90 pg/l of Cu, Zn and Pb, respectively, in the aqueous phase.
The high uranium concentration is not expected in surface waters but may occa-
sionally be found in wells in the region. It should also be noted that at DOC con-
centrations was as high as 460 mg/I at one occasion.

No stoichiometric solid phases were found for Cu, Zn, Cd and Pb, according to
the geochemical modeling why their solid/solution partitioning would be con-
trolled by adsorption. Increasing ratios with Cl were observed for Cu, Zn and Pb
why the concentrations of these elements are increasing in the creek water. The
reason is unclear but correlation coefficients between their Cl-ratios and DOC are
in the range of 0.10 to 0.20 while they are 0.44 to 0.60 for Fe and Al. Thus it,
appears as if the two latter elements have some impact, or a corresponding dy-
namic behavior.
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Table 3 Summary of principal metal concentrations (mg/l) (n=249)

U Cu Zn Cd Pb
Min 0.029 0.34 2.55 0.00002 0.10
Max 2.770 9.21 58.91 0.150 11.38
Mean 0.724 1.72 7.92 0.033 1.49
S.D. 0.345 1.29 5.96 0.039 1.56

The concentration changes of uranium are very similar to the transition metals,
i.e. a pronounced seasonality, a U/CI ratio that increases with time and total con-
centrations below those of likely stoichiometric solids (Fig. 2). The uranium con-
centrations are independent of pH. Geochemical modeling using the NO; /NO,"
and SO4> /S ratios as estimators for the Eh regime suggested a clear dominance
of U(VI).

The uranium concentrations are highly correlated with those of Al (r* 0.70) and
Fe (1* 0.89), just as for the transition metals, which would indicate similar sources
or redistribution to those potential carrier phases rather than to DOC (1* 0.32). This
is partly supported by analysis of uranium in a few GPC separations where less
than 20% co-eluted with the fulvic acid fraction. The particulate fraction of ura-
nium was generally high, with a maximum of 72% associated with particles.

Conclusions

The observations regarding uranium — concentrations and mobility, can be sum-
marized:

e The concentrations in the creek varies by more than three orders of magnitude —
from 0.03 to 2.8 ng/l, with some extreme levels at storm events, above 90 ng/1
There is no significant correlation with DOC-levels
There is no significant correlation with pH (and not with carbonate; average pH
of 5.5)

e There is a significant correlation with Al and Fe, indicating that these element
may serve as carriers, (or that U, Fe and Al come from the same source)

The study demonstrates the importance to jointly consider physical properties
of the catchment and its hydrogeochemistry in the analysis and interpretation of
concentration and distribution data. The seasonal concentration changes are pro-
nounced for most parameters and during the six years of the study the concentra-
tions of U, as well as of Cu, Pb, Zn and of DOC, show increasing tendencies in
relation to the more conservative Cl'. The reason for this is not obvious. The in-
crease in concentrations of DOC may be more related to physical changes such as
water level changes in the system rather than chemical changes. No systematic
changes of pH were observed. It is clear, however, that particles with high con-
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tents of Al and Fe may serve as the major carrier phase, possibly enhanced by
particulate organic material.
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Uranium Pollution of Grand Water
in Karakalpakstan, Uzbekistan

Yoshiko Kawabata, Masaaki Yamada, Onwona-Agyman Siaw,
Aparin Vyacheslav, Berdiyar Jollibekov, Masahiro Nagai, Yukio Katayama

Abstract. We investigated uranium concentrations in ground water in Karakal-
pakstan, Uzbekistan. In the rural area of Karakalpakstan, main drinking water are
ground water. In the Half of sampling points for drinking water, uranium concen-
trations exceeded the WHO (2008) guideline level for drinking water. Since ura-
nium is a suspected carcinogen that can also have a toxic effect on kidneys. How-
ever, WHO addressing only the chemical aspects of uranium prescribed that
uranium concentrations in drinking water. The effect of uranium exposure from
drinking water on people in these areas is significant.
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Introduction

Uzbekistan is located along the ancient Silk Road of Central Asia, has been one of
the centers of civilization since ancient times. On the other hand, this area is well
known as mineral producers, and served as a supplier of minerals including ura-
nium for the Soviet Union since the 1940s. This area, however took over the ne-
gative heritage of environmental pollution when the Union collapsed and was
nationalized.

Access to safe drinking water is essential to health, component of effective pol-
icy for health protection, and development issue at a national regional and local.
Uranium has negative effects on the human body, both as a carcinogen and as
a kidney toxin. WHO, addressing only the chemical aspects of uranium, pre-
scribed those uranium concentrations in drinking water should be less than 15 g/l
(WHO 2008). Uranium is a naturally occurring radioactive metal. Its two main
applications are nuclear bomb production and nuclear electricity generation. Ura-
nium is widely distributed in the earth’s crust, but is concentrated in certain rock
formations. Most of the uranium for nuclear arms produced in the Soviet Union
during the Cold War came from Central Asia.

In the Central Asia, the large scale irrigated agriculture in arid land started in
1950s, especially in the Aral Sea basin. Many villages were built in arid area and
peoples are made rice, cotton, wheat, and vegetables in this area. They are drink-
ing ground water or river water. The gradual climate change over the centuries
was accelerated by the Aral Sea ecological disaster of the late 20th century in Aral
Sea basin, especially Karakalpakstan. By determining EC values, Papa et al.
(2004) conducted research on the effect of salinization caused by large-scale irri-
gation. Crosa et al. (2006) analyzed pesticides in the Amu—Darya basin and re-
ported about identifying compounds with a high risk of contamination.

We researched the uranium concentration of drinking water in central part of
Uzbekistan in 2000 (Kawabata et al. 2004). These results were exceeded the
guideline level for drinking water prescribed by WHO (1998). Republic of Kara-
kalpakstan is located lowest part of Amu-Darya basin. The gradual climate change
over the centuries was accelerated by the Aral Sea ecological disaster of the late
20th century in Aral Sea basin, Karakalpakstan. Therefore, we investigated water
pollution in this area.

Material and Method

The sampling sites are shown in Fig. 1. The samples of drinking water were col-
lected 11 points. Water samples from agriculture land were collected 22 points in
Karakalpakstan.

The position of each sampling spot was determined by using a e Trex Legend
portable Global Positioning System (GARMIN Ltd, Japan). pH, electronic con-
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Fig. 1 Location of water sampling sites

ductivity (EC), dissolved oxygen (DO), water and temperature were measured at
the sampling site using a U-20 Horiba Multiple water quality monitoring system
(Horiba, Ltd., Japan). Water for uranium was filtered through a 0.45 m Millipore
filter (Millipore Corporation) and collected in a polypropylene bottle.

Major Ions Measurements of Water Samples
and Phosphate Fertilizer

Na®, Mg*, Ca®*, CI" and SO,* concentrations were determined using an LCA-
10 A ion chromatographic analyzer (Shimadzu Corporation, Japan). Standard solu-
tion was prepared from a Wakenyaku standard solution for ion chromatography in
accord with the makers instructions.

Uranium Measurements of Water Samples

Uranium and strontium concentrations of water were determined by a Hewlett
Packard Company (Agilent Technologies, Japan) inductively coupled plasma mass
spectrometer (ICP-MS). Standard solution was prepared from Spex XSTC-469
(SPEX CertiPrep Inc.). The internal standard is Rh. Finally, accuracy and preci-
sion of the analytical methods, used here were tested using Spex XSTC-469
(SPEX CertiPrep Inc.) and shown to be satisfactory with 1-5% error.
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Radioactivity Measurements of Phosphate Fertilizer and Soil

Uranium isotopes from phosphate fertilizer were determined by a-spectrometry
(Seiko EG&G Model 7800) after radiochemical separation. Each samples treated
with a mixture of HNO;, HF, and HCIO, in a Teflon beaker (100ml). The residue
remaining after the acid treatment was fused with Na,COs in a platinum crucible
and the melt was dissolved in diluted HCI. The solutions were combined and a
mixture of *U as yield traces in the chemical separation was added to the solu-
tion. Samples were heated in a 100°C oven for about 30 min in order to dry them,
and then 10ml HCI was added to dissolve the residue. The solution was passed
through an anion exchange resin in the CI” form (Dowex 1x 8 of 100-200 mesh,
column: 8§ mm diameter; 5 cm length). Uranium adsorbed strongly on the column.
The column was washed with a small amount of 8M HNOj; to remove adsorbed
iron, and then by sufficient 10M HCI to remove some of the other elements. Ura-
nium was eluted from the resin with 2M HCI and the solution was evaporated to
dryness. Purified uranium was electrodeposited onto a polished stainless steel disc
(Talvitie 1972) and the isotope amount was measured with a surface barrier Si
detector (Tennelec TC256 spectrometer coupled to a 1K channel pulse height
analyzer, Seiko EG & G Model 7800) for 1 or 2 days were recorded for uranium.

Results and Discussion

Drinking Water

Sampling points and Uranium, strontium, and major ion concentrations (Na*, Ca*,
Mg*", CI', and SO,*) of drinking water are shown in Table 1.

Uranium concentrations in drinking water at D3, D8, D9, and D10 exceeded
the guideline level for drinking water prescribed by WHO (2008). In particular,
uranium concentration in the water sample from D9 was 1.8 times higher than the
prescribed WHO value. Kichikkangly village, which is close to D9, had a uranium
concentration in its drinking water of 41.92 ng/L (Kawabata et al. 2003). It is
possible that a uranium pollutant source is near this area; therefore, it is important
that the average uranium concentrations in this area and the pollutant sources be
investigated in more detail.

WHO (2008) did not detail a health-based guideline value for major ion con-
centrations. In Japan, the water quality standards for tap water include limits for
Na®, Ca*" and Mg”" concentrations that affect the acceptability of drinking water.
The concentrations of Na* at D1, D2, D3, D4, D5, D8, D9, D10, and D11 were
higher than those allowed by the water quality standard for tap water in Japan.
Further, Ca®" and Mg*" concentrations at D8, D10 and D11 were also higher than
those allowed in Japan. However, correlations were not possible between the con-
centrations of the uranium and Japanese standards.
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Table 1 Sampling site description and ion concentrations in drinking water

N E U st Nat Mg®  ca¥t  cr SO
(pg/l) (mg/l) (meq/l) (meq/l) (meq/l) (meg/l) (meg/l)
D1 42°41'14,7" 59°43'49,3" 0.01 0.411 33.29 0.59 1.13 14.58  14.00
D2 43°03'04,7" 59°51'55,5" 14.80 3.075 12.83 6.91 1039 8.27 13.49
D3 43°01'49,3" 60°0129,4" 16.04 4.190 19.92 1149 1592 16.73 23.29
D4 42°28'06,4" 59°21'15,5" 6.39 9.09 6.29 1043  7.51 11.94
D5 42°49'05,9" 59°05'28,2" 0.78 1.550 11.75 6.30 9.58 8.85 13.08
D6 42°49'13,4" 59°05'33,2" 0.15 1.524 5.12 5.21 1099 6.28 8.79
D7 42°01124,2" 60°11'42,7" 4.83 4.635 11.83 7.83 1338 11.83 14.56
D8 41°59'16,9" 60°14'33,1" 15.80 4.473 11.76 8.80 9.31 9.43 12.12
D9 42°02'52,1" 60°1227,7" 27.63 3.449 13.04 7.90 13.57  10.11 14.62
D10  42°03'06,0" 60°12'39,5" 4.93 1373 7.08 3.73 7.79 5.94 7.34
D11 42°35'47,3" 59°40'02,7" 20.53 3.062 18.08 10.50 14.78 16.81 20.31
WHO 15.00 nd. 200.00 n.d. n.d. 250.00 500.00

Though WHO (2008) did not detail health-based guideline values for strontium
concentrations, the average strontium concentrations were also high in the samples
sites; investigations into the sources of strontium pollutants are needed.

Canal Water

Sampling points and uranium, strontium, and major ion concentrations (Na*, Ca*",
Mg*", CI', and SO,*) of canal water are shown in Table 2.

The uranium concentrations in canal water from all sampling points were lower
than those prescribed by WHO (2008) in the guideline level for drinking water. In
the season that we samples water, rice fields were being flooded with water and
likewise cotton fields had water added every day; this might have greatly in-
creased the flow of water and be a reason for the low uranium concentrations in
the samples.

The concentrations of Sodium in discharged water in this area were 1 to 11
times higher than in the irrigation water. Likewise, Mg®" concentrations were 1
to 9, Ca*" concentrations were 0 to 4, CI” concentrations were 1 to 12, and SO,*
concentrations were 1 to 7 times higher. Each ion showed a different tendencys;
especially, Ca®* concentration in drainage water at C6 is lower than in irrigation
water at C5. Therefore, the mechanism of ion transfer in agriculture lands in this
area needs to be investigated in more detail.
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Table 2 Sampling site description and ion concentrations in canal water

N E 6] st Nat Mg¥  catt SO
(mg/L) (meq/L)

Cl 42°35'13,8" 59°40'15,6" 2.78  0.784 4.41 242 384 329 485
C2 42°38'35,2" 59°42'37,9" 2.55 0.735 3.86 208 356 280 4.14
C3 42°38'36,5" 59°42'37,6" 3.20 0.834 4396 244 3838 336 494
C4 42°41'08,0" 59°43'43,2" 2.04  0.594 3.03 1.69 317 221 3.26
C5 43°03'03,7" 60°13'47,1" 2.48  0.744 3.44 1.68 2717 232 327
C6 43°03'03,2" 60°13'44,0" 1.63 1411 348 204 362 259 377
Cc7 42°26'34,7" 59°32'56,7" 2.03 1.254 4.11 227 387 3.08 458
C8 42°23'03,2" 59°28'12,2" 1.96 1.067 7.88 236 3.60 3.12 459
C9 42°23'03,5" 59°28'10,7" 11.28 4.640 4190 2033 10.61 38.07 30.63
C10  42°33'57,3" 59°14'12,1" 1.78 0953 429 220 419 329 499
Cl11  42°34'03,3" 59°14'16,5" 9.38  4.423 2454 16.62 1236 20.84 2644
Cl2  42°49'41,5" 59°04'49,5" 1.61 0.832 3.87 208 365 292 441
CI3  42°49'42,0" 59°04'49,6" 1.59  0.000 3.77 1.99 381 290 435
Cl4  42°49'49,7" 59°0524,2" 1.54 0.828 395 215 443 3.0l 4.47
C15 42°49'49,3" 59°05'23,8" 1.63 0969 505 3.08 468 385 592
Cl6  42°13'15,0" 60°0627,7" 2.55 0.886 2.63 1.29  2.06 1.92  2.60
C17 42°1128,4" 60°0521,6" 2.60  0.885 2.45 133 2.19 1.81 2.52
C18  42°0825,7" 60°04'05,8" 528  2.542 9.11 6.21 530 955 8.55
C19  42°05'08,2" 60°05'52,5" 242 0830 230 086 2.12 1.71 0.00
C20  42°03'34,1" 60°0827,8" 6.60  2.198 1526 9.51 8.01 12.95 15.55
C21  42°45'34,1" 59°37'45,5" 3.73 1.062 395 234 368 321 492
C22  42°45'35,7" 59°37'43,5" 11.31 3.810 30.15 13.70 13.49 24.19 26.27

Phosphate Fertilizer

Phosphate Fertilizer

Uranium concentrations in phosphate fertilizer are shown in Table 3. Uranium
concentrations were the same as in phosphate fertilizers made from volcanic rock
(Komura 1985). The uranium concentrations of phosphate fertilizers made from
sediment rocks were lower than that from volcanic rocks. In these areas, phos-
phate fertilizer appears to have been made from volcanic rocks. In this area,
150 kg of phosphate fertilizer is used for 1 ha of rice field; the calculation rates for
uranium concentrations in 1 ha of rice field per year of phosphate fertilizer appli-
cation are shown in Table 3.

ICP-MS samples were dissolved only for just the water analyses; however, ura-
nium concentrations for ICP-MS samples were only about 10% less than the sam-
ples for a-spectrometry. This indicates that the uranium in phosphate fertilizer can
be dissolved and so enter water. Thus the results here suggest that the uranium in
phosphate fertilizer used on agricultural lands dissolved in water and ran into the
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Table 3 Uranium Concentration in Phosphorus Fertilizer

U concentration U concentration U concentration per 1 ha rice field
by ICP-MS by a-spectrometry per 1 year (g)

Sample (mg/kg) (mg/kg)

Central part of

Uzbekistan 19.8 n.d. 3.0

East part of

Uzbekistan 1.0 n.d. 0.1

C18 68.5 74.4 10.3 (11.2)*

D10 25.4 29.2 3.8 (4.4)*

* These were calculated using the data of a-spectrometry.

Phosphate fertilizer including uranium (150kg/ha/year)

Agriculture land

Irrigation Discharge

Fig. 2 Schematic view of Mechanism of uranium pollution in agriculture land

groundwater passing through that agriculture land. Irrigation systems in these areas
have drains deeper than 5 m to protect against salinization; thus it would be easy for
water carried in these drains to mix with groundwater (Fig. 2). Thus the results here
suggest that the uranium passes into the groundwater through that agriculture land
by the mechanism that is seen in Uzbekistan. This clearly would have an effect on
local inhabitants because ground water is used as their drinking water.

Conclusions

This study showed that it is possible that the cause of the high uranium concentra-
tion in ground water in the areas studied is use of phosphate fertilizers on agricul-
tural land. In the eastern and central area of the Republic of Uzbekistan, phosphate
fertilizers with low uranium concentrations are using for farming. A solution to the
uranium concentration problem in the Karakalpakstan area might be for phosphate
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fertilizer used hereto be altered to the same type as is used in the east of the Re-
public of Uzbekistan.
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Environmental Impact of the Kadji-Sai
Uranium Tailing Site, Kyrgyzstan

Zheenbek Kulenbekov, Broder J. Merkel

Abstract. Radioactive waste and tailings of the former Kadji-Sai uranium mine
in north eastern Kyrgyzstan and treatment plant are a severe environmental con-
cern. In 2009 and 2010 hydrochemical in-situ measurements were carried out and
laboratory investigations of surface and ground water were performed. Concentra-
tions of uranium in natural springs, wells, and lake water were found to be above
guideline values of WHO. The average gamma radiation at the area of interest is
2.6 mSv/y, however, at one point of the tailing site a gamma dose of 29.9 mSv/y
was read.

Introduction

From 1907 to 1913 820,000 kg uranium and radium ores was mined at the Teo-
Moyunsky underground mine. Most of it was shipped to St. Petersburg. Industrial
exploitation of the large uranium deposit Mayly Suu and others started in 1945. At
the beginning of 1950 uranium mining started in Kadjy-Say where uranium was
recovered from uranium rich coal by deep mining.

As a result of the uranium mining activities in the entire Kyrgyzstan 30 tailings
covering a total area of 6,500,000 m® and containing 50,000,000 m’ tailings are
located in different areas of Kyrgyzstan. In total 25 dump sites with a total area of
230,000 m” and 4,000,000 m® of rocks and tailings were created. (Torgoev et al.
2002). Distribution of uranium mining, milling and dump sites are given in Fig. 1.
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Fig. 1 Map of Uranium tailing storage sites in Kyrgyzstan and brief description of problems
related with the tailing sites (UNEP, GRID ARENDAL 1997)

Because Kyrgyzstan is a mountainous area land slides, mud flows and erosion in
general is a severe threat in particular for heaps, waste rock piles and tailings sites.
High seismic activities and neo-tectonic movements are an additional risk which
has to be considered. Therefore risk assessment is an important issue for Kyr-
gyzstan and can not be performed in the same way as in countries with a rather flat
and moderate morphology.

Regional Setting

Issyk-Kul Lake, in northeastern Kyrgyzstan is one of the largest mountainous lake
in the world. More than 100 rivers flow into the lake and is fed as well by springs,
including many hot springs. Issyk-Kul Lake is a terminal lake with no current
outlet, although some hydrologists speculate about a subsurface outflow into
the Chu River (Romanovsky 2002). The area around Lake Issyk-Kul is a rather
densely populated area, a favorite tourist destination and as well characterized by
agricultural activities. However, radioactive waste and tailings of the former
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Kadji-Sai uranium mine and treatment plant are a severe environmental threat.
The study area is located in an ecologically adverse zone because the inhabitants
of this region are exposed directly or indirectly to the uranium tailing (Tynybekov
et al. 2008). The uranium tailing is located 2 km from Issyk-Kul Lake and Kadji-
Sai village with a population of five thousand is 3 km west of the study area. Live-
stock are grazing around and over the tailing site because the protection fences
around the tailing site was destroyed by local people.

The region is characterized by semiarid climate with annual precipitation of
196 to 240 mm, a rather high evaporation rate and thus only minor groundwater
recharge rates. Groundwater is therefore a rather vulnerable and precious good in
Kyrgyzstan.

Two perennial small rivers courses are passing through the former mining and
milling area. The distance of the talweg of the valleys is as close as 30-35 m from
the surface of tailing storage and 15-20 m from the foot hill of process coal ash.

The natural tailing storage relief of the tailing storage is impacted by man maid
activity; during coal mining and the tailing storage operation. The tailing storage
region is limited from the east by “East canyon”, from the west by “West canyon”.
It merges with “Djilubulak-Sai” ravine approximately 450 m to the north of “West
canyon” area.

Presently Kadji-Sai tailing and the catchment pools are endangered by natural
erosion processes and anthropogenic impact as well. Persistent erosion of the
tailings with each flood flow and the risk of potential contamination of the Issyk-
Kul lake remain.

Methods

In 2009 and 2010 hydrochemical investigations were carried out. In-situ meas-
urements (pH, redox potential, electrical conductivity, temperature) were per-
formed and surface and ground water samples for major, minor and trace elements
including uranium and thorium were taken. Equivalent dose rate of gamma radia-
tion was measured in situ by a gamma ray detector (DKS-96).

Four springs, two streams, two wells, tap-water and lake water in the area of in-
terest (Fig. 2) were investigated. Temperature, pH, redox potential and EC were
measured in situ using portable devices (WTW: pH320, LF320, MultilineP4,
Germany). From each sampling point 100 ml were collected in a pre-cleaned poly-
thene bottles for major cations and anions analysis. Additional 25 ml were filtered
with 200 nm membrane filter (Membrex 25CA) and acidified with ultra pure
HNO; (65%) for ICP-MS analysis in pre-cleaned PE bottles. Cations and anions
were analyzed by ion chromatography (Metrohm: 881CompactICpro AnionMCS-
2.881.0030 and 850Professional IC 2.850.1010). Trace elements were performed
by ICP-MS (Thermo Scientific XSERIES 2). Total inorganic carbon TIC was
determined by LiquiTOC (Elementar Analysensysteme GMBH). The distribution
of major species was calculated by PHREEQC using nea 2007 database.
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Results and Discussions

Gamma radiation in the vicinity of the tailing site varied between 0.2 and
0.4 uSv/h (1.75 to 4.28 mSv/y) with an average of 0.3 uSv/h (2.6 mSv/y). The
average is thus rather close to worldwide natural background radiation. The high-
est value at one point of the tailings was 3.42 uSv/h (30.0 mSv/y) where techno-
logical coal ashes and equipment are deposited.

All water samples taken were not according to the recommendation of the
WHO drinking water guideline (World Health Organization 2003). This is true in
particular for the uranium concentration which exceeded the recommended value
of 15 ug/l (Table 1).

Surface and groundwater is circum neutral and at the edge to oxidizing condi-
tions. However, TDS and EC are rather high which is mainly due to elevated cal-
cium and sodium concentrations on the one and elevated sulfate and chloride con-
centrations on the other side (Tables 1 and 2).
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Table 1 In situ chemical parameters, TDS and uranium concentrations

T oH TDS U
Code Samples name Location °C pH mV Pe ECuS/cm mg/l pg/l
ESI f;si;;a?yon’ ‘7% (1)(3)2(1)(5’7 213 7.95 402 6.8 5470 3829 170.1
ES2 f;i;;a;yon’ ‘7% ??;g 16.7 7.17 339 5.7 3550 2485 288.3
ES3 f;si;?;yon’ ‘7% (1)2(1)839 30 813 293 5 2080 1456 1632
WS4 ;Zfisntgcznyo“’ ‘7% ?ggg? 235 8.13 326 55 1795 1557 86

WSts ;";":;:‘:nyo“’ ‘7% (1)2 ég; 197 739 297 5 1772 1240 992
cist chgjs‘ﬁec;ﬁg ﬁ ?2;109 238 823 367 62 2040 1428 1673
W3 Well water 3* ‘7% ?2?;3 15 7.4 374 7.1 1700 1190 46

W(Utes) Utes (well water) ‘7% ??2916 178 7.56 430 7.3 1611 1128 107.1
LIK  Lake Issk-Kul ‘7‘3 e ;23 192 83 371 62 8400 5880 64.92
TW  Tap water a0, 179 821 373 68 660 462 262

* Well 3 — data of Ministry of Emergency Situation of Kyrgyz Republic

Uranium forms complexes with sulfate and phosphate as well as with carbonate
and hydroxide ions, which increase the total solubility of uranium (Langmuir 1978).
However these two Ca-UO,-CO; complexes are not contained in the nea 2007
databases therefore the reaction and log-K values were added to calculate the ura-
nium species.

Hexavalent uranium is highly soluble because it forms stable complexes such
as UOZ(CO3)34’. As a result of complex formation uranium is a ubiquitous ele-
ment. This is especially true for oxygen-rich surface waters and shallow ground-
water (Merkel et al. 1998). In areas affected by uranium solution mining using
sulfuric acid, UO,SO4(aq) will be an important species. In alkaline waters, carbon-
ate complexes dominate. Bernhard et al. (1998) studied uranium speciation in
water from uranium mining districts in Germany (Saxony) using laser spectros-
copy and found that Ca,UO,(COs);(aq) was the dominant species in neutral pH
carbonate- and Ca-rich mine waters; UOZ(CO3)34’ was the dominant aqueous spe-
cies in basic (pH=9.8), carbonate-rich, Ca-poor mine waters; and UO,SO4(aq)
dominated in acidic (pH=2.6), sulfate-rich mine waters. In the Helmsdorf tailing,
uranyl carbonate complexes, mainly UOZ(CO3)34’ and UOz(CO3)22’, are the main
solution species, Bernhard et al. (1998).



Z. Kulenbekov, B.J. Merkel

PAYSI[qBISO U0dq SBY PILPUE]S IoJeM SUDULIP ON sy s
orqndoy zAS1KY Jo AouaSiow Jo AISTUIA JO BIBP — €IOM s
9]qe102)2p JOU — PU

*x% €C €LS S6 801 ¥9 9L 89 €9 101 1€¢C fOOH
€0 9500 A %4 pu *PU 100°0 Le I'v 9y L'T1 PU *Od
(94 0°¢ £9°0 9°0¢ 8C'¢ 80°6 I 44! (44 1240 6¢Y fON
0s¢C ¥'09 SL8 1483 19¢ 9% LYC §'s91 v6l 609 Vol 'OS
0s¢C g'e6 ¥8S1 LOT £vs 81¢ £97C G'S8l1 9LT 8LE LIL 1D
wokk 00 LO'T 0LT°0 *PU 801°0 ¥¥0°0 L¥0°0 ¥50°0 ¢L00 660°0 1q
(V74 6S°1 611 I'c *PU *PU 194 LTE 0°¢ 8¢C 0°¢ qd
0] L00 S0 110°0 €0 €L0°0 9I's Iv'e IT0 610 910 "HN
*x% 8¢ ¥'99 y0°¢ wy LO'S 61y I'e Yoy w6 LT1 A
ok k sov 9evl Y44 1393 99¢ V' Elre 8¢C1 0lc 9'6LT €96 EN
ok 981 YLT 0T 4! 8°0C Vel €81 96l ly 99 SN
EE T 9ce Ol 96 L €76 V'LL 9'88 YL y1¢ (433 €D
ok 910°0 *PU 190°0 *PU 610 170 o 81°0 670 0€°0 1

G weans  Sunds ¢ Sunds 7 Suuds [ Surids

Ijem  [N-ASST (197eMm sweans g Jo ‘uokueo ‘uoAued ‘uoAued ‘uokued ‘uoAued

vdd qelL O[ET  [[OM)SA)  4xE[PM  uopounfuo) ISOM 1M Iseq seyq Iseq

140

S, TON J1ojem SUDULIP PapUSWIIOddl V4 03 paredwos uoneuruidsp D1 pue AydeiSojewroy)) uoy Jo synsoy g dqeL



Environmental Impact of the Kadji-Sai Uranium Tailing Site, Kyrgyzstan 141

Uranium speciation in spring waters (ES1, ES2, ES3 and WS4) as well as in
surface water (WSt5 and Cj2St) from the uranium tailing site in Kyrgyzstan
(Kadji-Sai) is similar to Helmsdorf tailing waters, Germany: UO,(COs);* is the
dominant species in neutral to slightly basic pH (7.17-8.13), carbonate is elevated
but Ca is lower in this tailing waters (ES1: 97%, ES2: 52%, ES3: 82%, WS4: 83%
respectively and Cj2St: 83%). Around 17% of major species like UO,(CO3),” in
down streams sampling point (WSt5) and 83% of UO,(CO3);* are dominant as
well. The situation regarding distribution of species in groundwater is a bit differ-
ent. 54% of major species such as UO,(CO;);* is dominant in groundwater (W3)
which is located on the detritus cone of two streams, adjacent to the tailing dump.
About 70% of species such as UO,(COs);* is dominant in well water W(Utes)
that is located in 2.5 km to north-western side of tailing dump. 96% of major spe-
cies such as UOz(CO3)3Aﬁ is dominant in Lake Issyk-Kul which is located in 2 km
to the north from the tailing dump. In uranium mining areas in Cunha Baixa, Por-
tugal, the uranium speciation calculations showed that in local tap water the
UO,(OH);~ was the predominant species (>99%) whereas UO,(HPO,),” (>99%)
was modeled as the dominant species in the non-contaminated water (Neves et al.
2008). In local tab water in Kadji-Sai tailing site UO,(CO;);* is dominant with
57% of UO,(CO4)5* and 16% is UOL(CO5),>.

Uranium speciation modeling of a water sample from east canyon (ES2) adja-
cent to the uranium tailing dump is plotted in Figs. 3 and 4. The theoretical mobil-
ity of uranium is depending on the speciation of uranium. UO,”" is forming two
species with CO; > and Ca”": one complex is negative charged, the other is zero

UO2CO3F-
5%

u02C0O3
4%

U02(C0O3)2-2

U02(CO3)3-4 36%

Fig. 3 Calculation of ura- 55%
nium speciation without
Ca-UQO,-CO; complexes

Cal02(C03)3-2
19%

Fig. 4 Calculation of ura-
nium speciation including Ca2U02(CO3)3
Ca-U0,-CO;3 complexes 81%
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charged. The zero charged complexes are assumed to be the most mobile and thus
enhancing the transport of uranium in the subsurface, because no sorption occurs
(Figs. 3 and 4). Calculation of uranium speciation including positively charged
species Ca-UO,-CO; complexes shows a rather different speciation pattern than
those without this species.

Conclusion

The unfenced Kadji-Sai Uranium tailing site, located on the south part of Lake
Issyk-Kul, Kyrgyzstan is a threat on the shoreline of the terminal lake. The lake
water has elevated uranium concentrations (65 pg/L) well above natural back-
ground. The source of the elevated uranium concentration of the lake water is
unknown. The highest uranium concentration of spring water was found to be
288 ng/L, which can be a natural background value but as well due to the impact
of the tailing site. The average equivalent dose rate of gamma radiation around the
tailing site is rather close to worldwide natural background radiation. However,
the highest value at one point of the tailings with 3.42 uSv/h (30.0 mSv/y) shows
that the capping of the tailing is either incomplete or violated by erosion. Erosion
is probably the biggest risk for this site due to it position between two perennial
creeks.
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Assessment of Distribution Coefficients (K;)
of Radionuclides of the Uranium-Thorium
Chain in the Uranium Manufacturing
Tailing Dumps

Valentyn Protsak, Valery Kasparov, Igor Maloshtan, Sviatoslav Levchuk,
Vasyl Yoschenko, Irina Kalyabina, Olga Marinich

Abstract. One of the problems related to maintaining the ecologically safe state
of tailing dumps of uranium manufacturing is the radionuclides migration from the
dumps with groundwaters. A convenient way for evaluation of this process is
application of the semiquantitative models of sorption interaction, which are based
on utilization of distribution coefficient (Ky) describing the radionuclides concen-
trations in solid phase and soil solution after reaching the equilibrium state in the
system. Aim of this study was the experimental assessment of the radionuclides Ky
in five tailing dumps of Prydniprovsky Chemical Plant (PCP).
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Site Description

PCP is the first Soviet enterprise for processing the uranium ore. It was built in
1947 in suburb of Dniprodzerjisk in Ukraine. Up to 65% of all uranium ore of the
Soviet Union was processed at PCP. Table 1 presents the brief information about
the tailing dumps where the studies were carried out.

Table 1 Brief information about the PCP tailing dumps

Name Area, ha Mass of waste Period of operation
Western 4 770 thousand t 1949-1954
Central Ravine 2,4 220 thousand t 1950-1954
Southeastern 3,6 330 thousand t 1956-1990
Dniprovs’ke 73 12 million t 1954-1968
Sukhachivs’ke (I section) 150 19 million t 1968-1983
Sukhachivs’ke (II section) 70 150 thousand t Since 1983

Instruments and Methods

The radionuclides K4 were determined by batch-method (EPA 402-R-99-004 A
1999; A 2004). Samples of sludge were picked at various horizons of the tailing
dumps in the process of auger drilling. Sorption equilibrium of radionuclides bet-
ween water solution and solid phase of sludge was studied at the phase ratio of
5:1. The suspensions were incubated for 24 h at 25°C with a periodical mixing
and then filtered through Millipore 0.22 um filters. Samples of water extracts after
injection of the tracers and stable carriers were concentrated by means of evapora-
tion till the wet salts state. Activities of uranium and thorium were measured by
means of a-spectrometry after their ion-exchange extraction. Sample for a-spec-
trometry were prepared by the electrolytic deposition of the extracted fractions of
uranium and thorium from the solution of (NH,4),SO, at pH of 2.3 onto the plates
of stainless steel.

219pp was absorbed by the anion-exchange resin from 2M solution of HCI, and
after desorption it was deposited in the form of chromate. Radiometric determina-
tion of *'°Pb was based on measurement of its progeny, >'°Bi. *°Ra activities were
measured by means of y-spectrometry of the dry residues obtained by evaporation
of aliquots of the extracts.

y-spectrometric measurements were carried out at the HpGe detector 7229P
(Canberra). o-spectrometric measurements were performed at EG&G ORTEC
OCTETE PC with the silicon detectors of BU-017-450-100 ULTRA series.

Ky of the radionuclides are derived as

K]d _ Asl.ludge K
A e ™

‘water

, Lkg™,
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where A’lsludge and A’y denote the ith radionuclide specific activities in the solid
phase of sludge after extraction, Bq kg ', and in the solution, Bq L™, respectively,
V' is the volume of the water solution, and m is the dry weight of the solid phase.

For estimation of the uranium forms in the tailing dumps the method of
thermodynamical modeling was applied using GEM software (http://gems.web.
psi.ch/overview.html; Karpov et al. 2001).

Results and Discussion

Obtained values of the radionuclides distribution coefficients and pH of the water
extracts of the charge mixtures in the tailing dumps profiles are presented in Ta-
ble 2. Analysis of the radionuclides Ky values in the PCP tailing dumps conditions
shows that migration with the convective water flux of **U must be up to three
orders of magnitude more intensive than that of **°Th. The lowest Ky values of
U and *°Th and the highest of *Ra were measured in the tailing dump Central
Ravine, where the media is acid (pH=2.6—3.4). Therefore one may expect one-
two order of magnitude more intensive water migration of uranium and thorium in

Table 2 Values of pH and K4 (mean+STD) of radionuclides in profiles of the PCP tailing
dumps

Ky Lkg"
Tailing dump h,m pH > LEe
28y 20, 26p 210py,
7.25 776  37+12 58300+ 13400
8.25 7.86 55+10 106500 +£24500 290+90

Dniprovs’ke
10.75 7.26 149+41 135700+27200  750+220

11.25 7.77 49+23 145000+34800
8.25 6.02 82+48 18850043300
Dniprovs’ke 9.75 7.35 550+220 413300+ 86800
1225 7.62 304+93 327300+ 72000
2.5 7.62  140+69 3200+ 800
12.5 793  227+61 8200+ 1600
Sukhachivs’ke 19.5 7.83  123+28 6250+ 1440 409+123
22.5 7.84 77£25 4290+1030
23.5 8.07 316+88 9090+ 2360

7.25 8.58 490+13 33060+ 8260 7.7+2.6
Southeastern 8.75 8.52 250+39 25000+ 6000

11.75 878 77+21 31300+ 6300 19.1£5.8

16.75 896 214+39 45600+9200

6.75 945 18.6+4.5 1030+260
Western 1025 933 29+12 13380+3080

1225 8.87 32«15 16470+3850

3.75 262 26+4 32+7 1910470
Central Ravine 9.25 335 19.1+45  890+180 2540+£610 260+90

1625 291 54+13 290+ 60 1450+430 112+41
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this dump as compared to the other ones, and less intensive migration of radium.
Kq values of 2*U and *°Th in the samples collected beneath the tailing dumps
were several times higher than in the dumps. One may suppose the lower intensity
of migration of these radionuclides in the bedrock as compared to that in the tail-
ing dump profiles.

The radionuclides Ky in the tailing dumps depend on the pH of media. Figure 1
depicts the dependencies of logarithm of the distribution coefficients, log(Ky), on
pH of water extracts of the charge mixtures for 2**U, *°Th and ***Ra. These de-
pendences can be satisfactory approximated by the polynomial functions with the
corresponding parameters. Ky values obtained at certain pH are in the good accor-
dance with those earlier reported (Keum et al. 2002; Vandenhove et al. 2009).

The well-known feature of actinides is their ability to be present in the tailing
dump material in several oxidization forms at the same time (Meinrath et al. 2003;
Wall and Krumholz 2006). This feature is caused by the dynamics of the processes
of hydrolysis, complexing and formation of the new solid phases and, conse-
quently, influences absorption and migration of the radionuclides.

Forms of uranium in the waste of PCP were estimated for the tailing dumps
Western and Central Ravine. Media of the dumps are characterized by the alkaline
and acid reactions, respectively. Modeling was performed for the system Si — Al —
Fe—K—-Na-Ca—-Mg—-Cl-C-S-U-0O - H. Model system included aqueous
and gaseous phases and mineral phases that were likely to occur in conditions of
the tailing dumps according to the results of the phase X-ray analysis of the col-
lected samples (Table 3).

Minerals are considered as the simple phases (minerals of the permanent com-
position) and phases of the solid solutions (minerals of the changeable composi-
tion). Uranium concentrations were derived from its average concentrations in the
tailing dumps (Investigation 2001). pH was modified by means of changing con-
centration of CI in the model system. Calculations were done for the standard
conditions, i.e. T=25°C and P=1bar. Taking into account that the oxidization
level of uranium substantially depends on the redox conditions, uranium forms in
the tailing dump Western were estimated at various values of Eh. Eh values were
modified by variation of Fe(II)/Fe(IIl) ratio in the material composition.

Results of the model calculations show that the major minerals in the tailing
dump Western at pH=9.8 and pH=28.5 are plagioclase and quartz. To a large
degree, iron oxides and hydroxides are presented (up to 13% in total), and, to a
less extent, calcite, clay minerals and mica.

Obtained results correlate with the results of the performed phase X-ray analy-
sis of the collected samples. Thus, for the mentioned values of pH and in the Eh
range from —369 to —175mV a major fraction of uranium in the tailing dump
Western is presented in the mineral sparingly soluble form of coffinite (USiO,)
(Fig. 2), and up to 15% of the total amount of uranium is presented in the aqueous
solution. It agrees well with the results of specification of the mobile forms of
uranium in the tailing dump Western (up to 4% in aqueous extracts and up to 27%
in acetate extracts) and with the results of determination of the dissolved uranium
in water of technogenic water-bearing horizon of the tailing dump Western (up to
12% (Investigation 2001)).
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Table 3 Phases included to the model system
Phase Description Single Minerals
Aqueous solution Aqueous compounds of Si, Al, Fe, K, Na, Ca, Gibbsite
Mg, Cl, C,Sta U
Kaolinite
Gaseous phase Mixture of CO,, CHy, Hy, N,, O,, H,S Aragonite
Calcite
Solid solutions Dolomite
Plagioclase Anorthite Portlandite
Albite Gypsum
Chlorite FC4,4A13’zsiz’40] o(OH)g Siderite
FC4,4FC] ’6A1] ’(,O] o(OH)g Hematite
Mg4Al4Si2010(OH)8 Magnetite
Mg5Alzsi3010(0H)g Ferrihydrite
Mg4F62AIQSi201[](OH)x Goethite
Mg5FeAISi301 U(OH)g Pyrite
Illite ALSi14010(OH);, Microcline
Ca(),5Al3Si301()(0H)2 Muscovite
KAI;Si30,9(OH), Magnesite
KFe;AlSisO19(OH), Quartz
KMg;AlSi40,9(OH), Uranium minerals
NaA13Si301()(OH)2 Coffinite USIO4
Smectite (montmoril- Al,Si;O;o(OH), Shoepite UO,(OH),
lonite) CasAL;Si3010(OH), UOx(s)
FeZSi40]()(0H)2 Rutherfordine
UO0,CO;

Fe;Si4010(OH),
KALSi;0,0(OH),
Mg3Si4010(OH),
Mg;Si4016(OH),
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Fig.2 Formation of the sparingly soluble uranium compounds in material of the tailing dump
Western depending on pH and Eh
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Fig.3 Formation of the sparingly soluble uranium compounds in material of the tailing dump
Central Ravine

It should be noted that formation of coffinite in these conditions significantly
depends on Eh. At fixed pH the coffinite fraction of uranium decreases from
~100% to ~85% with increase of Eh by ~100mV. According to the calculations,
soluble uranium in the tailing dump Western is almost exclusively presented in the
oxidization degree of +6 in the forms of carbonate complexes (UO,(COs);* — up
to 99.9%, and UO,(CO3),> — up to 0.1%). Total content of U(IV) and U(V) in
solution does not exceed 0.2% in the considered ranges of pH and Eh values.
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Modeling of uranium forms in the tailing dump Central Ravine shows that the
major minerals in the upper horizons are quartz and gypsum. Kaolinite contents
increases with depth up to 6%. In this tailing dump formation of coffinite begins at
Eh>223 mV and sharply increases with increasing of Eh reaching more than 80%
of total amount of uranium in USiO, form at Eh>200 mV. Obtained data correlate
with the results of specification of the uranium mobile forms in the samples from
Central Ravine (up to 11.75% in aqueous and up to 5% in acetate extracts). Ex-
perimental fraction of the mobile forms of uranium corresponds to Eh ~220 mV. It
may be noted that the curves of formation of coffinite are practically the same for
various depths in the tailing dump (Fig. 3). Also, the calculations show that almost
all uranium in the aqueous solution is characterized by the oxidization degree of
+6 as UO,™ (>65%) and chloride (>8%) and sulfate (>6%) complexes. Total
content of U(V) in the aqueous solution does not exceed 0.2% in the considered
ranges of pH and Eh values.

Therefore, the modeling results allow inferring that

e taking into account the high content of potential minerals-absorbents (iron
oxides/hydroxides up to 13% and clay minerals up to 10%) in the tailing dump
Western, the possible mechanism of the postfixation of uranium is absorption
of U(VI) by iron oxides/hydroxides and clay minerals,

e taking into account that potential minerals-absorbents (iron oxides/hydroxides
and clay minerals) in the tailing dump Central Ravine are practically absent, the
postfixation of uranium in the upper horizons of the dump is unlikely, and its
mobility is determined by the dissolution rate of the residual amounts of ura-
nium, which had not been extracted during the technological process. In the
lower horizons of the dump the postfixation of uranium is possible due to its
absorption by kaolinite.

The presented results are preliminary, because the calculations were based on
the averaged chemical compositions of the mineral part of the tails and averaged
water compositions of the technogenic water-bearing horizons of the tailing
dumps. Besides, the modeling method implied the thermodynamic equilibrium in
the system, and the obtained results should be interpreted as the qualitative as-
sessment of the principal processes determining distribution of the forms of ura-
nium and its mobility in conditions of the PCP tailing dumps.

Conclusions

The distribution coefficients of the uranium-thorium chain radionuclides were
measured for five tailing dumps of Prydinprovsky Chemical Plant. Dependence of
K4 on pH was determined.

Method of thermodynamical modeling was applied for assessment of the forms
of uranium in the tailing dump.
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Obtained results are important for prognosis of the radiological situation at the
studied territory, for modeling the processes of the radionuclides water migration
and for elaboration of the strategy in concern of the tailing dumps.

The study was supported by SE Barrier.
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How Much Uranium Can Be Left
at Former U Mining Sites? The Need
for a Complex Assessment Framework

P. Schmidt, E. KreyBig, W. Lobner

Abstract. Uranium mining and milling legacies are sources of releases of ura-
nium into the environment. At the WISMUT sites in Saxony and Thuringia, in
Eastern Germany, as a result of remedial actions considerable amounts of uranium
have been already removed from soil and water, and releases into the environment
have been continuously reduced during the last two decades under the WISMUT
project. However, there are sites where complete removal is impossible and re-
leases of uranium into the environment continue. In terms of optimization this
raises the question of how much uranium in the environment is acceptable. The
paper discusses a number of approaches to assess the radiological, ecological and
toxicological risks of uranium at former uranium mining and milling sites.

Problem Definition

The quantity of uranium contained in waste rock piles, tailings management areas,
and on plant areas at uranium mining and milling sites of WISMUT at the time
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when uranium production was terminated in 1991 was in the order of 30,000t'.
Transfer of uranium from mining wastes into the environment was predominantly
water-borne. Due to the remedial progress achieved (covering of waste rock piles
and of tailings management areas, controlled mine flooding associated with water
treatment) the total load of uranium released to the environment has significantly
decreased by now. However, officially approved uranium emission into the envi-
ronment continues because complete removal of uranium from water is not feasi-
ble within reasonable technological and spending limits.

While the controlled discharge of uranium to receiving streams totaled ca. 27t
in 1991, it was down to only 4.4t in 2010. Assessment of diffuse release of ura-
nium from mining wastes into receiving streams is fraught with great uncertain-
ties. Estimates for the Schlema site, for example, where some in 2010 still some
2.7t of uranium were discharged in controlled manner into the Zwickauer Mulde
river, are that diffuse discharge to the Mulde amounted to an additional quantity of
20% of the controlled discharge. Downstream of the Schlema as well as of the
Crossen site, which is the last location downstream of uranium mining legacies to
impact the Zwickauer Mulde river, an average uranium concentration of about
8 ng/l was established in 2010.

Waste rock piles relocated at the Ronneburg site had a total volume of 125 mil-
lion m*. As the worked-out open pit mine had a residual volume of only 84 mil-
lion m®, the excess mine waste was dumped on top of the backfilled open pit to
form what is known in Wismut parlance as “fill body” or “dump body”. The total
uranium content of the fill body thus created may be put at 6000t (assumption:
30 ppm uranium content, density 1.6 t/m®). Waste rock pile footprints left behind
after waste rock relocation covered an area of 400ha. Some of these footprint
areas have been reclaimed in the meantime. Given that uranium-laden seepage
from the waste rock piles has infiltrated into the subsoil for decades, there is still
relatively much uranium contained in the pore water of the footprint grounds,
which is not immediately identifiable on the basis of the specific activity in the
solid matter. In the presence of an appropriate chemical environment, this uranium
content may be washed out and released over extended periods of time. In the
surface layers of reclaimed areas, the uranium contained in pore water may be
incorporated by plants and animals.

In summary, uranium will still be present in elevated concentrations in the en-
vironment of reclaimed mine land even after the completion of essential remedial
operations. From this arises the question whether to what extent radiation protec-
tion issues do adequately take the environmental impact by uranium sufficiently
into account in terms of environmental conservation and how much uranium the
small-sized receiving streams (both in water and in their sediments) and soils as
part of human, animal and plant habitats can tolerate.

! Assumption: mean uranium concentration in 311 million m® waste rock pile material: 30 ppm
(ca. 0.4 Bg/g U-238); mean uranium concentration in 160 million m* processing residues: 80 ppm
(ca. 1 Bq/g U-238).
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Uranium Background Levels

Since uranium occurs naturally as trace element in all types of rock, soil, and wa-
ter, knowledge of typical background levels is crucial to the assessment of its
ecological relevance. General background levels for soils and water are given in
(BfS 2010). Utermann and Miller (Utermann and Mille 2008) provide a more
thorough analysis of background levels in soils in Germany. Uranium levels typi-
cally are in the range of <0.5 mg/kg (for sandy soils) to >3 mg/kg (soils derived
from magmatic and metamorphous rocks). No significant differences were noted
between topsoil and subsoil. The 90th percentile was indicated as > 6 mg/kg. Mean
uranium concentration in seawater is about 3 pg/l, and in German streams concen-
trations vary from 1 to 3 ug/l (Birke et al 2009). A concentration range of 1 pg/l to
>100 pg/l is given for unimpacted groundwater in Germany (Merkel 2002). In
principle, at former sites of uranium mining more elevated background levels must
be expected as compared to mean background levels for soil and water applicable
to Germany.

Radiological Assessment of Uranium in Soil and Water

In the context of the assessment conducted on remedial operations of Wismut
GmbH the radiological assessment of uranium contained in soil and water was
performed on the basis of an exposure pathway analysis in accordance with the
German Calculation Guide Mining (BfS 2010) and comparison of calculated an-
nual dose with the guidance level of 1 mSv/a.

Experience of radiological assessment shows that due to relatively low dose
coefficients for the ingestion of the nuclides U-238, U-234 and U-235 for use
scenarios where no drinking water consumption is being assumed the effective
doses to the population turn out to be relatively low and often do not justify reme-
dial measures to be taken. Agricultural use of the soil involving the exposure sce-
nario ,,consumption of locally produced foodstuff is the most sensitive type of
use in terms of radiological assessment. When the findings of the assessment of
the exposure to humans are measured against the guidance level of the mining-
induced dose of 1 mSv/a, then uranium levels significantly > 16 mg/kg (dry mat-
ter), — which is equivalent to 0.2 Bq/g of U-238 —, may be formally accepted. The
use of surface or groundwater for drinking water purposes constitutes the most
sensitive type of use in terms of assessing the uranium contamination in water.
Only uranium concentrations in excess of 240 ug/l uranium (assumption: U-238
and U-234 in radioactive equilibrium) will result in an effective dose of 0.1 mSv/a
to an adult, provided that he or she consumes 350 liters of such water annually
(BfS 2010). The limiting dose level of 0.1 mSv per year is stipulated in the Drink-
ing Water Ordinance (BMU 2001), — this ordinance, however, proceeds on the
assumption of an adult consumption of 7301 annually.
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Table 1 lists annual age-depending doses for various exposure pathways. The ef-
fective doses were formally calculated using (BfS 2010). Formal here means that all
potential exposure pathways are being considered with regard to the use of water
with an uranium content of 240 ng/l as well as agricultural use of soils with a ura-
nium concentration of 16 mg/kg dry matter. The calculations assumed a radioactive
equilibrium U-238 and U-234 as well as a natural isotopes ratio U-235/ U-238.

Values in Table 1 attest that uranium itself has only low radiotoxicity. The com-
mon practice in radiological protection of exposure analysis including dose assess-
ment does not embrace the ecotoxicological effect of the heavy metal uranium

Table 1 Uranium-induced effective doses for various exposure scenarios acc. to BfS (2010)

Use of water (240 pg/l uranium) Effective dose [mSv/a] for different age groups
<la 12a 2-T7a
Drinking water consumption 0.117 0.075 0.050
(consumption rate) (551/a) (1001la) (1001/a)
Preparation of breast milk substitute 0.247 - -
Consumption of agricultural products 0.215 0.145 0.156

(50% locally produced’) surface
irrigation, livestock watering

Fish consumption 0.001 0.002 0.002
Agricultural use of soil contaminated <la 12a 2-7a
with 16 mg/kg U™

Consumption of agricultural 0.017 0.011 0.012

products (50% locally produced),
grown above ground

Use of water (240 pg/l uranium) Effective dose [mSv/a] for different age groups
7-12 a 12-17 a >17a
Drinking water consumption 0.064 0.064 0.100 .
(consumption rate) (1501/a) (1501la) (3501/a)
Preparation of breast milk substitute - - -
Consumption of agricultural products 0.150 0.150 0.097

(50% locally produced’) surface
irrigation, livestock watering

Fish consumption 0.002 0.002 0.002
Agricultural use of soil contaminated Effective dose [mSv/a] for different age groups
with 16mg/kg U™ 7-12a 12-17a >17a
Consumption of agricultural 0.012 0.012 0.008

products (50% locally produced),
grown above ground

* Exposure pathways: plant-human transfer; plant-animal-meat-human transfer; plant-animal-
milk/milk products-human transfer; plant/animal-mother’s milk-baby transfer.

** In contrast to the Drinking Water Ordinance (7301 annual consumption), the calculation
guide mining assumes adult drinking water consumption of 11/day.

*** With respect to the photon radiation emanating from them, uranium nuclides are radiologi-
cally irrelevant, which is why the exposure pathway “external radiation” is not to be considered.
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Ecotoxicological Derivation of Uranium Threshold Values

In recent years, great efforts have been made on a worldwide scale to further ex-
pand current scientific knowledge in the field of ecological hazard assessment for
the benefit of environmental protection. The ecotoxicological assessment approach
consists in analyzing the potential impacts of contaminants on the ecosystem com-
ponents with a view to fostering environmental protection decisions. What matters
is the protection of population growth and reproduction, it is not directly about
mortality.

In Canada, threshold values (Predicted No-Effect Concentrations — PNECs)
were derived for the chemical toxicity of uranium with regard to flora and fauna
(non-human biota) (Sheppard et al. 2005). Values predicted that way for soil,
water, and sediments are compiled in Table 2. These are not limits, but values of
a preventive nature in the sense of sustainable handling of nature. In Germany, an
analogous approach was used to develop the concept of thresholds of insignifi-
cance (“Geringfiigigkeitsschwelle”).

The comparison of the PNEC values in Table 2 with background figures typi-
cally found in Germany demonstrates that elevated uranium concentrations in soil
do not really impair the growth of terrestrial plants and the development of popu-
lations of soil biota. In contrast to that, in water invertebrates and fresh water
plants react very sensitive to even slightly elevated uranium concentrations, with
PNEC’s in the order of background concentrations. For fresh water fishes, depend-
ing on the water hardness, uranium concentrations well above background concen-
trations are of low significance.

In List II of families and groups of substances contained in daughter directive
to 2006/11/EG (Dangerous Substances Directive), the EU Water Framework Di-
rective (WFD) identifies uranium as an element for which measures should be
taken to reduce discharges into the environment. During the transposition process
in Germany, the Federal Ministry of the Environment has encouraged the estab-

Table 2 PNCC values for uranium derived from ecotoxicological assessments (Sheppard et al.
2005)

Environmental medium Protected natural PNEC
resource (non-
human biota)

Soil Terrestrial plants 250 mg(U)/kg dry matter
Soil Other soil biota 100 mg(U)/kg dry matter
Water Fresh water plants  0.005 mg(U)/l water

Water Invertebrates 0.005 mg(U)/l water

Water Benthos 100 mg(U)/kg dry sediment

Water, <10 mg CaCOs/l, very soft water ~ Fresh water fish 0.4 mg(U)/l water
Water, 10-100 mg CaCOs/l, soft water Fresh water fish 2.8 mg(U)/l water
Water, > 100 mg CaCOs/1, hard water Fresh water fish 23 mg(U)/l water
Soil, water Mammals 0.1 mg(U)/kg(BW)/d
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lishment of environmental quality standards (EQS) for the protection of the aquat-
ic biota which would also include uranium (Nendza 2003). In analogy to the in-
vestigations performed in Canada, PNEC values were derived. With specific focus
on metals in water, an Added-Risk-Approach was implemented by which the
natural background loads of water bodies were taken into account. At the same
time, safety factors were brought to bear in order to extrapolate from No Observed
Effect Concentration (NOEC) values to PNEC values. A level of uranium concen-
tration in water of Cpyckgrouna +0.15 pg/l was derived for the protected natural re-
source aquatic biocoenosis, where the NOEL value for the cladoceran community
(Ceriodaphnia dubia) tipped the balance in favor of the low PNEC value. The
values of 0.5 and 0.66 mg/kg uranium, respectively, each in addition to the natural
background were derived for suspended solids and sediments.

Use of such extremely low values was subject to controversial discussion in
preparation for the Surface Water Bodies Ordinance to be enacted in Germany, and
they were not applied thereafter, particularly since the proposed environmental
quality standards for suspended solids and sediment are significantly lower than the
range of natural background values. Instead the (soon to be enacted) Surface Water
Bodies Ordinance stipulates an environmental quality standard of 2 pg/l for the
assessment of the ecological status of a water body. On the one hand, it is based on
the methodology to determine NOEC values in accordance with Annex V, item
1.2.6, WFD involving a two-stage relevance test procedure: a) determination of the
substance’s relevant impact on the aquatic environment and b) derivation of an
environmental quality standard based on measured data. For uranium, a NOEC
value of 5.5 pg/l was established, which subsequently was consolidated by an addi-
tional factor of safety. Furthermore, when determining the EQS, the natural ura-
nium background level of 2.2 pg/l was taken account of as the 90th percentile for
all of Germany and established as the quasi EQS.

Assessment of the Chemo-Toxic Impact of Uranium

The chemo-toxic impact of uranium on mammals and human beings is by na-
ture a very complex process. Toxicological data describing the impact are given as
a dose, in units of mg (uranium) per kg of body weight. In risk assessments, the
quantity TDI (Tolerable Daily Intake) is compared with the real intake. According
to the World Health Organization WHO the TDI for uranium is 0.6 pg per kg body
weight and day. Taking into account a daily consumption rate of 21 for drinking
water, for a person of 60kg body weight a still acceptable concentration of ura-
nium in this water of 15 pg/l can be derived (WHO 2005). This WHO reference
level has been used for many years in Germany to assess risks arising from ura-
nium in drinking and mineral water.

It should be added that neither epidemiological studies nor animal experiments
have clearly indicated that the oral intake of uranium via drinking water cause
cancer (WHO 2005). The dominating adverse effect on mammals and human
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Table 3 Canadian guidelines SQG for uranium in soil according to (CCME 2007)

Land use
Agricultural Residential/parkland Commercial  Industrial
SQG [mg(U)/kg] 23 23 33 300

beings is the disturbance of the renal function. The TDI reference value given by
the WHO has therefore always been considered as a preliminary value. The re-
vised German Drinking Water Ordinance specifies now a value 10 pg/l of uranium
(BMU 2001), even if this Ordinance is for the time being not yet fully in force.
There can be no doubt that it will be adopted. The value in turn is being justified
by the chemo-toxicological effect of uranium, in particular with regard to the renal
function

In Canada, both eco-toxicological effects of uranium on flora and fauna as well
as the protection of human health (chemo-toxicity) were taken in account when in
2007 guidelines for uranium depending on land use were issued (CCME 2007).
The guidelines are listed in Table 3.

The figures in Table 2 demonstrate again that uranium concentrations well
above the natural background are acceptable. The level of uranium is governed by
the type of land use.

The currently applicable German Federal Soil Protection and Contaminated
Sites Ordinance (BMU 2009) as well as the Federal Soil Protection Act (BMU
2004) do not specify test values for uranium which, if exceeded, would require
case-by-case investigations on pathways of effects to be considered. In recent pub-
lications approaches are described to develop land-use specific test values (Gel-
lermann et al. 2010).

Aspects of Weighing the Fate of Residual Contamination —
a Case Example

Decisions concerning the remediation of mining legacies were or are made on
a site-specific basis in a complex weighing process with due regard to the situation
at the site and the potential reuse. Basically, decision-making is done with due
regard to the legal framework on the one hand (legislation on water, soil, radio-
logical protection, nature conservation), but also in consideration of highly site
and object-specific facts such as:

local lithological, hydrogeological, and hydrological conditions,
technical options to establish effective spread barriers,

possibilities to reduce contaminant release or immobilize contaminants,
present and potential future scenarios of use, and

stakeholder interests, on the other.
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This reveals that complete removal of environmental risks emanating from con-
taminants (e.g. from uranium in soil and water) cannot and must not be the goal of
remedial measures. Left behind are residues, residual contaminations, and emis-
sions which for long periods of time will continue to cause environmental impacts
by uranium. At the same time, compliance with preset threshold or guidance levels
cannot in each and every case be reached immediately after completion of physi-
cal remedial work. That makes it imperative for the process of assessing environ-
mental impacts, and those of uranium in soil and water in particular, to identify a
tolerable range of levels that will also be acceptable to the general public under the
aspect of sustainability. The same applies to accepting the accompanying effects
such as extremely fast growing volumes of wastes that have to be disposed of and
permanently monitored in the event of highly intensified uranium removal from
effluents, but also accepting the financial burden to society as a whole.

In order to achieve a well optimized and sustainable rehabilitation decision, en-
vironmental quality standards should not be raised to the level of dogma, but ra-
ther include more thoroughly all factors involved as well as aspects of “natural
attenuation” during post-remedial phases. In accordance with the EU WFD, Ger-
man legislation is definitely taking such aspects into account by allowing for re-
spective exemptions.

Case Study Crossen

The case study of the Crossen site exemplifies a number of aspects considered in
weighting the fate of residual contaminations. Completed in 2008, remediation of
the Crossen plant area was unprecedented in its kind under the WISMUT envi-
ronmental rehabilitation project (see Fig. 1).

Crossen had been the second-largest chemical uranium processing facility in
Europe. Between 1950 and 1989, a total of 77,000t of uranium were produced.
The prevailing intricate contamination of soil and of near-surface groundwater
(amongst other things caused by infiltration of uranium and other heavy metals,

Fig.1 Crossen plant area after termination of uranium ore processing in 1991 as well as after
completion of remedial work in 2008
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with the concurrence of processing chemicals) as well as the plant location right
on the bank of the Zwickauer Mulde river were the reasons why the decision-
making process came to the conclusion that complete removal of the contamina-
tion would be hardly feasible and disproportionately expensive. The optimized
remedial solution entailed excavating the contaminated material down to the top of
the groundwater level as well as excavating in addition partial areas down to be-
low the groundwater table. This was done with a view to reducing to a tolerable
level the source of further contaminant releases from the residual contamination
left in place.

The optimization process took local hydrological and geochemical conditions
of uranium mobilization into account. Contaminated materials totaling 412,000 m?
were removed during the remediation works — a volume of surplus excavated
material of 34% compared to original work plans. The entire former plant area
was capped with inert soil material and the site was blended into the floodplain
landscape of the Zwickauer Mulde river.

The concluding evaluation of the remedial performance came to the result that
the total quantity of uranium left behind on the former plant area after surface
excavation amounts up to a maximum of 30 t. Nonetheless, no significant increase
is ascertained in uranium concentrations in the water of the Zwickauer Mulde river
stemming from residual contamination on the former plant area. However, the
residual contamination releases uranium via the water pathway, albeit to a reduced
extent. Predicted uranium loads vary from 150 to 300 kg/a. As a result of ongoing
washing processes, mean uranium concentrations downstream of the site will
diminish according to predictions. Therefore, groundwater at the site will be sub-
ject to restrictions of use and require surveillance under the environmental moni-
toring program both in the mid and long term.

Do We Have Sufficient Knowledge of Uranium
in the Environment?

To date, the international discussion on the protection of the environment is driven
by the rapid development of computer codes and evaluation methods. In this proc-
ess it becomes evident that significant data gaps and variabilities remain to be
overcome. As a consequence, it appears that the current state of knowledge is not
yet sufficient to determine internationally recognized limit values for the protec-
tion of the environment against uranium. Limit values for uranium as discussed
and model-evaluated thus far are to be seen as screening or benchmarking values
and they are suited to indicate a hazard. But they do not constitute a basis for le-
gally substantiated decision-making.

Complex processes of uranium migration, sorption, and bioaccumulation as
they occur in nature are, as a rule, not yet completely implementable by ecological
modeling. These approaches are based on generalized transfer factors which fail to
sufficiently take account of forms of chemical bounding and of bioavailability as
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they are encountered in the natural environment. Thus far, data gaps hamper ef-
forts to fully take into account the variability of background levels for site-specific
geological conditions in areas of ore deposits. Therefore, studies have to be per-
formed to investigate the impact of elevated uranium concentrations stemming
from left behind “residual contaminations”. In doing so it might turn out that na-
ture is well capable of tolerating higher levels of uranium without damage as com-
pared to what is currently derived from unreliable information or is sometimes
assumed for reason of prevention. The reclaimed uranium mining legacies con-
taining residual contaminations which will be “reconquered” by nature before long
constitute suitable investigation sites to fathom the correlation of uranium con-
tained in water and soil with animals and plants and to specify more precisely
conclusions with respect to protect the environment against radioactive and
chemo-toxicological contaminants.
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Health Hazards and Environmental Issues
at the Uranium Mine Near Tatanagar, India

S.K. Sharma

Abstract. The problem is uranium has always been a highly dangerous material
that poisons people and the environment. Uranium mining near Tatanagar in the
state of Jharkhand in India, is no exception it. The waste from this process is
packed into drums and sent again to uranium mine to be dumped in the tailing
dams. The contents of these dams are highly radioactive, even though uranium has
been extracted but the remaining “uranium tailing” material remains active in the
atmosphere for many years. This poisonous nuclear waste has caused unimagin-
able health damage to the local people, animals and the environment.

Introduction

In India, progress and pollution come as a package deal. Though, nuclear energy is
the cleanest source of power, no soot, smoke or green house gases. And, if the
safety norms are strictly adhered to, there will be insignificant fractional increase
of back-ground radiation either in the operating area or outside the power plants.
Located near Tatanagar in the Sighbhum district of Jharkhand State, the uranium
for the country’s nuclear program is mined here from three underground mines up
to a depth of 700 m below the earth’s surface. The nuclear waste which is called
“tailings” or “uranium tailing” comes from the mines and mills as a waste after the
uranium ore is mined and processed for purification and it is then dumped in the
tailing ponds. The poisonous nuclear waste has the potential to cause unimagin-
able damage to the surroundings specially where the water table is low in the area
and surface water flows though it. The devastating effects caused to local people
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due to uranium mining and the interaction of tailings with groundwater at uranium
mine near Tatanager in Jharkhand State has been investigated where local people
are fighting this invisible enemy. The Uranium ore (Uraninite) is mined near Ta-
tanagar for retrieving the rare uranium.

Brief Geology and Geothermal History of the Area

The Son-Narmada-Tapti lineament zone is a fault bound mega lineament belt in
Central part of the country (VII), with a large number of hot springs manifesta-
tions. Temperature gradients in the 40 to 120°C/km range and heat flow values
from 70 to 300 mW/m” have been recorded at several locations in the Son-Narma-
da-Tapti province (Joga Rao and Rao 1987). Godavari (VIII) and Mahanadi (IX)
valleys are fault bound grabens with post-Gondwana and possibly late Terti-
ary/Quarternary reactivations. Moderate temperature gradients of 39+ 10°C/km
and heat flow values of 80+21mw/m” have been recorded in the Godavari Valley.
Isolated warm springs are found in Southern India (X). A systematic study and
geothermal exploration is required in this province.

The exposed rocks in Southern Bihar show two facies, an un-metamorphosed
one in the south and a metamorphosed one in the north, separated by a major
thrust zone of 2 to 5km wide and is bordered on its north by well marked shear-
ing. The rocks within the thrust zone are metamorphosed shales and sandy shales
with subordinate metavolcanics such as chlorite schist, amphibole schists etc. Near
the northern border of the zone are bands of quartz-mica-schists with tourmaline
and kyanite. It is postulated that the mineralization took place in three stages. The
earliest was the formation apatite — magnetite lenses, followed by the bands of
chlorite and amphibole-schists. Uranium mineralization is noted in the form of
disseminated uranite, tobernite and autunite along the chlorite schist. Workable
grade of uranium bearing ore, amounting to a few million tons are present in the
uranium mines neat Tatanagar in Jharkhand. The tailing piles at the mine were
leached by water from the nearby geothermal springs present in Hazaribagh area
in Jharkhand where few radioactive hot springs are reported.

There are many thermal springs near Tatanager area, in southern Bihar indi-
cated by “triangles” at Jharia and Surajkund. in the following Fig. 1 (Ravishankar
et al. 1992).

Data Collection at Tailing Pond

The chemical composition and radium concentration of thermal water has been
collected from one of the tailing ponds, Fig. 2, near Tatanagar and has been sum-
marized in Table 1.
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Fig. 1 Geothermal provinces of India and regional flow patterns (Data source: Ravi Shanker
et al. 1992)

Table 1 Chemical composition and radium concentration of thermal water

pH >9

TDS 520 ppm
F 21 ppm
Ca 2.8 ppm
Mg 0.3 ppm
Na 150 ppm
K 6.5 ppm
Cl 90 ppm
SiO, 110 ppm

Radium 7 to 9 ppm
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Fig. 2 One of the tailing ponds to store nuclear waste (after SOE 2001)

It is observed that the surface water is being contaminated with the radio-active
waste sediments/dust. The data collected from the local residents reveals that the
water in wells and small tributaries (locally called “nallas”) has become black, and
sometimes the water tastes salty, soap does not produce enough foam and the
cloths remain unclean.

According to the Uranium Corporation of India Limited (UCIL) policy which
is the Government agency responsible for ensuring the safety of uranium mining
sites, the local habitants and the environment in India, all villages within 5 km of
the mine and tailing ponds should be evacuated but the settlement is found well
within 100 to 200 m thus putting the residents at a great health risk.

Interpretation

It is observed that the contents of the tailing ponds are highly radio-active, even
though uranium has been extracted but the ponds/tailings remains radio-active for
a very long time. Radio-active tailings have permeated the groundwater and con-
taminated surface water sources. The thermal spring water coming in contact with
these tailing also becomes radio-active and the concentration of radium of the
order of 7 to 9ppm in these waters becomes an invisible enemy. Local habitants
suffer from fatigue, lack of appetite, respiratory ailment, infant mortality, skeletal
deformities such as fused fingers, skin disease, leukemia, thalassemia and even
Parkinson’s disease have been reported (Bhatia 2001).
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The radium values in thermal waters varying from 7 to 9 ppm from the tailing
pond can be compared with that of Karia of Portugal.

Conclusions

When the contaminated was seen to be reaching the external natural environment,
the mining authorities decided to collect and pump the water for neutralization.
The study described here aimed to investigate possibility that infiltrated rainwater
and natural runoff are reaching the tailing pond material where they form new
groundwater in contact with the tailing materials. Radium salts have clearly been
dissolved and, in the future this contaminated groundwater will reach the natural
hydrological cycle. The purpose of this study was to evaluate the interaction be-
tween the tailing materials and the hydrological cycle. The tailings were leached
by the groundwater, thermal springs or the rainwater and the outflows of water
was found to be seriously contaminated by high levels of radium, of the order of
7 to 9 ppm. The local people are poor in the region and are entirely dependant on
this radio-active contaminated water available to them for agriculture and their day
to day domestic activities. They have less awareness of radiation and its ill-effects
and thus, are subjected to variety of diseases.

Recommendations

The high potential for pollution by dissolution of toxic salts inside the tailing ponds
suggests that planning for environmental control should include the best possible
dealing of substratum before tailing are deposited. Moreover, no settlement be
permitted within five kilometers of the uranium mine to safeguard the health of
local habitants.
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Cadmium and Uranium in German
and Brazilian Phosphorous Fertilizers

Geerd A. Smidt, Franziska C. Landes, Leandro Machado de Carvalho,
Andrea Koschinsky, Ewald Schnug

Abstract. A collection of phosphorous (P) fertilizers used in Germany (N=75)
and southern Brazil (N=39) was analyzed for cadmium (Cd) and uranium (U).
Both collections show high mean concentrations of Cd (12.0 and 18.6 mg/kg re-
spectively) and U (61.3 and 70.16 mg/kg respectively), while maximum concen-
trations of 56 mg Cd/kg and up to 200 mg U/kg were found. Currently, up to
42t Cd and 228t U are distributed annually on German and 611t Cd and 1614t on
Brazilian agricultural soils by mineral P fertilizers.
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Introduction

Uranium (U) and cadmium (Cd) are natural heavy metals, which may impair bio-
logical systems by radioactivity (U) and chemical toxicity (U and Cd). The produc-
tion of phosphorus fertilizers requires raw phosphate rock material, which origi-
nates to about 87% from marine sedimentary sources (Kratz et al. 2008). Uranium,
Cd and many other trace elements (Cd, Zn, Pb, Cu, Ni, Co, Sn, Cr, Hg, As, Sb, Th,
Ra, Sr, Y, Rb, Mo, Se and many Rare Earth Elements) are enriched in these phos-
phates during deposition and diagenesis. Phosphate (P) rocks contain concentra-
tions in a range of 23-220mg/kg in general (Kratz and Schnug 2006) and
30-130 mg/kg U in Brazilian P rocks (Saueia et al. 2005; da Conceicao et al. 2006;
Santos et al. 2006). The pure raw phosphate is very water insoluble and for fertili-
zation requirements an industrial processing is needed. Phosphoric acid is pro-
duced by dissolving the P-rich apatite minerals with H,SO4, with phosphogypsum
as a by-product. During this process the radionuclides U and Th and many heavy
metals become enriched in the P fertilizer to about 150% of the original value of
the rock phosphate (Sattouf 2007). Since all uranium isotopes form very stable
phosphate compounds, U concentrations are enhanced in the phosphoric acid,
while radium isotopes are enriched in the by-product phosphogypsum. This by-
product has no application in Germany, and the stockpiles of phosphogypsum are
aradiological environmental concern, while in Brazil it is used for liming. The last
step to produce a multi-component fertilizer involves the reaction of phosphoric
acid with ammonia to produce monoammoniumphosphate (MAP) and diammon-
iumphosphate (DAP), and with potassium chloride (KCl) to produce PK or NPK
fertilizers. The production of singlesuperphosphate (SSP) and triplesuperphosphate
(TSP) involves the reaction of phosphoric acid with phosphate rock which yields in
a higher concentrated P fertilizer (Saueia et al. 2005; Kratz and Schnug 2006).

Several studies have indicated that the U content of P fertilizers increases with
an increasing P,Os content of the product (Spalding and Sackett 1972; Barisic
etal. 1992). In P fertilizers U and Cd are abundant in higher concentrations fa-
vorably in phosphate fertilizers of sedimentary origin with concentrations of
0.1-362mg/kg U and 0.1-60 mg/kg Cd (Birke et al. 2009; Aydin et al. 2010).
Despite the voluntary self-restriction of the industry (IVA 2010) to substitute
sedimentary with magmatic rock phosphates at the end of 1984 to decrease the
heavy metal loads to arable soils, there is no trend of decreasing U concentrations.
In fact, the import of phosphates with low Cd and U contents decreased by 33%
from 1997 to 2007, while the import of U rich phosphates (100-150 mg U/kg)
from P rock deposits in Israel increased by 50% (Heffer and Maene 2008). Also
Sattouf et al. (2008) determined lower U concentrations in fertilizers with mineral
P components produced in 1974—1984 than from 1995-2005 by trend (Sattouf
et al. 2008). As U and Cd contents are highly correlated in fertilizers due to their
high affinity to phosphates, it can be concluded that the Cd content also did not
decrease after 1984. Contrary to Cd, no legal labeling obligation or threshold lim-
its exist for U concentrations in fertilizers, neither in Brazil nor in Germany.



Cadmium and Uranium in German and Brazilian Phosphorous Fertilizers 169

Under oxidizing conditions U(VI) forms complexes with carbonates, which are
highly mobile in arable soils. The uncontrolled application of fertilizer-derived U
might play a bigger role for the hazard of groundwater bodies in areas of intense
agricultural production than the co-application of Cd, due to the high solubility of
U and higher concentrations in fertilizers compared to Cd.

This study aims to compare the concentrations of Cd and U in German and Bra-
zilian P-containing fertilizers as well as to estimate and evaluate possible amounts
and consequences of the high loads of these toxic elements to the agroecosystems.

Cadmium and Uranium in Soils

Naturally contents of U in soils range from <0.4 up to > 10 mg U/kg and <0.5 up to
>3 mg Cd/kg (Scheffer and Schachtschabel 2002). Utermann and Fuchs (2008)
mapped the U content in German top- and subsoils. They found the tendency of
higher U content in topsoils compared to subsoils. The difference of the median
values in forest and arable soil is 0.15 mg/kg U. This study agrees with the results
of Salminen et al. (2005), who determined an enrichment factor of 1.2 for northern
German soils. Such enrichment was also found by Huhle et al. (2008), who de-
tected a difference of 0.2 mg/kg U between arable and forest soils. The U content of
topsoils is by trend higher than that of subsoils as is demonstrated by a general map
of U in German soils (Utermann and Fuchs 2008). There is a striking difference of
0.15 mg/kg U between the median value for arable and forest soils. This value is in
close agreement with the results of other research groups, in particular for Northern
Germany (Huhle et al. 2008; Rogasik et al. 2008).

In contrast to other environmentally relevant elements, for instance Zn and Cd,
U complexes are highly mobile in agricultural soils under oxic conditions and es-
pecially in the presence of carbonate ions (Utermann and Fuchs 2008; Salminen
et al. 2005; Sheppard et al. 2005; Zheng et al. 2003). On average four times more
U (0.06-3.9 ng/l) was found in percolation water under arable soils than under
forest soils in Germany (0.006—0.5 pg/l) (Huhle et al. 2008). Cadmium, in contrast,
was found to be on average four times more mobile under sandy forest soil
(0.36-0.58 pug/l in percolation water) in comparison to sandy arable soil
(0.09-0.13 pg/l in percolation water) (Duijnisveld et al. 2008). These results con-
firm the higher mobility of fertilizer-derived U in arable soils in comparison to Cd.

Accumulation of Fertilizer-Derived Cd and U in Soils

The annual U load varies between 2.8 g U/ha if P is applied exclusively by organic
fertilizers at rates following “Good Agricultural Practices” (GAP) (22 kg P/ha*yr)
and 15 g U/ha if P is applied in mineral form according to GAP (Kratz et al. 2008).
Rogasik et al. (2008) studied the influence of long-term P fertilization on the ac-
cumulation of U in soils at 7 sites in Germany. In all experiments P rates corre-
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lated with the increase of the U content in topsoils. The mean accumulation rate
was 3.7 pg/kg*yr U with a range of variation from 1 to 15 pg/kg*yr U. The latter
value is in close agreement with the rate of 14.5 pg/kg*yr U that has been calcu-
lated for the long-term field experiments in Johnston Castle/Ireland (Tunney et al.
2009). In contrast, accumulation rates reported for New Zealand and Australia are
distinctly higher with 19-37 pg/kg*yr (Taylor and Kim 2008; Lottermoser 2009).
The reason for this appear to be lower U leaching rates, while higher P rates or
higher U concentrations in the fertilizer products proved to be no causes. A calcu-
lated accumulation rate of 6 pg/kg*yr U and a mean increase of the U content in
soils of 0.32mg/kg U is to be expected when estimated on the basis of U loads in
the P balance. Rogasik etal. (2008) found, however, an average increase of
0.13-0.20 mg/kg U in different long-term field experiments in Germany if P was
applied by reason of crop demand. It is suggested that U losses from soils by
leaching are the reason for this persistent difference throughout this and other
studies on U in soils (Utermann and Fuchs 2008; Huhle et al. 2008).

It is estimated that a total amount of up to 13,333t U and 4305 t Cd (Kratz et al.
2011) has been applied with mineral fertilizers by German agriculture from 1951 to
2005. This equals a cumulative load of up to 1 kg U/ha and 0.30kg Cd/ha (Kratz
et al. 2011) on agricultural land. For comparison at the nuclear waste storage salt
mine “Asse II” 102 t U are deposited in total (www.atommuell-endlager.de).

Material and Methods

Phosphorous fertilizers traded in Germany (N =78) and Brazil (N=10) were ana-
lyzed for the element composition in the laboratories of the Institute of Plant Nu-
trition and Soil Science of the Federal Agricultural Research Center (FAL-PB,
now the Institute for Crop and Soil Science of the Federal Research Centre for
Cultivated Plants (JKI-PB)) and in the Geochemistry laboratory of the Jacobs
University Bremen by common standard procedures for fertilizer analysis. For
origin and analysis of the fertilizers from Germany detailed information are pro-
vided by Kratz et al. (2011) and Smidt (in prep.) The Brazilian phosphate fertilizer
samples collected in southern Brazil were obtained from the laboratory LACHEM,
Federal University of Santa Maria, RS. Both laboratories employed common stan-
dard procedures for fertilizer analysis.

Results and Discussion

Cadmium and Uranium in Fertilizers

The collections of Brazilian and German fertilizers analyzed in this study show
Cd concentrations in a range of <0.2—>100mg Cd/kg and U concentrations in
arange of <1—->200mg U/kg (Tables 1, 2). The average phosphorous concentra-
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tions are 30.1% in Brazilian and 22.8% in German samples, with maximum concen-
trations up to 52.5 and 38.0%, respectively. The Brazilian fertilizers show higher
average and maximum concentrations for Cd (18.6 and 56.8 mg/kg, respectively) in
comparison to the German fertilizers (12 and 34.8 mg/kg, respectively). The Brazil-
ian fertilizer collection was found to have a higher average U concentration of
70.6 mg/kg and maximum concentration of 200 mg/kg, whereas the German fertil-
izer collection had a comparable maximum U concentration of 206 mg/kg U and
average U concentration of 61.3 mg/kg. The determination of rare earth elements
and yttrium (La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Y, Ho, Er, Tm, Yb, Lu) (REY) and
the normalization of the REY concentrations against Post Achaean Australian Shale
(PAAS, Taylor and McLennan 1985) enabled to identify the marine sedimentary or
the igneous deposit source of the P-rock used for the production of the P-fertilizers
in Brazil. Of our 40 fertilizer samples, 4 could be identified as igneous P-rock de-
rived, while the remaining 36 were of marine sedimentary origin (Smidt in prep.).
This distribution percentage is consistent with the value of 87% given in literature
for the origin of P-fertilizers from marine sedimentary P deposits.

In 96 samples taken for fertilizer quality control by the German Fertiliser Ordi-
nance (DiMV) of federal states in Germany in the framework of a joint project,
the following results were obtained: 19% of all samples showed a P,Os-content of
<5% and out of these samples 11% had a Cd content of > 1 mg/kg Cd which are
obliged to be labeled and 6% contained more Cd than the limit value of 1.5mg
Cd/kg (DUMYV 2008). The remaining 81% of samples (N =78) had P,0s-contents
of >5% (Table 1), with 23% out of these below the obligation to label threshold of
20mg Cd per kg P,Os and 48% above the limit value of 50 mg Cd per kg P,Os
(DiiMV 2008). The collection of Brazilian fertilizers analyses in this study con-
tain to 98% P,Os higher than 5 and 33% of this group show Cd values below
20 mg Cd/kg P,0s. 44% could not be traded on German market, as they were
above the limit value of 50 mg Cd/kg P,Os. In Brazilian legislation P fertilizers
can contain 4mg Cd/kg P,Os in Brazil with the highest concentration limit of
57mg Cd/kg product (Ministry of Agriculture Brazil 2006). Considering these
values, only 4 fertilizers or 10% of the analyzed Brazilian fertilizers showed Cd
concentrations above the maximum limit concentration of 4 mg Cd per kilogram
P,0Os content. The main results of the fertilizer analyses are summarized in Table 1
and 2 for samples with a P,Os-content of >5%.

A comparison of these values with U concentrations reported in literature for
same fertilizer products traded in Germany (Kratz and Schnug 2006) provided the
following results (values for German products in brackets): Triple-Super 219
(106), NP-fertilizers 95 (17), PK-fertilizers 92 (82), NPK-fertilizers 39 (5.9) mg
U/kg and soft rock phosphates 55 (65). The results of this study indicate that the U
concentrations in new fertilizer products traded in Germany presented were on an
average 26% higher than those reported in literature.

A significant correlation was found between Cd and U content per kg P,Os, but
the constant term of the regression is high with values of 86 and 106 so that in
principle a Cd-free product will have a U content which is by far higher than sug-
gested limit values.
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Table 1 P,0s, Cd and U concentration in fertilizers with a P,Os-content of >5% which have
been traded in Germany in 2007 (n=78) and weighted mean values provided by Dittrich und
Klose (2008)

P,0s Cd U mg Cd/kg mg U/kg

(%) (mg/kg) (mg/kg) P20s P,0s
Mean® 22.8 12.0 61.3 47.0 283
Median 17.0 7.40 39.8 50.0 264
Minimum 5.00 0.11 0.73 0.24 6.39
Maximum 38.0 34.8 206 107 1713
Percentile 25 10.8 2.89 11.7 18.0 79.8
Percentile 50  17.0 7.40 39.8 49.9 264
Percentile 75  40.0 20.2 87.4 67.1 402
Weighted mean 25.8 9.40 63.3 37.0 245

values from

Dittrich and

Klose (2008)

(n=193)"
* Note: Out of 78 samples 29% had a Cd content above the obligation to label and 48% exceeded
the limit value.

® Note: Out of 193 samples 41% had a Cd content above the obligation to label and 17% ex-
ceeded the limit value.

Table 2 P,0s, Cd and U concentration in fertilizers with a P,Os-content of >5% which have
been traded in Brazil in 2007 and 2008 (n=39) and weighted mean values taken from da Concei-
cao et al. (2006)

P,Os Cd U mg Cd/kg mg U/kg P,Os
(%) (mg/kg) (mg/kg) P,0s
Mean™® 30.1 18.6 70.6 61.5 248
Median 21.5 10.8 59.9 52.0 283
Minimum 14.2 1.30 0.30 2.80 1.40
Maximum 52.5 56.8 200 189 498
Percentile 25 17.8 7.4 252 40.0 113
Percentile 50 21.7 10.8 59.9 52.0 283.1
Percentile 75 46.0 28.3 98.2 76.4 257
Weighted mean 42.7 2.17 65.2 6.64 190
values from da
Conceicao

(2006) (n=6)

* Note: Out of 39 samples, 4had a Cd content above the Brazilian limit value for P-containing
fertilizers of 4 mg Cd per percent of P,Os.

" Note: Out of 39 samples 23% had a Cd content above the obligation to label and 44% exceeded
the limit value.
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Fertilizer-Derived Cd and U Loads to German and Brazilian Soils

An actual conservative estimate delivered an average total amount of about 114t U
and 22t Cd (Kratz et al. 2011) that are distributed annually on agricultural land in
Germany by mineral phosphorus fertilizers. Under the assumption of “Good Agri-
cultural Practices (GAP)” with fertilization rates of 22 kg P/ha, an average annual
load of 1.4 g Cd/ha and 8.2 g U/ha is calculated (Kratz et al. 2011).

The average phosphorous fertilization in Brazil is 48 kg P,Os per hectare (FAO
2004), which is in the same range as the amount of 50.4kg P/ha used under the
assumption of GAP in Germany. In Brazil, the amount of 2.9g Cd/ha and
11.8 gU/ha is applied annually with 48 kg P,Os/ha, which contain 61.5 mg Cd/kg
P,0s and 248.2mg U/kg P,Os in average (Table 2). Maximum loads of 9.1g
Cd/ha and 23.9 g U/ha are potentially applied annually, assuming maximum con-
centrations of 189 mg Cd/kg P,Os and 498 mg U/P,0s (Table 2) in fertilizers.

In the central western areas of Brazil (Cerrado) the application of P,Os is on
average 76 kg/ha*yr, causing an average co-application of 4.7 (/4.3) g Cd/ha*yr
and 18.7 (37.9) g U/ha*yr (maximum loads). The soil in the Cerrado is extremely
P deficient and special crops like potato are intensively fertilized using 433 kg
P205/ha*yr, causing a potential load of 26.6 (81.68) g Cd/ha*yr and 106.6 (215.7)
g U/ha*yr (maximum loads).

In 2009, a total of 3.24 million t of P,O5 were applied to arable land in Brazil
(Gasques et al. 2009), so the calculated total loads of cadmium and uranium to
Brazilian soils were in average 199t Cd and 798 t U with a maximum 611 t Cd and
1615t U. It is expected that the total usage of P,Os will be increased to an amount
of 5.36 million t in the year 2020 (Gasques et al. 2009). As a result the Cd and U
loads would increase to an average of 330t Cd and 1319t U with a maximum of
1011t Cd and 2671t U.

Conclusions

As intensive agriculture in Germany and Brazil requires phosphorous fertilization
to maintain soil fertility and hence high quality food products, 50 kg P,Os per
hectare are fertilized in average in both countries annually. Our analyses on a re-
presentative selection of German and Brazilian phosphorous fertilizers has shown
that due to the high Cd and U contents in the products, the calculated loads of Cd
and U on arable soils indicate a significant contamination risk of the agroecosys-
tems with these toxic heavy metals. The increasing worlds demand for food and
energy plants as sugar cane provides a big economical opportunity for Brazil. To
supply the worlds hunger for proteins and bio-ethanol intensification of cropping
production and hence intensification of fertilization is expected. While the hazard
of Cd mobility and availability can be considered as moderate, the risk of U mobi-
lization from arable soils under oxic conditions in the presence of carbonate ions is
high in Germany. Brazilian soils are often very acidic and carbonate free, so the
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mobilization potential of U is lower than that of Cd. Nevertheless, as recent re-
search indicates leaching of U from arable soils and presence of fertilizer-derived
U in ground- and drinking water (Smidt et al. 2011), it is suggested that the uncon-
trolled loading of the toxic and radioactive heavy metal to soils should be regu-
lated by state authorities, as it is done for cadmium.
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Radiological and Hydrochemical Investigation
of Underground Water of Issyk-Kul Region

Azamat Tynybekov

Abstract. Issyk-Kul basin is closed lake with an area along watersheds
22,080 km’. In terms of geological this is synclinal structure in eastern part of
plicate area of north Tien-Shan, which is characterized with difficult many stores
building with predominance in mixture of abyssal and metamorphic rocks of
Riphean-low Paleozoic age. In terms of hydrogeological this is a difficult inter-
mountain artesian basin Mesozoic age in the central part basin, which is symmet-
rical framed from south and north of Teskei and Kungei hydro-geological massifs.
Displaying the newest tectonics essentially affect the hydrogeological situation of
region. Feature of that is increasing the amplitude of newest deformation from
west to east and from north to south. Radiological and hydrochemical characteri-
zation of underground waters in quaternary deposits of Issyk-Kul lake coastal zone
was analyzed.

Introduction

Issyk-Kul basin is closed lake with area along watersheds 22,080 km®. In terms of
geological this is synclinal structure in eastern part of plicate area of north Tien-
Shan, which is characterized with difficult many stores building with predominance
in mixture of abyssal and metamorphic rocks of Riphean-low Paleozoic age.

In terms of hydro geological this is a difficult intermountain artesian basin
Mesozoic age in the central part basin, which is symmetrical framed from south
and north of Teskei and Kungei hydro-geological massifs. Displaying the newest
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Fig. 1 The scheme in principle of depth hydro-geological building on costal zone of Issyk-Kul lake

tectonics essentially affect the hydro-geological situation of region. Feature of that
is increasing the amplitude of newest deformation from west to east and from
north to south. The scheme in principle of depth hydrogeological building on cos-
tal zone of Issyk-Kul lake (Fig. 1).

As other regions the resources saving factors of underground water on costal
zone of Issyk-Kul lake combine into natural and man-caused complexes (Man-
geldin 1999).

Among the naturals key role play:

Physics-geographical complex of factors (relief, climate, hydrology);
Geological complex of factors (mixture of reservoir sediments, tectonic struc-
ture and neotectonics);

e Hydro-geological complex of factors (Source of feeding of underground water,
transit conditions and unloading them, hydro-geological parameters of water-
bearing stratum).

The key of man-caused factors the following:

e Water economics situation;

e Geology- technical exploitation condition and drawdown of underground water
resources;

e The source of pollution (character, working regime, volume and mixture of
fault and so on).

In the condition of Issyk-Kul artesian basin displayed all listed factors, but role
of part of them displayed different, which give the different result both for the
units of resources magnitude and for the waters quality including the radioactivity

(Fig. 2).
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Fig.2 Costal zone of Lake Issyk-Kul
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Short Characterization of the Basic Water-Bearing Horizons
and Region Complex

On costal zone of Issyk-Kul lake has not got practically (apart from drained)
water-bearing sediments even most waterproof from them — Mesozoic, which re-
presented primary siltstones and carbonaceous shale’s consisted strata of coal,
gravelite, sandstones watered by system of fissuring coarse-grained cut intervals.

For the characterization of underground water accumulation in some coarsen-
ing stratigraphic scheme distinguish the following:

1. underground water of upper structure floor — subsoil and pressure waters in
quaternary deposits;

2. underground water of middle structure floor — pressure, pore-subsoil waters
rarely and mainly porous fractured waters of Issyk-Kul Neogene suite and Kyr-
gyz red color thickness of Miocene-Oligocene; Paleogene of Mesozoic rock has
been developed with limitation as well as waters confined to them;

3. underground water of lower structure floor — in the base of artesian basin and
outcrops in hydro-geological massif of before Age of Reptiles rocks; these are
groundwater zone of open fissuring and pressure interstitial-vein waters of
depth circulation of tectonic fissuring zone.

The Underground Water in Quaternary Deposits

The quaternary deposits involved region represent mainly alluvial and lake sedi-
ments within artesian basin as well as alluvial and glacial formations on hydro-
geological massif. Prevailing their feeding-infiltration and providing with atmos-
pheric precipitation, river waters as well as spray waters on lowland part of
basin. On the segregated parts the feeding of underground waters of quaternary
deposits assisted with overflow of interstitial-vein waters base in concealed focus
of their unloading both on mountains and sub-mountain even flat part of ter-
ritory.

In case of infiltration feeding of underground waters of quaternary sediments is
faintly alkali or close to neutrals (for magnitude pH — 7.1 ... 7.4), hydro-carbonate
calcium or sulfate-hydro-carbonate, magnesium- calcium with mineralization from
less then 0.1 g/dm’ until 0.5 g/dm® and on common case with less mineralization
then top absolute mark outcrops on the ground.

Given below the distinctive formulas of salt composition involved waters from
springs around Issyk-Kul and different move of them as well.
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Probe 1
Volley of Turasu river, spring from upper-quaternary moraine, absolute height of
abruption — 2640 meters.

HCO0,6250,26
Ca58Mg34

0.08 t=1.2°C

Probe 2
Volley of Arashan river, Holocene alluvial boulder-pebbles, absolute mark of
abruption — 2450 m.

HCO,8450,11
Ca73Mgl6

0.10 t=2.4°C

Probe 3

Volley of Kalmaksu river, Holocene alluvial pebbles, absolute mark — 2180 m.

HCO;79S0,412
Ca77Mgl3

0.12 t=7.50C

Probe 4

Volley of Dgergalan river, upper-quaternary alluvial pebbles, absolute mark —
1625 m.

HCO,71S0,12
Ca73Mgl8

0.08 t=8.4°C

Probe 5

Volley of Akterek river, poorly cemented clumpy boulder-pebbles of Sharpyldak
suite of Neogene-lower-quaternary age, zone of tectonic transgression, absolute
mark — 1645 m.

The quaternary deposits on the costal of Issyk-Kul lake influenced by limited
impact of factors encountered displaying water and other composition — with in-
tensive anthropogenic pollution as well as sulfate-chloride-sodium with height-
ened content of carbon dioxide and pH — lower 7 in recent lake deposits of costal
zone, but before reduced reasons we drop their consideration.
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Radiological Characterization of Underground Waters
of Issyk-Kul Lake Costal Zone

Radioactivity of region underground waters as other place formed under influence
three group of reasons: firstly natural processes, secondly man-caused with incur-
sion into natural course of redistribution the radioactive elements on changing the
structure and composition of underground waters flow under mining (deposits of
radioactive ores, underground waters, mountain road heading) or other changing
of territory water balance (filtration of west tailings, channels, stream flow redis-
tribution and other.), finally changing the nature conditional of underground wa-
ters radioactivity be able to take place in case of nuclear explosions and working
the nuclear energy enterprises, which lead to advent of in natural waters more two
dozens with half-disintegration from several times to hundred thousand and mil-
lion years [3, 4].

The question of underground waters radioactivity of the costal of Issyk-Kul
lake conditioned with radionuclide, in our view it requires independent considera-
tion and with applied relation to that it is not actuarial: in this region the nuclear
energy enterprises absence, nuclear tests have not been conducted and influence of
explosions Lobnor, Semipalatinsk and other testing areas should assessing on
higher regional level then we consider the region (with area of two tens km” on
common background area affected nuclear tests).

There are all bases to guess that exploitation the deposits of radioactive ores
near Kadji-Sai village in the South costal of Issyk-Kul lake with no doubt has
changed the radiological situation in zone of influence its mining and obviously
has been told upon character of radioactivity of affected its natural waters, but
since special, public works to discover this phenomenon has not been conducted
up to date so the range of questions connected with this issue excluded from our
consideration.

Underground waters natural radioactivity of the territory characterized with
three components — uranium, radium and radon. Common quantity of analyses of
their underground waters content for uranium and radon form more hundreds
identifications, for radium and uranium isotope — tens one, which fulfilled basi-
cally under the projects with many searching the deposits of radioactive ores for
assessing the quality and conditions to form fresh and thermo-mineral waters.

In case of no additional instructions, uranium has been defined with standard
method that has sensitivity 1¥107 g/dm’ in Kyrgyz Republic Central Laboratory
of Geological Committee (Department of geology). Isotope content of uranium
and radium (method of emanation) has been defined in Radiological Laboratory of
Physics and Math Institute of Republic Science Academy. Radon has been defined
with electrometer CG-11M or Emanometer EM-6 by supporting of executors of
field works. In first and second cases reliability of results assessing as higher level
and in third case the results assessing as representative, but no excluded the con-
tent of errors due to subjective factors.
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Radiological Characterization of Underground Waters
in Quaternary Deposits of Issyk-Kul Lake Costal Zone

In quaternary deposits of Issyk-Kul lake costal zone for radioactivity components
have been tested more than hundred objects of underground waters (springs,
draw-wells, holes) at the same time radiological anomalies have not been discov-
ered. Anomaly concentration of radon were fixed in Zhety-Oguz, Turasu villages,
but their connection with fractured-vein waters no doubt, which were discharging
through thickness of quaternary deposits from base rocks, so these anomaly
should considerate in content of underground waters characterization of Paleozoic
formations.

Typical for underground waters in quaternary deposits the uranium and radon
concentrations adduced in table (since in practice of field work one water probe
has been picked out usually at once for uranium, fluorine and boron these compo-
nents adduced in Table 1 too).

As we see in table the average content of uranium closer at 1 * 10°° g/dm’, ra-
don at 0.6 nCi/dm’ and there is not essential correlation between adduced indexes
of underground waters in table.

Taking into consideration the macro-component content and pH — (7.1 ... 7.4),
we can guess that probable form of uranium migration in this condition is ionic as
UO,*" and UO, (OH)".

Table 1 Underground waters content of uranium, fluorine, boron and radon in quaternary de-
posits of Issyk-Kul lake costal zone

Probe No.  Water min-  Content, mg/dm’ Content:
eralization Radon
g/dm’ eman/l
Fluorine H,BO0, Uranium 10~ nCi/dm’
1 0.08 0.4 0.1 1.3 4.4/0.44
2 0.10 0.48 0.34 0.69 7.4/0.74
3 0.12 0.4 0.1 0.83 9.0/0.90
4 0.32 0.8 0.1 1.1 5.5/0.55
5 0.26 3.5 0.1 44 11.5/1.15

Table 2 Concentrations in underground waters in quaternary deposits of Issyk-Kul lake costal
zone

Radon (nCi/dm?) From 0.7 to 1.2+0.01
Radium — 226 (107" Ci/dm®) From 3 to5+1
Uranium — 238 (107 g/dm’®) From 3 to 17+2
Uranium — 234

Uranium — 238 From 1.25 t0 1.30+0.03
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Parallel definition of uranium, radium and radon adduced in several holes, un-
derground waters in quaternary deposits of Issyk-Kul lake costal zone (in region
of Kursk-Boztery) are uncovered.

Properly of these data and on this region content of radioactive elements hesi-
tate near (background) average value for Issyk-Kul lake costal zone (Tynybekov
and Matychenkov 1999).

Uranium isotopes correlation 234/238 present some increasing lighter isotope
over balanced content and in defined level confirm actually that uranium lixivia-
tion does not come from uranium minerals (Ferronskii 1975). Exactly adduced
isotope correlation it is typical for underground waters in coarse Neozoic deposit
of Fergana artesian basin (Sultanhodjaev et al. 1972). The assessment for under-
ground waters of sub-mountain trains about at the same value intervals of isotope
correlations or several more magnitudes are passage the waters of tectonic fissures
and loose deposits, which let the authors divide flow of infiltration formation and
flows, which supplying entry in some level from tectonic fissures.
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Interaction of Chlorella vulgaris
and Schizophyllum commune with U(VI)

M. Vogel, A. Giinther, M. Gube, J. Raff, E. Kothe, G. Bernhard

Abstract. U(VI) interaction with biomass was studied using the alga Chlorella
vulgaris and the fungus Schizophyllum commune. Both organisms bind signifi-
cant amounts of U(VI) dependent on its concentration and pH. Interestingly,
living Chlorella cells are able to mobilize bound uranium while Schizophyllum
cells accumulate large amounts thereof. The molecular structure of formed
uranyl-bio-mass-complexes was investigated by different spectroscopic tech-
niques and demonstrated an involvement of carboxylic and organic/inorganic
phosphate groups with varying contributions dependent on biomass, uranium
concentration and pH.
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Introduction

Uranium is a radioactive highly toxic heavy metal which is released into the envi-
ronment from geogenic deposits and from mining and milling areas by weathering
and anthropogenic activities. A comprehensive elucidation of the behavior of ura-
nium in geo- and biosphere is necessary for a reliable risk assessment of radionu-
clide migration in the environment.

Microorganism, like algae, fungi and bacteria, are widespread in nature and
play an important role in biogeochemical cycling of elements. Because of their
ubiquitous occurrence and the ability to fix or to mobilize radionuclides the influ-
ence of microorganisms on the migration behavior of uranium is of special interest
e.g. determining effective and economical remediation strategies for contaminated
soil and water. Additionally, the risk of a radionuclide transfer along the food
chain by microbial bound actinides could be estimated.

In this study, the unicellular green algae Chlorella vulgaris and the wood-rotting
basidiomycete Schizophyllum commune were used as model organisms living in
aquatic and soil habitats to investigate the interaction with U(VI). Both organisms
are known to posses the capability of binding heavy metals and also uranium (Gadd
1988; Merten et al. 2004). The aim of this study was to characterize the sorption of
U(VI) by living organisms and to investigate the molecular structure of formed
complexes. In contrast to previous investigations, the present study with Chlorella
focuses on the biosorption of uranium(VI) especially at environmentally relevant
uranium concentrations in relation to their metabolic activity. In comparison to the
algae the binding capacity of Schizophyllum for U(VI) was investigated over the
naturally occurring pH range from 4 to 7. The formed uranyl complexes on the
biomasses in dependence of the used organism and U(VI) concentration were spec-
troscopically characterized by time-resolved laser-induced fluorescence spectros-
copy (TRLES), extended X-ray absorption fine structure (EXAFS) spectroscopy
and in case of algal biomass also by attenuated total reflection Fourier transform
infrared (ATR-FTIR) spectroscopy.

Material and Methods

Test Organisms and Culture Conditions

Chlorella vulgaris and Schizophyllum commune were purchased from the SAG
Culture Collection (Goéttingen, Germany) and Friedrich Schiller University Jena
(Germany). All experiments regarding culturing and incubation of the test organ-
isms were performed under sterile conditions. All chemicals were used in analyti-
cal grade.

Chlorella cells were grown in liquid algal full medium in bioreactors under
light and continuous air supply (for details of cultivation see Vogel et al. (2010)).
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Cells for the following experiments were harvested by centrifugation (10,000 x g,
8°C) after the batch culture reached the stationary phase. Cell pellets were then
washed with algal mineral medium (Vogel et al. 2010).

Shizophyllum was cultivated in Erlenmeyer flasks with liquid medium contain-
ing tryptone (2g/1), yeast extract (2g/l), glucose (20g/1), tryptophane (1g/l),
MgSO,x7H,0 (0.5g/l), KH,PO, (0.5¢g/l) and K,HPO, (1g/l). After 7 days of
cultivation the biomass was harvested by filtration and washed with fungal min-
eral medium (MgSO,, FeCl;, K,HPO,, KH,PO,) which was used also for the sorp-
tion experiments.

Sorption Experiments

Sorption experiments with algal biomass were carried out in algal mineral medium
at uranium concentrations of 5 uM to 1000 uM at different pH values in the range
of 4.4 to 7. The uranium concentrations > 100 pM were applied only at pH 4.4 to
avoid uranium precipitation. The concentration of algal biomass during the ex-
periment was 0.76 g algae dry weight/l. The incubation of algal cells with the
uranium containing medium was carried out under culturing conditions as de-
scribed in the previous section to keep algal cells metabolic active. Biomass was
harvested immediately after addition of uranium, after 48 h and after 96 h by cen-
trifugation (5 min, 10,000 x g).

For the sorption experiments with the fungal biomass (0.3 g dry weight/l)
fungal mineral medium containing uranium in a concentration range of 2 uM to
400 uM at pH 4, 5, 6 and 7 was used. After incubation for 24 h biomass was sepa-
rated from the medium by filtration.

After washing with 0.1 M NaClO, biomass was used for spectroscopic investi-
gations. The uranium concentration in initial and final solutions was quantified by
inductively coupled plasma mass spectrometry (ELAN 9000, Perkin Elmer). The
amount of biomass-bound uranium was calculated from the difference between the
amount of applied uranium and the amount remaining in the supernatant after
sorption experiments. The sorbed uranium was normalized to dry biomass.

Time-Resolved Laser-Induced Fluorescence
Spectroscopy (TRLFES)

Luminescence spectra were obtained using a Nd-YAG laser (Minilite, Continuum)
with laser pulses at 266 nm and a beam energy of about 250 pJ. The emitted lumi-
nescence light was detected using a spectrograph (iHR 550, HORIBA Jobin Yvon)
and a ICCD camera (HORIBA Jobin Yvon). TRLFS spectra were recorded from
371.4nm to 664.3 nm by accumulating 100-200 laser pulses using a gate time of
2 us. Computer control was ensured by the software Labspec 5. The obtained data
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were processed by using Origin 7.5 (OriginLab Corporation, Northampton, MA,
USA) including the PeakFit module 4.0. For the TRLFS measurements living and
dead Chlorella biomass was used incubated mineral medium with 5 and 100 uM
uranium at pH 4.4 for 30 min. Fungal biomass was incubated in mineral medium
with 2.3 to 410 pM uranium at pH 5 for 24 h. All biomass samples were washed
with 0.1 M NaClO, to remove unbound uranyl species.

Results and Discussion

Uranium Speciation in Mineral Media

The uranium speciation in the media influences its bioavailability and by this
the sorption behavior and interaction of uranium with the organisms. Uranium
speciation depends on uranium concentration, pH value and ionic strength in the
media. For both algal and fungal mineral medium an example for the speciation
of uranium in dependence of pH value is shown in Fig. 1.

Figure 1 shows that at pH values around 4 the speciation in both cases is domi-
nated by the fee uranyl cation. With increasing pH the uranyl hydroxides and
uranyl carbonates become the main species in the mineral medium. Changes in the
uranium concentration in the experiment (not shown) influenced the speciation
only slightly.

Sorption of Uranium by Chlorella and Schizophyllum

The sorption experiments showed that Chlorella and Schizophyllum biomass binds
significant amounts of U(VI) dependent on uranium concentration and pH in the
range from 4 to 7. In Fig. 2 a comparison of the sorption capacity of both biomasses
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Fig. 1 Distribution of main uranyl species in algal (leff) and fungal (right) mineral medium in
dependence of pH value with uranium concentrations of 5 and 70 uM. Speciation calculated with
the computer program EQ3/6 (Wolery 1992) using the NEA database (Guillaumont et al. 2003)
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is shown as a function of the initial uranium concentration. In case of Schizophyl-
lum also the pH was varied. At uranium concentrations up to 200 uM the fungal
biomass shows comparable binding capacities of around 130 mgU/g dry weight
independent of pH value. At the highest tested uranium concentration of 400 uM
clearly higher binding capacities ranging from 230 to 280 mg U/g dry weight at pH
5 and 6 for still living Schizophyllum biomass were obtained. In contrast to that,
Chlorella binds at a uranium concentration of 550 uM only 75 mg U/g dry weight
at pH 4.4. This is attributed to the more than two times higher biomass concentra-
tion compared to the experiment with fungi. Nevertheless, the fungal biomass
shows better sorption capacities as a doubling of the uranium concentration to
1000 uM did not increase the amount of algal bound uranium in the same way
(Fig. 2). Furthermore, Chlorella cells die at concentrations > 100 uM within 48 h.
The behavior of living algal biomass in the presence of U(VI) was investigated
in further experiments with 5 uM uranium in a pH range of 4.4 to 7.0 (Fig. 3).
Under this condition living algae firstly bind almost all uranium within 5 min, but
then again mobilize up to 80% of the bound uranium during ongoing incubation.
As the algae were alive during the entire experiment and such a mobilization of
uranium did not occur if dead biomass was used (Fig. 3) the mobilization is as-
cribed to arelease of metabolism related substances. As potential leachates for
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algal-bound uranium oxalate, citrate and ATP were tested and found to be able to
mobilize 55-87% of the algal-bound uranium within 24 h (Vogel et al. 2010).

Spectroscopic Characterization
of Formed U(VI)-Biomass-Complexes

As both Chlorella and Schizophyllum sorbed significant amounts of U(VI) spec-
troscopic techniques were used to characterize the formed complexes between
U(VI) and the biomass. With TRLFS Iuminescence spectra of the U(VI)-biomass-
complexes were measured in dependence of pH value and applied initial uranium
concentration. For both biomasses luminescence spectra were obtained which
showed shifts in the main emission bands compared to those spectra of uranyl
species in the initial media. A change of pH value between 4.4—7.0 at a uranium
concentration of 5 uM had no influence on the obtained U(VI)-Chlorella spectra.
At 70 uM uranium the luminescence spectra of Schizophyllum biomass showed
also no difference in the pH range of 4 to 7.

In Fig. 4 U(VI)-luminescence spectra of Chlorella at pH 4.4 and Schizophyllum
biomass at pH 5 in dependence of applied uranium concentration and in case of
algae dependent on cell status are shown.

The different cell status of the algae were investigated because sorption ex-
periments with uranium concentrations > 100 uM showed that living Chlorella
cells died off within an incubation time of 48h. The results show that the cell
status of Chlorella has an influence on the spectra and emission bands of the
formed U(VI)-algae-complexes. The luminescence spectra of dead cells are
shifted to higher wavelength compared to those spectra of living cells (Fig. 4).
With increasing uranium concentration this spectral shift to higher wavelength
becomes even more clearly. A comparison of the obtained emission bands of the
U(VI)-complexes with living and dead algae (Table 1) with emission bands of
different model uranyl complexes (Table 2) suggests different functional groups
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are responsible for the uranium binding. Living Chlorella cells bind U(VI) via
carboxylic and organic phosphate groups. The shift to higher wavelengths makes
the emission bands of U(VI)-complexes with dead cells more comparable to those
of U(VI)-complexes with inorganic phosphates. This means, for dead algae not
only carboxylic and organic phosphate groups are involved in U(VI) binding but
also inorganic phosphates. The latter complexation becomes even more important
with increasing uranium concentration.

For fungal biomass increasing uranium concentration in the initial solution
causes a shift of the luminescence emission signals of U(VI)-fungi species to
higher wavelengths (Fig. 4). This means, different luminescent species with vary-
ing amounts were formed. The emission bands of U(VI)-fungi species (Table 1)
are comparable with bands of several uranyl phosphates (Table 2). The positions
of the bands at low uranium concentration suggest a U(VI) binding mainly by
organic phosphate groups, whereas, at higher uranium concentrations the binding
by inorganic phosphate groups becomes more important. This can be explained by
a progressive biomineralization process.

The involvement of different functional groups in the interaction of U(VI) with
C. vulgaris and S. commune was confirmed by EXAFS investigations and addi-
tionally by ATR-FTIR spectroscopy in case of algal cells (data not shown).

Table 1 Luminescence emission bands of uranyl species on/in C. vulgaris (Cr = living, Cp = dead)
at pH 4.4 and S. commune (Sp =living) at pH 5 in dependence of uranium concentration

Sample [Ulo (uM)  Emission bands (nm)

C. 5.0 480.5 496.8 517.6 539.9 565.4

Co 100.0 4657  481.4 4978 518.1 540.4 563.8 590.8
Co 5.0 463.0  481.6 4979 5189 541.6 566.0 591.7
Cp 100.0 463.5 4835 500.1 521.1 543.7 568.2 596.0
S. 2.3 480.7  496.2 517.0 539.3 564.4 603.3
St 69.0 486.2 500.6 521.1 543.7 569.1 5943
S. 410.0 487.1 500.1 520.6 543.5 567.6 597.5

Table 2 Luminescence emission bands of different uranyl model compounds. PThr=o-phos-
pho-L-threonine

Sample Emission bands (nm)

U0 471.1 4879 509.1 532.3 557.8 5875
UO;(acetate)” 4629 478.8 494.6 5143 5359 562.0
UO,(acetate)/UOy(PThr)" 462.8 481.7 496.7 517.1 5399 563.5 594.0
UO,(fructose-6-phosphate)” 4789 497.1 519.0 5433 568.9 598.0
Ca(U0,),(PO4), - 10 HO° 488.6 504.0 5242 548.0 5739 6024

*Vogel et al. 2010
® Koban et al. 2004 (2004)
¢ Geipel et al. 2000 (2000)
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Conclusions

The obtained results from the sorption experiments and TRLFS investigations
show that the interaction of U(VI) with Chlorella and Schizophyllum differs. The
uranium binding capacity of the alga is much lower than that one of the fungus.
Bioaccumulation by metabolism dependent transport was not observed for the
algal cells whereas it is suggested for the fungus. The cell activity of Chlorella had
an influence on the biosorption of uranium. In presence of viable cells permanent
binding of uranium to the cell was prevented most likely by secreted algal metabo-
lites. The formed U(VI)-complexes on the biomasses differ in dependence on the
organism and uranium concentration. For living algae mainly carboxylic and or-
ganic phosphate groups are involved in the binding of uranium, whereas in dead
algal biomass additionally inorganic phosphates are relevant. In contrast to that, in
fungus only phosphate groups are responsible for the uranium coordination. At
high uranium concentrations the role of inorganic phosphates for the U(VI) coor-
dination became more important in the fungus and dead algal biomass.
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Sustainability: the Balanced Approach
to Modern Uranium Mining

Peter Waggitt

Abstract. In recent times the world has searched for increased sources of energy
to support improving lifestyles and increased development, whilst also seeking to
reduce greenhouse gas emissions and mitigate possible effects of fossil fuels on
climate. Consequently, nuclear power has come back onto the agenda frequently
as Governments plan future energy strategies. A further consequence has been an
increased level of activity in the mining of uranium. Always a sensitive topic ura-
nium mining projects are regarded with suspicion by stakeholders who point at the
legacy sites from former operations as evidence that mining is not “environmen-
tally sustainable”. However, modern operations are now obliged to take an holistic
approach to project development with “sustainability” as a key concept; although
the idea is better expressed as “balanced” development since mining is, by its very
nature, detrimental to the environment but this need not mean there is a permanent
loss of use of the land. This modern balanced, approach requires that social, eco-
nomic and environmental factors be considered in unison. This paper looks at
a selection of past legacies and then provides an overview of modern “balanced”
outcomes in the modern uranium mining industry.

Introduction

In recent times the world has searched for increased sources of energy to support
improving lifestyles and increased development, whilst also seeking to reduce
greenhouse gas emissions and mitigate possible effects of fossil fuels on climate.
Consequently, nuclear power has come back onto the agenda ever more frequently
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as Governments plan their futures. With this increasing interest in nuclear power
has come an increased level of activity in the mining of the raw material for the
fuel — uranium. Uranium mining has always been a sensitive topic. The modern
era, which started in the late 1940s, has been no different to any other mineral
expansion campaign. With some justification; all mine development projects are
regarded with suspicion by stakeholders who are able to point at the legacy sites
from former operations as evidence that mining is not “environmentally sustain-
able”, and uranium carries the specter of radioactivity as an additional hazard and
source of public concern.

Worldwide, uranium exploration, resource development and mining have in-
creased significantly since about 2003 when the surge of interest in nuclear power
ramped up and the shortfall of annual uranium production against annual power
fuel demand became apparent. Modern operations are now obliged to take an
holistic approach to project development with “sustainability” as a key concept.
The notion is perhaps better expressed as “balanced” development since mining is,
by its very nature, detrimental to the environment but this need not mean there is
a permanent loss of use of the land. This modern balanced, approach requires that
social, economic and environmental factors be considered in unison, resulting in
projects whose outcomes can be regarded as balanced in these terms. This paper
looks at a selection of past legacies and then provides an overview of modern
“balanced” outcomes in the modern uranium mining industry.

Uranium Mining and Remediation — Past Experiences

The history of uranium mining is similar to many other minerals — a series of “boom
and bust” cycles depending on the state of the specific commodity market. In the
case of uranium there was a small demand prior to World War 2 which increased
dramatically after 1945 as several nations became interested to develop nuclear
weapons. The frenzy of exploration and mining was maintained into the late 1950s
at which time the industry went into a recession. In the late 1960s there was an-
other rush of activity as the demand grew for raw material for nuclear power
plants that were planned by many governments. This rush was sustained until the
early 1980s when nuclear accidents at Chernobyl in the then Soviet Union and
Three Mile Island in the USA saw a rapid cut back in development plans and a con-
sequent crash in the demand for uranium; the uranium mining industry stagnated.
Sadly one feature of many of these earlier developments was lack of adequate
environmental regulation and controls. As a result many uranium productions sites
were simply abandoned to become liabilities and legacies of the former activities,
often having adverse impacts on their surrounding environments. These were not
“sustainable” activities and the outcomes could not be considered “balanced”.

As the next round of interest in uranium began to grow basic environmental
legislation had been introduced by some countries. By the 1980s the requirement
to assure some basic level of remediation of sites was coming into force in several
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jurisdictions. Those uranium mining operations that closed down in France and
Germany in the late 1980s and 1990s, for example, were expected to have out-
comes that were at least environmentally stable and non-polluting. In the USA
some legacy sites were also listed for remediation under the Federal Uranium
Mine Tailings Remediation Act, and in Australia the “new” uranium mines were
obliged to comply with a long list of environmental requirements which included
planning and assured funding for remediation. But in all these cases there was
considerable variation in the attitude of regulators towards the concept of final
land use and the need for a balanced outcome in terms of sustainability. Most
authorities were content to end up with a site that would be safe, stable and require
little or no maintenance rather than look for some ongoing useful activity. This
longer term plan acquires greater significance today when stakeholders are more
regularly consulted and better informed. These stakeholders wish to see no new
legacies created and they also want some replacement economic activity to main-
tain their communities after the uranium mines have closed.

A major concern has been the cost of remediation, especially when it is under-
taken as an operation that was not fully included in the original scheme of works.
Looking at the costs of the WISMUT remediation program in Germany (€ 6.4 bil-
lion) UMTRA in the USA (USS$ 1.6 billion); or the €300 million plus that Areva
has spent on remediation of former uranium mines around the world; and even the
Aus$ 24 million spent at Mary Kathleen in Australia, one can see how costly these
activities are when undertaken as additional activities after mining. Incorporation
of remediation activity throughout operations does have the potential to reduce
overall remediation costs provided the final objective is clear and that it remains
more or less unchanged. The idea that mining, including uranium mining should
not be a one-time user of land is an essential part of this philosophy of the bal-
anced approach. Thus the remediated sites should be seen as locations for future
use rather than a series of liabilities for future generations to manage. It should
also be pointed out that not all of the projects mentioned above had a further post-
mining land use as their final objective and thus do not comply with the modern
idea of a balanced and sustainable remediation outcome. Some however have
become good examples of what can be achieved.

Modern Uranium Mining Remediation Examples

The primary goal of every mine site remediation should be that it maximizes the
opportunities for the site to be used again in a beneficial way, preferably one that is
sound both technically and economically, to the greatest extent practicable. And let
us not forget that this idea of a balanced approach is not a modern one. The early
writer on mining Agricola (1552), pointed out in the fifteen hundreds that in Italy it
was against the law to uproot a vineyard to extract minerals located below if the
value of the minerals was going to be less than the long term value of the wine and
grape production! However, it is only in the last twenty years or so that ideas such
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as sustainability and remediation planning have taken on a more inventive air and
begun to introduce such concepts in relation to productive long term post-mining
land use. Now as resources are limiting in terms of finance and technical expertise
due to other constraints in the market place. The following sections describe briefly
some of the more innovative ideas that have been developed in relatively recent
times as modern uranium miners strive to achieve balanced outcomes.

Solar Power Site

Many authorities have expressed interest in developing renewable energy re-
sources and in particular solar power. One feature of solar power farms is that they
require a considerable area for the solar panels and available infrastructure for
power distribution. A remediated tailings site (not necessarily a uranium related-
site admittedly) may offer these characteristics. In the case of the town of Rifle in
Colorado the former uranium processing site on the banks of the Colorado River
was remediated as a part of the UMTRA program between 1992 and 1996. The
site was declared remediated, but a designated contaminated place, and handed to
the town council in 2004. A long term monitoring and surveillance program
(LTSM) was maintained at the site, which extended over about 9ha (USEPA,
2009). There was also another 13 ha tailings pile not far away which was also
remediated. The town council decided that part of the site could be used for
a waste water treatment plant (WWTP). It was then decided that about 4.8 ha of
solar cells could be placed on the remainder of the site and provide some of the
power to operate the WWTP. The site provides 1.72 MW which represents 60% of
the daytime power requirement for the WWTP at a cost less than power from the
National Grid (USEPA, 2009). As a result of this success other remediated tailings
pond sites (including non-uranium sites) are being examined for their suitability
for similar projects One major consideration is the need for either on-site use as at
Rifle or the having existing distribution infrastructure available nearby for distri-
bution of the power (Momayez et al. 2009).

Recreation-Sport Angling

Another approach is to make the remediated site fir for use as a recreation facility.
Parks and forest or open space are reasonably common choices for objectives.
However, at Puy de L’Age in France a rather more innovative solution was im-
plemented. The site had been an open cut uranium mine operated by Areva from
1977-1993 with a pit extending down to about 30 m. When mining was ended in
1993 the site was cleared, decontaminated and remediated to a new landform
which fitted into the surrounding topography. The mine pit filled with water and
soon attracted the attention of local anglers. After some discussions and studies the
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pond was stocked with sport fishing species (trout and black bass) and a fly fish-
ing club established to manage the facility. The club grew quickly and now has
many members and attracts anglers from well beyond the local district. The club
operates a “catch and release” policy, primarily to protect the fish stocks from
over-exploitation and reduce the need for frequent re-stocking. Water and fish
quality are monitored under an LTSM and no problems have been reported to
date. The site provides not only recreation for the local population but also attracts
anglers and other tourists to the region thus promoting business and creating em-
ployment in associated trades and activities such as angling supply stores and
tourist accommodation.

Showgrounds

A further development of the open space concept may be seen at the Ronneberg
site in Germany, part of the former WISMUT uranium mining industry. Here the
Lichtenberg open pit was about 2000 m long, 1000 m wide and 240 m deep at the
time work ended in 1976. Until 1990 the pit was used as a dump for waste rock
from other operations in the area. The objective of the remediation plan, which
began in 1991, was that the site of some 175 ha should be completed in time to be
used as the showground for the national horticulture show known as BUGA 2007
(BUGA 2007, 2010) which were planned for April to October 2007. The strategy
called for the filling of the pit with material from above ground waste stockpiles in
the vicinity and then landscaping of the final landform to include a hill; about
125 M cubic meters of material were used in the construction process (Wismut
2011). The program was not wholly completed by the time the BUGA opened in
April 2007 but the main features of the showgrounds, display gardens, climbing
tower, arboretum and various other amenities were all functioning for the opening.
That summer many thousands of people visited the site and most would have been
unaware of the final remediation earthworks being carried out at the rear of the
site. Work was finally completed in 2008. The site remains as a public park and
open space area with no permanent final use determined as yet, although several
options have been considered it is understood.

Small Business Premises

The former uranium mine sites of Areva in France have been mentioned before.
Another example of a balanced approach can be seen at some locations in the
Limousin area of France. It was realized that a number of infrastructure elements
could be decontaminated at low cost and be considered for use by successive in-
dustries. One example is an area of workshops and storage yards that has been
handed over for use by a small scale construction enterprise and another for use by
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a highway maintenance unit. In both cases the sites have remained productive and
offer alternative employment for some of those workers who were retrenched with
the closing of the uranium mining operations.

At Grand Junction, Colorado in the USA the former ore processing suite was
remediated as part of the UMTRA program for Title 1 sites. The location of the
site near the centre of town and alongside the Colorado River lent itself to the
development of a public open space for recreation. This site was built as a grass
parkland with bicycle tails and a new bridge across the river for cycle and pedes-
trian traffic.

Golf Course

Another imaginative scheme may be viewed in the area of Schlema, Germany.
Here a waste rock pile was reshaped and developed as a golf course. The history
of the operation reveals a rather slow development process but given the innova-
tion of the idea, the need for careful risk analysis and the costs and time required
to design and construct such a facility perhaps that is not surprising. The develop-
ment of a golf course on an existing agricultural site may take only a couple of
years. In the case of Schlema it took rather longer. The original idea began in 1997
when a local group of golf enthusiasts decided they wanted their own course, so
they started to look for a possible site. Once a potential site had been selected the
golf club had been formed and the initial concept for the project was developed. In
2004 the group acquired an 86 ha site, the flattened top of one of the local waste
rock piles, and decided it was suitable for the construction of the course. By 2007
the detailed planning had been completed, which included all the additional risk
assessment, and construction work finally began in 2008. In 2009 the course of
9 holes was finished and officially opened. Facilities now present at the site in-
clude practice areas, caddie hut and a clubhouse all used by an enthusiastic mem-
bership. The club website describes the history and provides some excellent pic-
tures of the development (Schlema Golf Club 2011).The whole project stands as
a tribute is a testimony to the ingenuity and vision of the original group of enthusi-
asts and the dedication and professionalism of the regulators, the mining company
and others, who worked to create this very different solution as an example of the
balanced approach to land use after uranium mining.

Other Ideas and Conclusions

There have been some other ideas discussed including the use of some caverns
a gas storage, and development of marinas etc on waterside sites. The water-filled
former mine pit at Rum Jungle Creek South in Australia was used for many years
as a water sports training facility before various public health concerns led to its
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closure earlier this year. The important point is to be aware that there is no reason
why a uranium mining and/or processing facility should not be considered for
redevelopment in the same way as any other location of former extractive industry
activity. The safety standards are set and the process of risk assessment is well
understood and established. Once the hazards related to a site have identified and
evaluated and stakeholders consulted, there is often potential for innovative post
mining land use to be considered. The decontamination and pollution issues may
be too expensive in a conventional sense but perhaps from time to time financial
feasibility may be modified in the light of other social considerations. The only
initial barrier is the imagination of those facing the task of what to do with former
mining sites.
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Uranium Mining Life-Cycle Energy Cost
vs. Uranium Resources

W. Eberhard Falck

Abstract. The long-term viability of nuclear energy systems depends on the
availability of uranium and on the question, whether the overall energy balance of
the fuel cycle is positive, taking into account the full life-cycle energy costs. The
fundamental question is: how much (fractional) energy units do we need to invest
in order to produce one energy unit in a useable form, i.e. heat or electricity? The
individual process steps that lead from the undiscovered resource to yellow cake
are well established for “conventional” resources, but the energy costs and associ-
ated greenhouse gas emissions are not very well known in quantitative terms.
Resources estimates are usually made on the basis of economic costs of recovery,
but from a global energy supply sustainability point of view, neither commercial
nor national strategic considerations are really relevant. Comparison with historic
data for gold and silver or oil and gas indicate that uranium reserves would in-
crease by orders of magnitude, if the same level of investment into exploration
was made. Oil and gas prices have shown that society can and will accommodate
fuel price increases by one order of magnitude over the span of half a century.
A comprehensive assessment of the full-life cycle energy costs of uranium mining,
milling and subsequent decommissioning and remediation is required in order to
help settle the debate on the net energy balance of nuclear energy systems that
dominates both, the debate on resource availability and the sustainability of its
exploitation. This paper illuminates some of the crucial issues.
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Introduction

Energy is a fundamental need of human civilization. A simple to-the-root analysis
shows that we only have four basic sources of energy: natural nuclear fission/
fusion (i.e. solar radiation and geothermal flux), artificially-induced nuclear fis-
sion (“nuclear power”), gravity, and the earth’s rotational inertia. All fossil fuel-
based and the so-called “renewable” energy conversion systems rely on solar ra-
diation as the primary source of energy, merely storing energy in a convenient
form, e.g. reduced carbon or water at elevated heights. Two fundamental condi-
tions control the utility of all energy conversion systems: a) the overall energy
balance of their utilization must be positive and b) they must deliver energy in a
useful form at the time and location where it is needed. Generally, choices on
energy systems are made by society without scientific reasoning on long-term
sustainability and on the basis of expedience and short-term preference only.

Though the need to move away from carbon-oxidizing to other types of energy
systems is recognized, decision-making in energy policy is still much dominated
by considerations of economic competitiveness and short-term profits. Nuclear
energy systems are discussed as low-carbon emitting systems, but significant envi-
ronmental impacts have arisen in the past at their front-end (i.e. uranium mining
and milling), and at their back-end from poorly managed radioactive waste. Severe
accidents during power plant operation and their impacts remain a concern, as has
been vividly demonstrated in Japan recently. They are critical issues for the devel-
opment of nuclear energy systems (IAEA 2003).

Defining the System for Sustainability Analyses

Sustainability as a concept still remains somewhat vague in spite of many efforts
to better define the conceptual approaches. Sets of indicators have been developed
that inter alia cover aspects such as “exhaustion of resources”, “production of
non-degradable waste” and “societal impacts” (e.g. Kroger 2001; IAEA 2003).

Assessing an energy system requires first of all appropriate system boundaries
to be drawn. Where the boundaries are drawn, depends on the purpose of the as-
sessment, on the underlying conceptual system model and also often on political
or ideological intentions. Boundaries can be drawn to exclude or include aspects
that may make the system under investigation appear “good” or “bad”, depending
on the objectives. The fundamental question is: how many energy units do we
need to invest in order to produce one energy unit in a useable form, i.e. heat or
electricity. Or: what is the energy cost of providing 1 Joule worth of fuel for
oil/gas/coal/nu-clear/biofuel-based energy conversion systems?

Energy conversion systems in industrial societies are complex, integrated and
have global interrelations. All systems rely on the same industrial infrastructure
and supply chains. Therefore, it is difficult to delineate an individual system for
the purpose of life-cycle assessment (LCA). The basis for LCAs are materials flow



Uranium Mining Life-Cycle Energy Cost vs. Uranium Resources 203

assessments (MFA) of where and how much of a particular substance, or energy,
enters or leaves an environmental compartment or an (industrial) process, and
where it appears in products, intermediates, residues and wastes.

In recent years, the definition of the “overall” life-cycle energy balance of en-
ergy conversion systems has become the focus of scientific, political and ideologi-
cal debate (IAEA 1994). There is a considerable divergence of views, whether
particular systems are net energy producers or not. The question is complicated by
the fact that our energy systems have developed since the beginning of man-kind
and carry with them a burden of legacies, but also of endowments.

For nuclear energy systems LCAs have been carried out early on in order to
understand possible impacts of radioactive materials and elaborate provisions are
made for their decommissioning, waste management and remediation of affected
sites. There is a considerable ethical debate over environmental remediation tar-
gets and the provisions needed for the long-term management of mining and mill-
ing residues at near-surface disposal sites (IAEA 2006), and whether, indeed,
near-surface disposal is acceptable at all. The effect on the energy balance of ex-
treme remediation targets and worst case assumptions, namely, when all residues
are to be back-filled into the mine and sites are to be remediated to “greenfield”
targets can be seen in the calculations by Storm van Leeuwen and Smith (2008).
Dones (2007) provides more realistic estimates, but strongly emphasizes the ab-
sence of real and reliable data to support such calculations. This absence of public
domain data again was noted by Sovacool (2008) in his review of nuclear system
LCAs. His main interest was greenhouse gas emissions, but his reflections apply
to other aspects of the life-cycle cost of nuclear energy systems as well.

Life-Cycle Energy Costs of Uranium Mining and Milling

The life-cycle of nuclear energy systems in broad terms consists of those steps that
provide the fuel (uranium mining and milling), the preparation of the fuel (“yellow
cake” conversion into UFg, enrichment, fuel element fabrication), the construction
of facilities, the power plant operation, the storage and/or reprocessing of spent
nuclear fuel and, finally, the conditioning and disposal of wastes and spent-fuel (if
not reporcessed). It is a characteristic of nuclear energy systems that significant
energy and materials’ costs arise before and long after the useful energy produc-
tion. The major consumer is the enrichment step (Dones 2007), where the tech-
nique, either gas centrifugation or diffusion, and its primary energy supplier (hy-
dro power, fossil fuel or nuclear) is of key importance. The “back-end” includes
decommissioning of facilities and installations as well as remediation of all sites,
though some investigators treat this separate, as is commonly done for other en-
ergy systems. Dones (2007) and Sovacool (2008) noted, however, that “hard” data
for energy consumption of mining, milling, waste management and remediation
are virtually unavailable (in the public domain).
The following provides a short overview over theses various consumers.
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Exploration

Often there is no direct path from exploration to the actual mining, so it is difficult
to attribute exploration costs. The construction of a mine may be delayed by many
years pending favorable market conditions. A considerable amount of exploration
also will not result in discovery of a resources. The oil industry uses estimates of
how many meters of exploratory boreholes and how many kilometers of seismic
profiling are needed to discover an oil or gas resource.

Mining

There are three principal forms of mining: underground mining, open-pit mining
and in situ-leaching (ISL). Energy costs are predominantly associated with the
moving of rocks (unproductive, overburden, ore), water (sumping) and air conta-
minated by e.g. radon. Where possible, unproductive rocks are moved within the
mine and used e.g. to back-fill mined-out areas. There is obviously a strong eco-
nomic incentive to move as little material as possible. A considerable amount of
energy is needed to break down the rock by drilling and blasting, the actual
amount depending on the rock and ore type. Blasting is a process of releasing
chemical energy stored in explosives. In the future, higher lifting costs will be
incurred as mines will have to reach deeper down for resources. Above-ground
also a considerable amount of earthmoving is required for the construction of
retaining dams and similar civil engineering structures.

The amount of energy embedded in infrastructure depends on the host rock:
weak rocks require a large amount of lining etc. In the past often “renewables”
were used, that is wooden props, which might actually influence the carbon bal-
ance of a mine positively. While the operational energy expenditure of a mine can
be assessed easily through the consumption figures for e.g. electricity or diesel
fuel, the energy imbedded in mine infrastructure is more complex to assess.

For conventional mining operations a comprehensive database of life-cycle
energy requirements has been compiled (c.f. Dones 2007). Attempts to compile
a database on real energy costs of uranium mining so far have failed due to the
commercial sensitivity of such detailed investigations.

Milling

The ore is wet-ground to a very fine grain size. The resulting slurry is separated
from the supernatant solution, subject to (acid) leaching and the uranium is recov-
ered by solvent extraction or ion exchange. In both cases, a re-extraction of the
uranium is needed. In the final step the uranium is precipitated as ammonium- or
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sodiumdiuranate, the “yellow cake”. Energy is required to drive equipment such as
crushers and pumps and for the production and shipping of the various process
chemicals. The residues, the tailings, are pumped to pond-like disposal facilities
(IAEA 2004b). Some conditioning to improve flow or settling behavior may be
needed as well as neutralization of residual acids. Energy is required for the con-
struction of retaining structures (dams) and for providing auxiliary materials, such
as plastic liners, rock covers or fertilizer for revegetation.

Generic energy consumption data for the supporting industrial processes are
available from compilations such as the ECOINVENT database (Dones 2007).
Uranium-specific data, however, are virtually unobtainable due to their commer-
cial sensitivity.

In situ Leaching (ISL) Operations

For ISL a leaching solution, usually sulfuric acid, is injected into the ore zone
through a set of boreholes and the “pregnant” solution is recovered through an-
other set of boreholes. The major energy expenditure occurs during the drilling of
the boreholes and during the forced circulation of the leaching solution. A consid-
erable amount of energy is also embedded in the leaching chemicals and neutrali-
zation agents. Very little specific information on energy requirements for the
remediation of ISL exists. In the past energy needs from similar operations, e.g.
copper mining, were used (e.g. Dones, 2007).

Remediation

For centuries it has been the practice to simply walk away from exhausted mines
and to abandon the associated residues, but this is not acceptable anymore. Reme-
diation energy needs are determined by local circumstances and previous disposal
practices. During the operational phase future energy needs can be reduced by
adequate residue management practices. The energy needs are determined infer
alia by the remediation target, i.e. how much residual contamination may remain.
The long-term management of closed tailings ponds is a well-recognized problem
(IAEA 2004b, 2006) that has occasionally been used to inflate estimates of the
(energy) cost of uranium production (e.g. Storm van Leeuwen and Smith 2008).
Industry estimates are around 10 US$/kg uranium (Lersow and Mérten 2008). In
the case of open-pit mining the tailings can be put back into the mined-out pits that
are closed out afterwards. The necessary long-term stewardship (IAEA 2006)
entails also long-term, trans-generational energy costs for maintenance etc. It is
largely an ethical question how to internalize these costs.

One must be careful to not confuse the often immense remediation (energy)
costs for legacy sites with the comparatively much lower costs for the orderly
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close-out of ongoing operations. These are now almost always guaranteed by
bonds and similar financial instruments (IAEA 2006). So far, the total energy
requirements of close-out and remediation of uranium mining and milling sites has
not been addressed explicitly in the literature. No hard data have been collated yet
from actual cases and all calculations in LCAs are based on proxies and assump-
tions (e.g. Dones 2007).

Meeting the Energy Requirements of Uranium Processing

Since much of the (uranium) mining and milling today takes place in remote loca-
tions, the efficient provision of energy becomes a crucial variable in the sustain-
ability equation. Typically, such operations cannot be connected to large-scale
electricity grids. Hence, their energy needs are met from (local) fossil fuel sources
or imported diesel. In order to reduce the CO,-intensity of uranium mining and
milling one could explore the use of renewables, such as photovoltaics (in arid
areas), wind turbines or geothermal energy.

Uranium Resources Availability

Arguably the most authoritative compilation on uranium resources is the so-called
“Red Book” (OEDC-NEA and IAEA 2010). As for all natural resources, there is
a considerable difference between the global inventory in terms of substance and
what is recoverable. Definitions and terminology for resources vary according to
the reporting organization and context. Common to all definitions is that they are
made on an economic basis, usually a current or assumed acceptable cost of re-
covery. This makes sense in a short- to medium-term economic context, but is not
helpful in strategic long-term resources availability assessments.

The average crustal abundances of uranium is about 2.8 ppm, compared to gold
and silver at 0.004 and 0.06 ppm respectively (Wedepohl 1969), but only a fraction
of the total inventory is known in terms of its location and extent. Assuming that
a layer of 1000 m depth is mineable in principle, results in a global inventory of
1.1x10"t U, 2.4x10"t Ag, and 1.6x 10"t Au respectively. It is interesting
to compare these numbers with retrospective estimates of total mined amounts
in human history: 140,000t for Au, 1,325,630t for Ag (Zurbuchen 2006), and
2.2x10°t U since 1945 (Price et al. 2006). The estimated recoverable resources (at
130 US$/kg U) are in the order of 5.5 x 10°t U (OEDC-NEA and IAEA 2010).

The prices per kg for U, Ag and Au were in May 2011 about US$21
(www.uranium.info), US$1110  (www.silverprice.org) and US$48,000
(www.goldprice.org) respectively. In other words, we are currently prepared to
pay 53 times more for a commodity that is produced at 50% (20,900t Ag in
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2008; USGS 2009) and 2285 times more for one that is produced at 5.3%
(2209t 5-year average; http://www.gold.org/) the rate of uranium (42,000t in
2007; www.world-nuclear.org/info/uprod.html). If we were prepared to spend
comparable amounts of money on the exploration and recovery of uranium as
on silver or gold, the resource base is likely to increase by orders of magnitude
(Falck 2009). In the past a doubling of resources for every two decades due to
prospecting and exploration was observed (Leersow and Mittig 2008), but very
little money (compared to general energy demand) has been invested into ura-
nium prospecting between the early 1980s and the mid-2000s.

The energy required to convert a uranium resource into yellow cake may be
more useful as a resource categorization basis. While production techniques are
constantly being improved, there are limitations that are dictated by ore mineral-
ogy, geology and thermodynamics. For technical and thermodynamic reasons
process losses at each step are unavoidable. Uranium recovery rates can be as high
as 95%, but also as low as 60% (IAEA 2004a). The extraction efficiency drops
with decreasing ore grade. Losses at consecutive processing steps are multiplica-
tive, so that leaching, extraction and precipitation with 95% efficiency each results
in a net recovery of only 85%. Mudd and Diesendorf (2008) have assessed the
energy requirements for current operations, but this assessment will need to be
extended to lower ore grades.

Reporting of Uranium Resources

Until the end of the Cold War uranium was not only a economic, but above all also
a military strategic resource. Although in many countries a free market economy
for uranium has developed since, there still remains the aspect of a national strate-
gic resource resulting in non-market led behavior (Preston and Baruya 2006). The
data in the “Red Book” (OECD-NEA and IAEA 2010) are “official” ones, reported
by national representatives and there is very little scope for independent assess-
ment. It is not known, whether there are still political constraints on reporting in
some countries. There could also be an economic interest by mining companies to
report low figures with a view to keep prices high. Conversely, junior mining com-
panies might report optimistic figures in order to attract investors. When assessing
the quality and reliability of the data, it is helpful to reflect on (a) who owns the
data? (b) who generated the data? (c) who collated the data and for what purpose?
(d) are the data updated regularly? (e) who determines which data are generated/
collated? (Falck 2009). It is clear, however, that the data for a meaningful assess-
ment can only come from the industry itself, notwithstanding commercial confi-
dentiality issues. The Strategic Nuclear Energy-Technology Platform (SNE-TP,
www.snetp.eu) initiative of the European Commission might open an opportunity
to tap into data sources, as some of the major industrial players in the nuclear area
are involved.
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Summary and Conclusions

The viability of nuclear energy systems is hinged on the availability of uranium as
fuel and on whether the overall energy balance of the respective fuel cycle is posi-
tive, taking into account the full life-cycle energy costs, meaning: what is the en-
ergy cost of providing 1 Joule worth of fuel for the nuclear energy system?

Resources estimates are commonly made on the basis of economic cost of re-
covery. From a global energy supply sustainability point of view neither commer-
cial nor national strategic considerations nor time considerations are really rele-
vant. As oil prices have shown, society can and will accommodate fuel price
increases by one order of magnitude over the span of half a century. Comparisons
with crustal abundances and historic mining data for gold and silver lead to the
expectation that uranium reserves would increase by orders of magnitude, if com-
parable investments into exploration would be made. However, one also needs to
keep in mind that due to process losses less than 80% of the original uranium
content of the ore body can be utilized.

To date hard data on the energy expenditure in the full life-cycle of nuclear en-
ergy systems are scarce in the public domain, prohibiting an unbiased strategic
assessment. The lack of such data for the “front end” and “back end” (including
remediation) of the fuel cycle has given raise to unsubstantiated claims over the
sustainability or otherwise of the nuclear fuel cycle. Relevant data need to be ur-
gently collated and put into the public domain for policy making.

The overall greenhouse gas emission of nuclear energy systems are determined
by the energy system(s) that provide the process energy. Possible scenarios, tech-
nical feasibilities and logistics for low-carbon energy supplies to uranium mines
and mills could be explored together with the industry.

In summary, it is concluded that a comprehensive assessment of the full-life
cycle energy costs of uranium mining, milling and subsequent decommissioning
and remediation of the related infrastructure is required to inform an unbiased
assessment of the sustainability of nuclear energy systems.
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Making Uranium-Mining More Sustainable —
The FP7 Project EO-MINERS

W. Eberhard Falck, Henk Coetzee

Abstract Every mining operation impacts the environment and the adjacent
communities to a lesser or greater degree and minimizing such impacts is at the
core of initiatives to make mining, including uranium mining more sustainable.
Over the past two decades work has focused on remediating uranium mining lega-
cies in the wake of mine closures. However, with the demand for uranium increas-
ing again, old mines are revived and new mines opened. In order to avoid the
mistakes and poor practices of the past, we need to look into methods to make
uranium mining operations more sustainable. The European Commission Frame-
work Programme 7 project EO-MINERS aims to support stakeholder dialogue by
providing independent information based mainly on earth-observation techniques
with a focus on remote sensing. Typical information that can be gathered includes
mine land-use, the state of remediation including recultivation success, the disper-
sal of acid mine drainage, surface radioactivity, risks from spoil heaps and dams,
landscape fragmentation due to mine infrastructure encroachment of informal
settlements on mine-affected land, etc. This paper describes the processes and pro-
cedures that are being developed in the EO-MINERS project for making such earth-
observation techniques useful for deliberative stakeholder processes.
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Introduction

For centuries mining has been and continues to be one of the bases of economic
and social development. It is the starting point of many value chains. Due to their
ever increasing energy demand, the demand for uranium is expected to shift grad-
ually from the old “nuclear” countries towards emerging economies, such as
China and India. Exploration is increasing and various countries are joining or re-
joining the league of (potential) uranium producers (NEA and IAEA 2010). Most
of these activities take place outside Europe as it has become increasingly difficult
to obtain social license for new mining operations or even the extension of exist-
ing ones. In addition, uranium ore grades in Europe are generally low, making
exploitation not economically viable under current market conditions.

The underlying challenges with which mining in general is confronted are land-
use and resource use, as well as socio-political conflicts. Indeed, throughout the
world, mining faces public acceptance challenges and growing social criticism in
both, developed and developing countries. These can be traced back to environ-
mental issues caused by a nonchalant attitude in the past of many mining compa-
nies towards environmental protection. Mining can have a significant impact on
the surrounding environment and often devalues large areas of land. Historically,
inadequate actions were undertaken to remediate mining-affected landscapes
(IAEA 2005). Today, however, at least in the more developed countries, closure
and remediation plans are an integral element of the operational license and finan-
cial securities are required to obtain it. Furthermore in developed countries, politi-
cal and financial pressure often forces foreign operators have to apply the same
stringent regulations abroad that would apply at home. However, having regula-
tions in place is not sufficient and their enforcement remains a critical issue.

The global dimension of mining impacts is increasingly being recognized in the
EU and world-wide. Various initiatives aimed at making mining more sustainable
have been launched (e.g. European Commission 2011). For uranium mining, in-
ternational organizations, most notably the IAEA, have supported the development
and application of good practice (e.g. IAEA 2010). Otherwise industry itself is
recognizing the issues and undertakes to address them on a voluntary basis
through self-commitment, for instance as members of the International Council on
Mining & Metals (ICMM, http://www.icmm.com/).

The Group on Earth Observations (GEO, http://www.earthobservations.org/) is
concerned with the responsible management of natural resources. Sound environ-
mental management of mining and milling can avoid environmental and social
impacts and the resultant high remediation costs. Understanding and monitoring
the impacts is, therefore, of concern to all stakeholders (government bodies or
agencies, local authorities, industry, environmental groups, individual citizens).
However, the technology platform to support such environmental monitoring is
diverse, geographically inconsistent, site specific, lacks integration across tech-
nologies and is hence far from complete. A gap also exists within GEO’s Global
Earth Observing System of Systems (GEOSS) that currently concentrates on natu-
ral hazards and climate change (http://www.earthobservations.org/geoss.shtml/).
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Uranium Production Life-Cycle Impacts

Any materials flow due to (uranium) mining is likely to cause some environmental
impact. A careful engineering of the life-cycle (Fig. 1) of mineral resources-based
products can help to minimize such impacts (Falck 2006, 2009). Minimizing
(waste) material flows is also in the interest of mine operators, as they are a sig-
nificant cost factor. There are, however, limitations to this, as high-grade resources
close to the surface gradually become depleted world-wide, requiring reliance on
lower-grade ores and to those at greater depth. Both factors result in more un-
wanted extraction, though certain techniques applicable to uranium ores, such as
in situ-leaching (ISL) can keep this low (IAEA 2004). While a trend to lower-
grade ores is unavoidable, responsible management of the resulting mining and
milling residues will help to reduce the land-use and environmental impacts.
Major impacts can arise at all stages of the life-cycle:

e Exploration — including surveys, field studies, drilling and exploratory excava-
tions; some impacts and waste generation already occur at this stage.

e Project development — includes construction of roads, access tunnels and shafts,
erection of hoisting machinery, treatment plants and ancillary buildings (labora-
tories, administration, social), construction of service infrastructure (process
and drinking water supply, sewerage, power generation and distribution), and
construction of waste management facilities (mine waste dumps, tailings ponds,
leach pads).

e Mine operation — underground or open-cast excavations, mine dewatering,
in situ or heap-leach operation.

e Beneficiation — on-site processing may include comminution to reduce particle
size, flotation using selected chemicals, ore leaching with a variety of chemical
solutions; associated transport and storage of ore and concentrates may be
a handling risk and can result in localized site contamination.

e Mine closure — remediation is best done progressively rather than at the end of
life of the mine. While the closure and remediation is intended to mitigate envi-
ronmental impacts, it is important that it does not itself create secondary effects
through excessive fertilizer use, spread of weeds, silting and incompatible land-
scape features.

e Long-term stewardship — the chosen remediation strategy and associated tech-
nical solutions for mining and milling residues have to monitored for their con-
tinued effectiveness; failure of technical solutions and the stewardship program
supporting them can lead to environmental impacts.

Need Designing Decommis- Long-term Final
identification-l> Siting -Dconstruction ) Operation 4> re::;z;:tgi;)n -Dstewardship e end-state

— ﬁ

Fig. 1 The life-cycle of a uranium production facility (IAEA 2006)
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The Project EO-MINERS

Though not specifically addressing uranium mining, the European Commission
Framework Programme 7 project EO-MINERS (http://www.eo-miners.eu/) aims at
integrating new and existing Earth Observation (EO) tools to improve best prac-
tice and to reduce mining-related environmental and social impacts by

introducing innovative EO tools and services to the mining industry,

providing accuracy and quality measures for EO products,

demonstrating the application of EO in different case studies,

fostering the dialogue between mining industry and environmental organiza-
tions based on EO-derived information, and

e generalizing the results obtained for use in operational mining applications.

Forecasting impacts, land-use and relevant remediation measures requires the
development of predictive tools. GIS using EO data will enable the visualization
of prospective evolutions over time. Cumulative impacts must be adequately ad-
dressed at regional scale.

The scientific and technical objectives of EO-MINERS include inter alia:

e To assess policies and strategies of different stakeholders (operators, regulators,
public) and resulting information needs;

e To assess environmental, socio-economic and other sustainable development
issues surrounding mining operations and to define indicators for their devel-
opment that can be addressed using EO-techniques;

e To further demonstrate the capabilities of integrated EO-based methods and
tools in monitoring, managing and thus contributing to reducing environmental
and social impacts of mining during its whole life-cycle;

e To provide reliable and objective information on affected ecosystems and so-
cieties that will serve as a basis for a sound dialogue between industry, regula-
tors and the public;

e To summarize and document procedures of both, technical and social nature as
a baseline for a compendium of best practices that will assist and inform the
ongoing dialogue between the public, regulators and the industry.

Three study sites in the Czech Republic (open-cast lignite mining), South Af-
rica (open-cast coal mining) and Kyrgyzstan (gold mining) provide the focus for
the development work.

Enabling Stakeholders Through Information

Different stakeholders are informed to different levels about issues relevant to
mining or milling. Lack of information, especially independent and unbiased in-
formation can hinder effective processes of social decision-finding. This problem
not only affects the general public, but also local or regional authorities who are
not directly involved in licensing procedures, but whose area of jurisdiction is or
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will be affected by the operations. Providing reliable and objective information is
one element in enabling stakeholders to participate in decision finding processes in
a meaningful way. Information is more than data; it is the context (i.e. reference
cases, benchmarks, best practice examples, etc.) that gives meaning to the data,
generating understanding and knowledge for stakeholders who may not have the
training to understand or interpret (raw) data (IAEA 2002).

Meaningful information on complex environmental or social issues can often
be provided in the form of indicators. Indicators provide a metric of the state of
(complex) systems or of issues, or for trends of their development when measure-
ments are repeated over time. Indicators are useful tools to reduce a complex set of
diverse data into a manageable set for policy making and to monitor changes dur-
ing policy implementation.

Hence, indicators must be based on measurable quantities in order to be useful
and as such can be intensive or extensive properties, being either independent of
or dependent on the size or volume of the system under consideration. For in-
stance, the pH-value is an intensive property of water and can indicate the general
state of surface and groundwaters for instance with respect to their life-supporting
functions. Conversely, the number of schools in a particular region has to be re-
lated to some meaningful extensive property, e.g. the number of people living in
that region, in order to be an indicator for the provision of education. One has to
carefully to distinguish between intensive and extensive properties. For instance,
the amount of mine waste generated is meaningless as indicator, if not put into
relation to e.g. the total of metal value recovered. If related to the ore grade, it
would allow the assessment of the efficiency of the exploitation of the resource.
Even then it will need to be related to the quality of mine waste management since
sometimes a smaller quantity of poorly managed waste could pose a higher envi-
ronmental risk than a larger quantity of well managed waste.

Thus indicators can be single parameter values, requiring a single measuring
technique only, or may need to be compounded from various parameters that are
measured using different techniques.

The EO-MINERS Strategy to Derive Indicators

It is widely recognized that the development of indicators that are meaningful to
a wide variety of stakeholders is a social and not an engineering process. The social
process defines what has to be indicated for whom and why. However, scientists and
engineers, who themselves are stakeholders in the process, have to evaluate whether
the candidate indicators can be related to measurable quantities, thus making the
indicators operational. Hence, several work packages (WPs) in EO-MINERS inform
the process of deriving and defining indicators. EO-MINERS employs a multi-
pronged approach to develop candidate indicators (Falck et al. in prep), consisting of
a heuristic development by expert elucidation (WP 1), examination of site-specific
conceptual models for the three study sites to inform the indicators (WP3), and a
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Table 1 Categories of candidate indicators for possible mining-related impacts

Category Category

A Land-use G Geotechnical hazards and accidents
B Mass Flows H Industrial and other accidents

C Energy Flows I Social impacts

D Air quality and other nuisances J  Regional development

E Water quality K Economic vulnerability/resilience
F  Transport

semi-deliberative approach (WP1/5), elucidating input from stakeholders outside
the project team. In this way not only the various technical stakeholders within
EO-MINERS will contribute to a valid and useful set of indicators, but also a wide
variety of stakeholders outside the project team. This process is going through sev-
eral iterations in order to consolidate the set of indicators. This consolidated set of
candidate indicators, after it is reviewed by EO specialists in order to assess their
measurability using EO techniques, will inform the process of EO services devel-
opment and will be subject to a final stakeholder evaluation towards the end of the
project. Table 1 gives the an overview over the categories for candidate indicators.

Pertinence in an Uranium Production Context

EO offers a unique opportunity to collect spatial data for better assessment of
mining-related environmental and social impacts during all phases of a facility’s
life-cycle. The tools and processes under development will help to inform delib-
erative decision-finding procedures as stipulated by agencies such as the in [AEA
or local regulators. The IAEA have noted that in order to arrive at sustained and
accepted long-term solutions, in particular in a remediation context, all stake-
holders have to be involved in the decision-finding processes (IAEA 2002, 2006).

Decision-making along the life-cycle of a uranium production facility faces a
number of technical and societal challenges. There are

e uncertainties regarding the result of site assessment under normal conditions
leading to the decision today (e.g. data gaps in the inventory, insufficient site
characterization, integrity of engineering, ...), and

e uncertainties about the future; this covers both nature and the range of natural
phenomena/“events” in the future and the influence of time on the internal evo-
lution of the designed structures/“processes”.

At the same time managers are faced with the challenge to

obtain and maintain public trust;
achieve institutional constancy or to ensure continuity of e.g. long-term stew-
ardship activities over many generations; and

e learn from past and ongoing experience as technological and management
means for implementation are developed.
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Independent access to information about the site concerned will support the
development of mutual trust, allowing the public and the regulators to monitor
whether the site develops as indicated and anticipated by the operator. It also
facilitates mediation in the case of dispute. Taylor-made earth observation ser-
vices in particular allow the monitoring of important parameters of site develop-
ment at relatively low cost and often in near real-time. Such aspects can be cru-
cial in maintaining mutual trust, as often critical changes, e.g. to the geotechnical
state of tailings ponds or to the distribution of surface radiation are not readily
visible from the surface or not observable without a dedicated measurement
campaign.

Monitoring and surveillance of environmental impacts, including radiological
impacts, tend to be more closely scrutinized in a uranium production context than
in the context of other raw material production. Though this is not necessarily
valid from a scientific point of view, this is certainly the case from a public per-
ception and often from a regulatory perspective. Adequately visualized EO prod-
ucts allow the general public and often also the regulators to better “see” what is
happening at a site. GIS-supported visualization also allows the stakeholders to
better see how site developments might relate to their personal situation, e.g.
distances to and possible impacts on their private home or their community.

Conclusions

The project EO-MINERS is still at an early stage. However, first experiences with
stakeholder interaction and confronting stakeholders with possible EO-services
have been gained. Though the situations at the study sites may not be as contro-
versial as perhaps at uranium production sites, the situation in South Africa may
be confrontational enough to draw some conclusions. The fact that during a sec-
ond round of stakeholder interaction in South Africa very few suggestions for
amendment to the candidate list of indicators were made, places a certain confi-
dence into their relevance with respect to scope and coverage.

A particular conceptual difficulty arises insofar as the project team interacts
with local mining-related social processes and may itself become a stakeholder in
these. The project naturally has only a limited life-time and it is not clear, if and
how a stakeholder dialogue will or can be sustained by the local project partners
beyond the project life-time. The risk is that processes are started and expectations
are raised among the various stakeholders that cannot be fulfilled by a research
project. Furthermore, these project-induced processes may interfere with already
existing mining-related social processes and may turn out to be counterproductive.
Indeed, it was the fear of some stakeholders interviewed, in particular the mine
operators, that the project would upset the local situation. Nevertheless some local
interest groups expected that the project would help them to achieve their interests
and goals. These expectations indeed indicate the need for shared information and
in this sense validates the project’s objectives. In a real situation, beyond the study
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sites, it would be essential that a clear mandate is given to those developing and
fostering these social processes.

In a sense, projects such as EO-MINERS are “a solution in search of a problem”.
This is typically the starting point encountered in the interaction between the pro-
ject team and outside stakeholders. The majority of stakeholders interviewed had
not been aware of the possibilities of EO techniques and in particular of remote
sensing techniques. This clearly indicates the need for a sustained dialogue be-
tween EO service providers and stakeholders outside the project, if the project aim
of enabling these stakeholders should be achieved.

Acknowledgements The authors wish to acknowledge the various contributions and fruit-
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(http://www.eo-miners.eu/).
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Groundwater Monitoring Data and Screening
Radionuclide Transport Modeling Analyses
for the Uranium Mill Tailings

at the Pridneprovsky Chemical Plant Site
(Dneprodzerzhinsk, Ukraine)

Oleksandr Skalskji, Dmitri Bugai, Oleg Voitsekhovitch, Viktor Ryazantsev,
Rodolfo Avila

Abstract This paper presents results of groundwater monitoring and screening
modeling studies carried out in 2008—2010 for the uranium production legacy site
Pridneprovsky Chemical Plant (Dneprodzerzhinsk city, Ukraine). The simulated
offsite radiological risks caused by groundwater pathway are estimated to be low
because of the long travel time to discharge contours (hundreds-thousands of
years) and large dilution of contaminants in the Dnieper River system. The pre-
liminary recommendation is stabilization and storage of tailings sites in-situ. Fur-
ther groundwater monitoring and risk assessment studies are opportune.

Introduction

Former Pridneprovsky chemical plant (PChP) was one of the first Soviet uranium
ore processing facilities. The plant was built in 1947 in the industrial part of
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Dneprodzerzhinsk City in Dnepropetrovsk Region, Ukraine. The PChP ceased
main activities connected to extraction of uranium from ores in 1991. The result-
ing uranium mill tailings and chemical wastes are stored on the plant territory
(“Western”, “Central Yar” and “South-East” tailings) and outside plant site (“Dne-
provskoe” and “Sukhachevskoe” tailings). The storage site of uranium ores
“Baza S”, which also belongs to the PChP infrastructure, contains the uranium ore
residues and contaminated soils. The general characteristics of tailings of the
PChP are listed in Table 1. The schematic map of the territory of the PChP is
shown at Fig. 1.

Most of the discussed above waste sites represent sources of migration of ra-
dionuclides of the uranium decay series to groundwater. The discharge contours for
the contaminated groundwater are Konoplianka River and Dnepr River (Fig. 1).

Table 1 General characteristics of main tailings of the former PChP facility

Main uranium mill tailings Exploita-  Area, Amount of Volume, Total radio-
and waste sites tion period hectare  wastes, 10%t 10°m®  activity, TBq
“Western” 1949-54 6.0 0.77 0.35 180

“Central Yar” 1951-54 2.4 0.22 0.10 104
“South-East” 1956-80 3.6 0.33 0.15 67
“Sukhachevskoe” (Sect. 1) 1968-83 90 19.0 8.6 710
“Sukhachevskoe” (Sect. 2) 1983-92 70 9.6 44 270

“Baza S” 1960-91 25 0.3 0.15 440
“Dneprovskoe” (D) 1954-68 73 12.0 5.9 1400

Tailings: Tailing
" 1-“Western” / - “Sukhachevskoa™

2 - “Central Yar® ;

3 - “South - East” 1 section

4 - “Dneprovskoe”

Fig.1 Location
of objects and industrial
territory of PChP

o 2000
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Below we present results of groundwater monitoring and modeling studies car-
ried out in 2008-2010 for the PChP site in the frame of the Ukrainian national
site remediation program and Sweden-Ukrainian technical assistance project
ENSURE. These works were carried out in the frame of more broad studies
aimed at risk assessment and development of remediation strategies for this radio-
actively contaminated site.

Hydrogeological Settings and Groundwater Monitoring System

The industrial site of the PChP occupies the slope and plateau of the Dnepr River
terrace. The tailing “Dneprovskoe” is situated at the flood plain of the Dnepr Riv-
er. The “Sukhachevskoe” tailings are located in ravines of the plateau (Fig. 1).

The geological structure of the site includes the Precambrian crystalline rocks
overlain by deposits of Paleogene, Neogene and Quaternary systems.

Hydrogeological conditions of the study area are characterized by presence of
the system of interconnected aquifers in the “man-made deposits” (wastes of ura-
nium ore processing), Quaternary deposits (alluvial sands, sandy loams), Neogene
deposits (sands, sandy loams), Paleogene deposits (sands, clays) and the Precam-
brian fractured crystalline rocks with the zone of weathering.

The different waste sites are characterized by a variety of specific hydrogeolog-
ical settings. The uranium ore processing wastes in “Western”, “Dneprovskoe”
and “Sukhachevskoe” tailings are situated in partly water-saturated conditions.
The bodies of “Central Yar” and “South-Eastern” tailings are situated in unsatu-
rated conditions. The contaminated soils at the “Baza S” site are located at the
ground surface, and are separated from the aquifer by 10—12 m of loess soils.

At present time only the “Western” and “Central Yar” tailings have adequate
groundwater monitoring systems, which allow characterizing groundwater quality
upstream from the tailings, below the waste sites, and also along the groundwater
flow path to the discharge contour.

The “Dneprovskoe” tailing has sufficient amount of monitoring wells in the
source area (uranium processing wastes, which are partly saturated by ground-
water) and in the underlying alluvial aquifer. However the observation well net-
work outside the tailings does not provide reliable information about the ground-
water transport towards the Dnepr River. The “South-Eastern”, “Sukhachevskoe”
tailings and “Baza S” do not possess adequate monitoring well networks.

The groundwater monitoring program at the site foresees annual determination
of chemical composition (major ions), toxic metals and radionuclides of uranium
decay series. Groundwater level, pH, Eh, temperature and electrical conductivity
and are also measured systematically.

Groundwater on the PChP industrial site and within the flood plain of Dnepr
River (where the “Dneprovskoe” tailing is located) within the zone of influence of
tailings typically has very high total dissolved solids (TDS) levels. Concentration
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of cations and anions often exceed maximum permissible concentrations (MPC) in
drinking water. The dominant anions are chlorine, sulfates and nitrates. Exceeding
MPC for cations (Na*, K, Ca®*, Mg*" and NH"") is also common. Groundwater is
thus not suitable for domestic and agricultural usages.

Concentrations of toxic metals in groundwater (beryllium, boron and alumi-
num, cobalt, lead and cadmium, manganese, iron and nickel) also often exceed the
MPC by one to two orders of magnitude.

Radionuclide contamination of the groundwater caused by migration from the
tailings sites are observed at all contaminated sites except the “South-Eastern”
tailings and “Baza S” uranium ore storage site (at the last site the local aquifer in
loess deposits is protected by 10—12m thick unsaturated zone). Reliable conclu-
sions on radionuclide migration from the “Soukhachevskoe” tailings cannot be
made, because of the inadequate groundwater monitoring system.

The main groundwater contamination hazard is posed by migration of uranium.
Highest concentrations of uranium are observed in the vicinity of the “Western”
tailings where the activity of uranium in 2009-2010 was about 600 Bg/l in well
2-7ZP (tailings body) and 1100Bg/l in (well 3-ZP, alluvial aquifer downstream
from the tailings) (Fig. 2). Here due to the large gradients of hydraulic head in the
alluvial aquifer (0.02—0.04 m/m) uranium from wastes has migrated along the flow
path to the well 30d at the distance of about 940 m from the source (see Fig. 2).

Approximately one order of magnitude lower levels of uranium in groundwater
compared to the “Western” tailings were observed in the source areas (water satu-
rated wastes) of the “Dneprovskoe” and “Soukhachevskoe” tailings.

Migration of uranium from the “Central Yar” tailings is somewhat less pro-
nounced compared to “Western” tailings, and is limited to the distance of approxi-
mately 200 m from tailings.

LOE+04 7
Upstream| Under |in tailings| Along the groundwater pathway from the edge of tailing
taili
S body | 1m  30m  650m  94om = 1020m
LOE+)3 1

1L.OE+02 1

LOE+01 1

LOE+00 1

1LOE-01 4

well 1-ZP  well 09-6- well 2-ZP  well 3-ZP  well 105 well 106 well 30d  well 101
P

Fig. 2 Specific activity of uranium 238+234 in groundwater along the flow path from the
“Western” tailings to Konoplianka River (Bg/l)
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Groundwater Modeling Methodology

Screening-level radionuclide transport modeling analyses were carried out for all
described above contamination sites, and included two modeling steps:

e Development of the three-dimensional filtration models for the PChP site and
for the “Sukhachevskoe” tailings sites using Visual Modflow software, and cal-
culation of groundwater flow lines from the waste sites;

e Modeling of migration of radionuclides of uranium decay series along of the
groundwater flow lines using Ecolego-based flow tube models.

Filtration Models

For implementation of filtration models the Visual Modflow Pro 3.0 software (by
Waterloo Hydrogeologic Inc.) was used (Guiger and Franz 1996). Two different
filtration models were developed: (1) for the PChP industrial site (including the
region of “Dneprovskoe” tailings) and (2) for the “Sukhachevskoe” tailings site
(including the “Baza S” site) (Fig. 3).

The filtration model for the PChP site encompasses the territory of the Plant
and the adjacent floodplain of the Dnepr River (Fig. 3a). The numerical grid size
of model varies from 15 to 62 m. The geological structure of the site is represented
in the model by five layers (see previous paragraph).

The filtration model of the “Sukhachevskoe” tailings site (Fig. 3b) accounts for
two main aquifers: upper aquifer in Quaternary loess deposits, and the lower
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Fig.3 Filtration models for the PChP industrial site (a) and “Sukhachevskoe” tailings site
(b) showing hydraulic head isolines and groundwater flow lines from tailings sites. Tailings:
1 —“Western”, 2 — “Central Yar”, 3 — “South-Eastern”, 4 — “Dneprovskoe”
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aquifer in the Neogene deposits and in the fractured zone of Precambrian crystal-
line rocks. The main discharge contour for the Neogene aquifer, which represents
the main interest in the context of radionuclide migration from the “Sukha-
chevskoe” site, is the Dnepr River. The numerical grid size of model varied from
100 to 200 m. The geological structure of the site is represented in the model by
four layers.

Groundwater modeling allowed estimating groundwater travel times from the
tailings sites to discharge contours. Groundwater travel time from the “Western”
tailings to the Konoplianka River is estimated at 7 years, from the “Central Yar”
tailing — 6 years, and from the “South-East” tailings — 4 years. The groundwater
flow “Dneprovskoe” tailing needs approximately 40-50 years to reach Dnepr
River. The groundwater from the first section of “Soukhachevskoe” tailings needs
approximately 100 years to reach the Dnepr River, and from the second section —
340 years. The calculated flow lines allowed modeling radionuclide transport in
groundwater using the methodology described in the next paragraph.

Methodology for Modeling Radionuclide Transport
in Groundwater

For screening calculations of radionuclide transport in groundwater from the ura-
nium mill tailings the Ecolego software (Facilia AB 2007) was used, which repre-
sents a software package for development of radioecological compartmental de-
terministic and stochastic dynamic models described by the first order ordinary
differential equations.

To model radionuclide transport in groundwater using Ecolego we used the
methodology described in the IAEA report on the ISAM project (IAEA 2004).
This methodology has been already successfully applied for modeling of radionu-
clide transport from the uranium mill tailings by Bugai et al. (2008).

Tal.llngs Compartments of model

with initial contamination

Vadoze zone

* Aquifer River
Advection
o [ 4 [ ] [ ]
>
Dispersion

Fig. 4 A conceptual scheme of the Ecolego-based flow tube model for radionuclide mi-
gration from uranium mill tailings
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Groundwater migration of radionuclides from tailings is governed by processes
of advective-dispersive transport, sorption on soils and radioactive decay. The
scheme of the flow tube model of radionuclide migration implemented using Eco-
lego is shown on Fig. 4.

The model accounted for radionuclide leaching from the solid matrix of tail-
ings, vertical infiltration of contaminated porous solutions from the body of tailing
to the vadoze zone, vertical contaminant transport in the vadoze zone to the aqui-
fer, and lateral advective-dispersive transport of radionuclides in the aquifer.

The model assumed steady-state hydrodynamic conditions in the aquifer, which
corresponded to the present day hydrogeological conditions. The model geometry
was defined based on the results of groundwater flow modeling using the filtration
models described in the previous paragraph. The modeling has taken into account
all main radionuclides of the uranium decay series (238U, 24U, #°Th, **Ra, *'°Pb,
?19pg), including the ingrowths of daughter radionuclides.

Radionuclide Transport Modeling

Modeling Scenarios

The most sensitive parameter of groundwater transport models is radionuclide
sorption distribution coefficient (Kd) for the “soil — solution” system. The Kd
values for modeling were selected as follows. The Kd values for the tailings mate-
rials were estimated on the basis of the in-situ measurements of the radioactivity
of the solid phase and the tailings porous solutions. The uranium Kd values for the
alluvial aquifer were back-calculated using the data on the extension of radionu-
clide plume in aquifer tin the vicinity of the “Western” tailings (as in 2009). The
Kd-s of other radionuclides of uranium decay series for the alluvial aquifer were
taken from literature (EPA 1999). Thus, two sets of radionuclide Kd-s were
formed (Table 2): “base case” scenario (that is a most probable one) and “conser-
vative” scenario (or “worst case” scenario).

Along with normal evolution scenario for the tailings we have modeled some
accidental and remedial scenarios (waste excavation, establishment of the soil
cover on the top of tailings etc.). Hydrodynamic and sorption parameters corre-
sponding to different scenarios are summarized in Table 3.

The following parameters were estimated using modeling: — radionuclide con-
centrations in groundwater at different distances from the tailings; — potential
exposure doses resulting from using groundwater as a drinking water source; —
long-term groundwater fluxes of radionuclides to the Konoplyanka River and
Dnieper River. The simulated period ranged from 1000 to 5000 years.

Modeling predictions were carried out for all uranium mill tailings at the
PChP site. Below some example modeling results for the “Western” tailings are
presented.
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Table 2 Radionuclide Kd-s for modeling RN migration from tailings

Radionuclide Tailings matrix ~ Soils of the Aquifer Aquifer
vadoze zone (“base case”) (“conservative”)
U-238 5 1 10 5
U-234 5 1 10 5
Th-230 10,000 3000 3000 600
Ra-226 6300 200 200 40
Pb-210 3500 500 500 125
Po-210 2500 100 100 80

Table 3 Parameter values for different scenarios of radionuclide migration in groundwater
from tailings

Scenario Set of Kd (aquifer) Recharge, mm/y  Other parameters
Base case Table 2 50 Standard
Conservative Table 2 100 Standard
Accident: degradation of cover ~ Base case, Table 2 100 Standard
Modeling of remedial measures

Waste extraction Base case, Table 2 50 Source of migra-

tion in tailing=0

Soil cover design Base case, Table 2 20 Standard
Modeling Results

Below some example modeling results for the “Western” tailings are presented.
The Fig. 5a shows the potential effective exposure dose resulting from using
groundwater from the well located at the distance 150 m downstream from “West-
ern” tailings (“base case” scenario). The simulated maximum dose reaches
10 mSv/y, which shows that groundwater contamination in the vicinity of tailings
poses a potentially significant health hazard, and suggests the need to maintain
the institutional control at the PChP site precluding the usage of local groundwa-
ters and surface waters (such as Konoplyanka River). In fact, the alluvial aquifer
at the PChP site is currently not used for domestic or agricultural purposes due to
high concentrations of total dissolved solids and toxic chemicals in groundwater.
Modeling of remedial measures has shown that excavation of wastes (as well as
covering of tailings by soil screen) do not significantly affect concentrations of
uranium in the aquifer below the tailings in the first 300 years of the forecast
(Fig. 5b), and at the distance of 1000 m (Konoplianka River) — influence is not
essential during the 1000y period (Fig. 5c). This is due to the fact that the uranium
transport in groundwater during the considered period is governed first of all by
the source of migration situated in the vadoze zone and alluvial aquifer below the
tailings. This source is related to the radioactive contamination of soils of vadoze
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Fig. 5 Example modeling results for the “Western” tailings: (a) — exposure dose due to con-
sumption of groundwater from the well at the distance of 150m downstream from tailings;
(b) uranium concentrations in groundwater below the tailings for the remediation scenario;
(¢) uranium flux from the tailings to Konoplyanka River

zone and alluvial aquifer, which was formed during the operational period, when
the damping of considerable volumes of contaminated technological waters to
tailing was carried out. Eventually, this source is not affected by the simulated
remedial measures.

Similar calculations were carried out for all contamination sources at the PChP
site, listed in the previous paragraphs of this article. Conclusions from modeling
studies are summarized below.

Conclusions

The groundwater monitoring data and results of the screening-level radionuclide
transport modeling analyses for the groundwater pathway suggest that the uranium
mill tailings of the former Pridneprovsky Chemical Plant facility “Sukhachevskoe”,
“Baza S” and “South-East” represent relatively safe sites. On the contrary “Dne-
provskoe”, “Western” and “Central Yar” uranium mill tailings represent serious
sources of radionuclide (in particular uranium) and toxic chemical substances
migration to groundwater. It is important to maintain long-term institutional con-
trol at the site, which should preclude the potential exposure of humans to the
contaminated groundwater and surface water in the immediate vicinity of tailings.
However, simulated offsite radiological risks caused by groundwater pathway are
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estimated to be low because of the long travel time to discharge contours (hun-
dreds-thousands of years) and due to the large dilution of contaminants in the
Dnieper River system.

The preliminary recommendation is stabilization of tailings sites by means of
soil covers and in-situ storage. Further site characterization, groundwater monitor-
ing and risk assessment studies are opportune, first of all for the identified priority
sites. The problem of groundwater contamination by toxic chemicals deserves
further attention and additional assessments.
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Assessment of Failure Modes of the Ak-Tyuz
Tailing Ponds in Kyrgyzstan in Preparation
of Remediation Measures

Isakbek Torgoev, Alex T. Jakubick

Abstract. The results of an appraisal of the state of the Ak-Tyuz tailing ponds
are summarized in the paper. The tailing site is located in the watershed of the Chu
River that is prone to earthquakes, landslides and mudflows. The Chu River has
the potential to carry contamination from the tailings site across the border to
Kazakhstan. The aim of the paper is to propose specific remediation measures in
order to stabilize the 4 tailings impoundments present at the site thus preventing a
environmental impact in the watershed in case of a natural disaster.

Introduction

The Ak Tyuz mine/mill area is located at approximately 42.37° north latitude and
76.13° east longitude. The area has some of the legacy tailings sites of Kyrgyzstan
that are very much in need of remediation; the general location of the Ak Tyuz
sites is presented in Fig. la.

In the Ak Tyuz district, in the upper part of the River Kichi Kemin on the both
sides of the river four tailings impoundments are located (Fig. 1b), that were gen-
erated by processing of polymetallic ores. The ores contained minerals containing
thorium, cadmium, lead, molybdenum, zinc, beryllium and other elements.

The industrial area was active from 1942 until 1993. As seen in Fig. 1b there
are four tailings deposits with an area of approximately 51 ha and an estimated
volume of 4.17 Mio. m’. Main properties of tailing sites are presented in Table 1.
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The tailings deposits are situated in very rugged mountainous terrain in strongly
sloping canyon areas often in elevated positions above the Kichi Kemin River.

During operation, the tailings impoundments were serviced with various con-
figurations of roads, tailings delivery pipelines, return water collection, settling
and conveyance systems.
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Fig.1 Site map of U production legacy sites in Kyrgyzstan (a) and locations of the tailings
ponds (TP) at the Ak-Tyuz site and cross sections of TP No. 2 and TP No. 4 (b)

Table 1 Physical characteristics of the Ak-Tyuz tailings impoundments and total alpha activity
in the tailings

Tailing No. Dam height  Tailing area Volume of material Total a —activity
(m) (ha) (Mio. m®) (Ci)

1 51 6 0.4 1300

2 72 10 0.5 1600

3 82 10 0.8 2100

4 59 25 2.5 6300
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Tailings Impoundments and Water Diversion Structures

Accept for the tailing No. 1 all other tailings impoundments were constructed as
valley-type upstream dams. The dams of tailings No. 1, 2, and 3 have been se-
quentially raised as centerline embankments built of sandy tailings. Generally,
auto-stabilized centerline dams have an adequate performance under seismic
conditions but are unsuitable for permanent water storage. Temporary flood stor-
age is acceptable with properly functioning water diversion structures. However,
they are definitely less stable than the water retention dams fully constructed prior
to tailings discharge (Torgoev etal. 2005). The valley type dams are usually
based directly on the alluvium to provide for dam seepage and thus controlling
the phreatic water table in the tailings pond (in case of contaminated seepage
provisions must be made for capture and treatment of the seepage). The failure to
ensure and maintain the continuous dewatering of a valley type of tailings im-
poundment (caused by inadequate construction or failure of the engineered dewa-
tering schemes) has a negative effect on the stability of the dam and can endanger
the entire tailing impoundment. In addition the auto-stabilized dams have the
inherent problem that they are raised while the tailings are still unconsolidated.
Due to the simultaneous consolidation of the tailings and of the dam the height
ratio between tailings surface and dam changes with time and the stability of the
entire dam decreases.

Another construction based problem of the Ak-Tyuz tailing dams is that they
were built too steep and have only a minimal protection against surface erosion
(Fig. 2). Therefore, an important element of in situ remediation will be to give the
dams a gentle slope and provide a protective cover to ensure a long-term stability.

There were several types of roads, transportation pipelines and hydro-technical
structures (retention-ponds, dam seepage ponds and others) constructed during
building and operation of the tailings ponds. This often led to undercutting of the
slopes in the vicinity of the dams, thus causing small scale landslides and rock-

Fig. 2 The badly eroded tailings dam No. 2 in a side valley facing the Kichi Kemin River
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Fig. 3 Thorium concentration and distribution in bottom sediments of Kichi-Kemin river be-
tween the place of failure of the tailing dam No. 2 in 1964 and Kazakhstan border

slides threatening the stability of the tailings impoundment and/or damaging water
diversion schemes (Torgoev et al. 2005).

All factors discussed, the implementation of tailings dam designs unsuitable for
the site, shortcomings during construction and undercutting of slopes without geo-
mechanical considerations make the tailing dam No. 2 vulnerable to natural disas-
ters. In December 1964, an earthquake triggered three sequential dam failures
releasing 600,000 m’ of tailing materials (approximately 60% of the tailing vol-
ume) into Kichi-Kemin River. The tailings contained high concentrations of tho-
rium and heavy metals. The contaminants were spread along the Kichi-Kemin
River over a distance of 40 km down to the confluence of the river with the Chu
River, which flows into the neighboring Kazakhstan (Fig. 3). The tailings were
spread over an area of 10ha, approximately 3600 ha of agricultural land were
contaminated and the population of the settlements in the alluvial fan of the Kichi-
Kemin River impacted.

Tailing Mass

The tailings were generated during processing of polymetallic and rare metal ores
and successively discharged into the 4 tailings ponds. The grain-size distribution
comprises 50% silt particles of 0.3—-0.15 mm size; 33% particles of 0.1-0.074 mm
size; 7.3% particles of 0.043—0.02 mm size; 1.4% particles of 0.01-0.005 mm size
and 2.4% particles below the 0.005 mm size. The average grain size is 0.138 mm
and the average density 1.65 g/cm’.

The geochemical characteristics of the thorium and other metals in the Ak-
Tyuz tailings were estimated by the Czech company GEOMIN (Abraham et al.
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Table 2 Concentrations of metals, rare metals and thorium (in ppm) in the tailings impound-
ments and in the vicinity of the tailings areas 1, 3 and 4 (Abraham et al. 2007)

Element Tailing 1 Tailing 3 Tailing 4
(ppm) Concentrate Dam Concentrate Surface Surface
Ag <2 18 <2 11 10
As 409 927 530 94 110
Be 105 70 42 13 14
Cd 7 24 16 2 3

Co 21 27 19 10 8

Cr <2 79 20 16 6

Cu 455 2473 348 69 188
La 2254 234 1454 176 173
Mo 173 274 332 26 95
Ni 38 62 35 50 45
Pb 4637 16161 5491 846 1490
Sb 237 82 88 47 46
Sc 18 16 20 7 3

Sn 58 122 49 47 55
Te 82 <10 27 16 17
\% 75 143 95 50 38
W 213 359 363 <10 <10
Y 5456 438 3826 304 257
Zn 1491 6551 3472 372 601
Zr 4787 1274 1114 1001 832
Th 70667 121 866 135 176
EDR' 11.40 0.65 4.10 0.80 1.02

! Equivalent gamma dose rate (uSv h™")

2007). The results are summarized in Table 2. The spread of concentrations of the
heavy metal salts is: lead (up to 5000 ppm), zinc (1500-3500 ppm), copper (350—
450 ppm), molybdenum (170-330ppm), arsenic (530-930ppm) and beryllium
(40-100 ppm). In addition, the tailing material contains high concentrations of
cadmium (15-25ppm), tungsten (210-360 ppm), yttrium (3800—-5500 ppm). The
concentration of rare-earth elements was also estimated. The highest concentration
of rare-earth elements was found in the remnants of the tailings spilled during the
dam failure of the tailing pond No. 2 in 1964 (ppm): Ce 1461, Pr 155, Nd 537,
Sm 135, Eu 6, Gd 136, Tb 30, Dy 213, Ho 48, Er 144, Tm 23, Yb 132, Lu 19. The
highest concentrations from all radioactive elements were associated with Tho-
rium (800—7000 ppm) and Zircon (1100—4800 ppm).

Table 2 also presents the measurements of the equivalent gamma dose rate.
The dose rate on tailings surfaces varies between 0.6 and 1.0 uSv/h, i.e. the dose
rate is below the limit set for remediated tailings ponds in Kyrgyzstan. Based on
the measurements a dosimetric map of the area between the processing plant and
the Ak Tyuz settlement was constructed. The dosimetric map shows that high
dose rates (>2.5uSv/h) are associated with the storage areas of rare-metal con-
centrates, tailings area No. 1 (11.4 uSv/h), and spots along the Kichi-Kemin River
where the remnants of the tailings spill after the dam failure of 1964 can be
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found. Gamma-spectrometric measurements were carried out by the Czech com-
pany GEOMIN to specify the thorium (Th), uranium (U), kalium (K*") concentra-
tions and the total gamma activity in the tailings. The measurements show that
the main source of ionizing radiation is thorium; the presence of uranium is rare
(Abraham et al. 2007).

This indicates that the enduring thorium and heavy metal contamination of the
Kichi Kemin and Chu rivers are still the aftermaths of the dam failure of the tail-
ing area No. 2 in 1964 probably enhanced by the ongoing seepage and erosion of
the tailings ponds (Fig. 3). Because the state of the tailings ponds at the Ak Tyuz
remained unchanged — in fact it probably deteriorated even more — a repeated
tailings containment failure at Ak-Tyuz must be assumed likely. Due to long term
accumulation of the contaminants in the river sediments to possible cross bound-
ary impact can be expected to be higher than in 1964.

Qualitative Risk Appraisal of the Ak-Tyuz Tailings Site

Because of the shortage of reliable and systematic measurements at the site,
a quantitative risk assessment of the tailings management areas and a full scale
Environmental/Radiological Impact Assessments (EIA) is not possible at this
point. However, a preliminary expert opinion in this regard has been expressed in a
pre-feasibility study of remediation carried out within the UNDP tailings safety
project during 2009 and submitted to EBRD as “A Project Proposal for Remedia-
tion of the Ak Tyuz Legacy Tailings Site in the Kyrgyz Republic” (Jakubick 2009).

In addition, the health and environmental risk appraisal of the Ak Tyuz site
must go beyond the radiological categories of risk assessment because factors such
as cross-boundary, socio-economic impacts and possible economic benefits from
re-treatment of legacy waste for recovery of valuable constituents (Au, Ag, Mo, V,
rare earth element residues, etc.) must be taken into account.

Although qualitative in nature, the subsequent appraisal follows the principles
of risk assessment:

Risk = Likelihood x Consequences

where

Likelihood or Probability = [Frequency of impact] x [(Frequency of failure events) /
(Lifetime of waste facility)]
Frequency of Impact = How often the release of contaminants occurs and

Consequences or Impact expressed in terms of:

e Severity (how much contamination is released);

e Extent (how many people are affected, size of territory involved etc.); and,

e Duration (of damage, exposure after release and/or cumulative effect of con-
tinuous small releases).
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Based on the above risk approach, the appraisal of the Ak-Tuyz legacy tailings
site is carried out by analyzing the following processes:

e Tailings dams failure and tailings release into the environment;
e Continuous release of contaminants via the water pathway;
e Dispersion of contaminated dust and radon/thoron emissions via the air pathway.

Failure of Tailings Containment and Release
into the Environment

Mainly because of the questionable dam stability and neglected maintenance, the
tailings dams at the Ak Tyuz site must be considered vulnerable. This is aggra-
vated by the fact that the Ak-Tuyz site is located in a 9 balls seismic zone. Histori-
cally, the site suffered very strong earthquakes, ¢.g. the Kemin earthquake in 1911
had a magnitude of M=8.3—-8.9. But even the occurrence of an earthquake of
M > 6.5 when coupled with an extreme precipitation event, such as a torrent would
very likely to lead to failure of the tailings dams No. 2 and 4.

A subsequent tailings liquefaction and release into the environment in form of a
tailings-mudflow is very likely to follow because the fine tailings are soaked with
water; the seasonal runoff from the mountains enters the tailings impoundment
easily because most of the water diversion canals are dysfunctional.

The impact of the dam failure can be assumed to have the same extent as the
1964 failure (Fig. 3). The first impact of the potential tailings-flow will consist of
the contamination and physical damages to the Kichi-Kemin River valley and
downstream plains. The population living along the river would be exposed to
radiation and uptake of toxic elements.

The extent of the impact will reach the Chu River and stretch along the Chu
River across the border to Kazakhstan. This is very likely to lead to cross border
disputes between Kyrgyzstan and Kazakhstan.

With this in mind the risk of failure of the tailings dams No. 2 and 4 must be
considered to be high to critical (Table 3).

Table 3 Risk appraisal of the tailings ponds located in Ak-Tyuz in their present state

RISK category TP 1 TP2 TP 3 TP 4
Dam failure and tailings-mudflow  High High Moderate High
Tailings pond and seepage waters ~ High Moderate Moderate High
Dust and radon/thoron emission Low Low Low High
Contamination of food chain Moderate Moderate Low Moderate
Human factor High Moderate Low Moderate

Total risk Moderate Low High
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Continuous Release of Contaminants via Water Pathway

Most of the tailings on the site are fine grained processing residues generated from
radioactive ores containing heavy metals. The uncovered tailings ponds act as
recharge areas commonly collecting so much water that the entire surface of the
tailings is covered. The infiltrating water during percolation through the tailings is
leaching this material and is partly released as bottom seepage. Both the tailings
pond and seepage water carry the contaminants into the Kichi-Kemin River and
ground water, where a large portion of the contaminants becomes bound on the
sediments. The river sediments function both as accumulators of the contaminants
and carriers of contamination down the water stream.

The contaminated tailings pond and seepage water serves occasionally as drink-
ing water to the domestic animals grazing on the tailings site.

The small scale release of contaminants into the river and uptake by the sedi-
ments and soil is continuous, thus the likelihood of release is 1 (or 100%). Al-
though the incremental effect is small, the cumulative impact is steadily growing
and, without remediation, it will become more and more significant.

For this reason the risk of contaminants release via release of the tailings pond
and seepage waters must be considered for tailing ponds No. 1, 4 to be high
(Table 3).

Dispersion of Contaminated Dust and Radon/Thoron Emissions
via the Air Pathway

The surface of tailings ponds No. 1, 2 and 4 is not covered and during the dry sea-
son and periods of strong wind the dusting of fine tailing particles has been ob-
served. The contaminated dust particles settle in the vicinity of tailings ponds. The
location of the uncovered tailings ponds No. 2 and 4 is far from inhabited areas and
high concentrations of resuspended dust can only be transported by strong winds in
the near-surface atmosphere. However, the annual number of days with strong
winds (>5m/sec) at the site is limited and the local topography prevents fast air
circulation in the mountain-valley. In accordance with this we assume that dusting
is a low impact and low risk component of the overall risk to the general public.

Another relevant exposure pathway is the inhalation of radon and radon de-
cay products and in the specific case of Ak Tyuz — because of the prevailing
thorium content of the ore — the inhalation of thoron. The radon/thoron emission
from the Ak Tyuz tailings ponds is continuous but relatively low. Considering
the distance to the inhabited areas and the air circulation above the tailings —
which is sufficient to disperse the radon/thoron concentration — it can be con-
cluded that the radiological impact of dusting and radon/thoron emission can be
assumed to be small.

Nonetheless, it should be mentioned that no systematic investigations of the ra-
diological impact via the air pathway have been done at the site and this aspect
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may be of importance for the professional exposure of the people working on the
site during remediation. A thorough monitoring of the radon/thoron emissions on
the site would have to be implemented in preparation of the remediation.

For this preliminary qualitative risk appraisal we feel justified to assume that
the air pathway contributes little to the overall risk of the legacy site and for now,
we consider this risk to be low (Table 3).

It should be noted that the results of the present risk study compare well with
the risk rating carried out by IAEA for the uranium production legacy sites in
Central Asia. The IAEA identified the Ak-Tyuz tailings ponds as a high risk ob-
jects in need of remediation (IAEA 2009).

Table 3 shows that tailings pond No. 4 presents the highest risk tailings pond
on the site and in greatest need of remediation. Prudent risk management requires
a preferential remediation of the tailing pond (TP) No. 4 followed by TPs No. 1, 2.
The TP No. 3 is not a candidate for an urgent remedial intervention at this point.

Recommended Remedial Works

The first step toward remediation of the Ak Tyuz site should be the development
of an Environmental Impact Assessment (EIA) and remedial Feasibility Study
(FS) in preparation of the implementation of remedial works at the Site. Preferen-
tially, an integrated EIA/FS approach should be selected to facilitate the com-
mencement of the implementation project. The integrated EIA/FS should de-
pendably characterize the present status of the legacy tailings ponds at the site and
quantify their health and environmental impact. Based on this, an EIA is to be
prepared, which would allow the formulation of the remedial options for the leg-
acy tailings ponds.

From a risk management point of view, an imminent objective should be to find
site specific solutions for minimization of the present and potential future health
and environmental impacts. This is to be achieved by developing efficient reme-
dial concepts within a FS. From among the feasible remediation concepts the pre-
ferred option is to be selected in cooperation with the national regulatory author-
ity, under consideration of stakeholders preferences.

This preparatory project should end with proposing the ToR for the remedial
works, thus preparing the remediation works project for procurement.

The remediation of the Ak-Tyuz tailings ponds is expected to substantially con-
tribute to improvement of the public health and environmental conditions in the
Kichi Kemin valley, along the Chu River and prevent a cross-boundary impact in
the Kazakhstan portion of the Chu River. By investigating the long range dispersion
of the contaminants from the Ak Tyuz site the issue of the long range impact on the
quality of the water, river sediments and soils in the cultivated plains in the foothills
of the mountains will become quantified as well. In this respect, the EIA/FS will
provide dependable answers concerning the present and future impacts for the arca
associated with the possible new failure of the tailings dams at the Ak Tyuz site.
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Based on the EIA/FS the interim and long term measures required to decrease
the risk presented by the Ak-Tyuz site will be developed. These may include in the
interim a better enforcement of the site security, establishment of a regular main-
tenance and monitoring program, evaluation of the feasibility of re-treatment of
the tailings within an overall remediation program.

The interim and remedial works may include the following types of specific
measures:

. Dewatering of tailings No. 2, 4;

Design and/or repair of surface water and slope runoff drainage systems;

Repair and/or stabilization measures for retain dams;

. Stabilization of potential landslide areas;

Repair and substitution of drainage systems;

Erosion protection measures of slopes, embankments and waterways;

. Restore Tailings Cover;

. Re-vegetation of tailings slopes and surface;

Installation of a fence;

Removal of remnant of tailing material in river valley and rare metal-thorium

concentrate from tailing No. 1;

. Ecological and radiation monitoring and regular on-site inspections; and
Annual Maintenance and Inspection.

“mfmommuQw»

o

The optimal and preferred types of remedial works will follow from the quanti-
tative EIA/FS study and will be defined within the Terms of Reference prepared
for the remedial works.

Because of the high probability of a renewed failure of the tailings containment
and expected tailings release in form of tailings mudflow into the Kichi-Kemin
River valley, it is strongly recommended as an immediate measure to discontinue
any further disposal of tailing into the existing Ak Tyuz tailings ponds.
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The IAEA ENVIRONET Network Supporting
the Remediation of Uranium Mining
and Milling Sites

Horst Monken Fernandes, Philip Michael Carson

Abstract. This paper describes ENVIRONET, a new initiative of the Interna-
tional Atomic Energy Agency to facilitate information exchange between persons
concerned with environmental remediation projects in different counties. The ra-
tionale for the development of the ENVIRONET network and the main the func-
tions and facilities of the network are described.

Introduction

The development of mining and milling operations in the past, without proper
consideration of the environmental dimension (externalities), led to the generation
of legacy sites that need now to be remediated. Some countries have succeeded in
implementing (large) remediation projects. But in many others the pace of envi-
ronmental remediation of former mining and milling operations is very slow. This
situation has been created, in part, because regulatory framework did not exist or
eventually regulations were not enforced adequately.

Considering environmental remediation (ER) and decommissioning (D&D) on-
ly at the end of operations does not allow for proper development of mining and
milling activities in such a way that use of natural resources is optimized, waste
generation minimized and contamination of environmental media avoided. An-
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other problem is the lack of financial provisions to deal with both ER and D&D.
By not assigning the necessary financial resources to cope with both activities and
by not including ER and D&D in the overall life-cycle planning of the operation it
was (and still is) quite common that the operating organization did not have the
resources to implement ER and D&D activities leaving the costs of both to be
faced by the government (i.e. the taxpayers).

Once a legacy site is generated the successful implementation of environ-
mental remediation projects depends on the appropriate combination of factors
from both technical and non-technical nature. In most cases, the major constraint
in implementing these projects is the lack of financial resources (as mentioned
above), as environmental remediation activities tend to be very expensive. How-
ever, even if financial resources are available there are a number of other factors
to be considered. They include, but are not limited to: the technologies to be used,
the availability of appropriate staffing and the regulatory infrastructure (including
laws, regulations, and regulatory organizations). Planning is a topic of crucial
importance for the successful implementation of environmental remediation pro-
jects but in many cases it is not appropriately considered by those in charge of the
implementation of projects. Finally, consideration has to be given to the role to be
played by different stakeholders in the decision making process. Attention must
be paid to procedures for taking their views into consideration and for involving
them effectively in the process. Solutions have to be found that are simultane-
ously technically and scientifically sound. They should also be understood and
accepted by the different stakeholders.

Taking all these elements into account the International Atomic Energy Agency
(IAEA) has been working to provide its Member States with relevant support in
this area. The IAEA tries to fulfill this important mission by: i) publishing technical
documents (IAEA 1998, 1999a, b, 2002, 2009) and safety standards (IAEA 2003),
il) organizing training courses, workshops and seminars and providing for the im-
plementation of scientific visits and expert missions (under the activities of its
Technical Cooperation Department), iii) organizing international conferences and
iv) providing and supporting peer-review missions.

Despite the huge efforts implemented by the IAEA, it has been noted that there
is room for improvements in the type of assistance that the IAEA provides to its
Member States. Therefore, the IAEA has recently implemented different networks
in the fields of Waste Management, Decommissioning and Environmental Reme-
diation. This paper will describe the Network on Environmental Management and
Remediation — ENVIRONET and explore the potential that networking has to aid
in the implementation of clean-up programs.

An Insight in Central Asia Legacy Sites

A very specific example of uranium legacy sites generated in the past deals with
the countries of Central Asia. They have been the main suppliers of uranium in
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the former USS and therefore large-scale uranium ore mining and processing in
the region gave rise to the formation of a vast amount of radioactive waste (RW)
in the form of mill tailings that have been deposited in piles and impound-
ments. These materials represent a great hazard because they are weakly pro-
tected against natural disasters; they are close to main water bodies, towns and
state borders.

It should be noted that the uranium legacy sites in Central Asia are concen-
trated in the densely-populated Fergana Valley, particularly in the Sogdian Region
of Tajikistan, in the Jalal-Abad Region of Kyrgyzstan and in the Tashkent and
Navoi Regions of Uzbekistan.

These tailings are fraught with potential dangers for people and the environ-
ment. There is a threat of contamination of ground water and rivers of the water
basins of some regions in Central Asia. There is a certain risk of possible accidents
with dire consequences for the resident populations in these regions.

The issue of uranium tailings and toxic industrial waste in Central Asia is acute
and effective solutions need to be provided. Countries in the region do not have
sufficient financial and technical resources to ensure the proper maintenance and
reconstruction of RW storage facilities and rehabilitate contaminated areas. There-
fore the set of uranium legacy issues in the region can only be solved with signifi-
cant, goal-oriented and coordinated assistance from the international community.
Practical guidelines for the re-cultivation of uranium tailings, rehabilitation of
contaminated areas, organization of radiological-ecological monitoring and im-
provements to the RW management mechanisms, are needed. Therefore, coordi-
nated actions of potential donors and stakeholders from the private sector and the
high-level processing of uranium tailings and waste dumps is needed.

The TAEA has been supporting the countries in the region by means of different
projects under its Technical Cooperation Department. The ongoing project — RER
3010 “Supporting Preparation for Remediation of Uranium Production Legacy
Sites” is aimed at enhancing the regulatory framework and planning process in
relation to remediation of uranium production legacy sites. The IAEA has also
been engaged with other UN organizations e.g. UNDP, OSCE, WB in producing
a Framework Document (FD) aimed at providing an analysis of the state of RW
storage facilities in the regions countries and their impact on people's daily lives
and the environment.

Uranium Mining Remediation Projects in Other Countries

There are also other IAEA MS’s faced with the challenge of implementing reme-
diation projects to deal with the uranium mining legacy sites. One of them is Bra-
zil that is being assisted by the Agency under the project BRA 3013 “Providing
Practical Guidance for the Implementation of a Decommissioning and Remedia-
tion Plan for the Minas Gerais Uranium Mining and Milling Production Centre”.
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The main objective of this project is to provide Brazil with a strategy to deal with
the decommissioning and environmental remediation of the uranium production
center of Pocos de Caldas. The Project RLA 3006 Regional Upgrading of Ura-
nium Exploration, Exploitation and Yellowcake Production Techniques taking
Environmental Problems into Account also deals with remediation aspects as it is
aimed at dealing with the Self-supplying of uranium for the nuclear plan in execu-
tion the region in an environmentally sustainable way. In Africa, the uranium
mining is dealt with by means of the project RAF 3007 Strengthening Regional
Capabilities for Uranium Mining, Milling and Regulation of Related Activities.
The project is centered at assisting African Member States in strengthening their
capabilities for an effective and efficient management of uranium resources and
other radioactive ores, and to build the legislative framework to effectively regu-
late related activities.

The Life-Cycle Approach

Uranium mining and milling/recovery is recognized as one of the most environ-
mental burdening processes in the nuclear fuel cycle (NFC). Therefore the IAEA
is fostering the adoption of the life-cycle thinking in a way to reduce the needs of
extensive remediation programs after closure at the same time that the generation
of new legacy sites is avoided. The concept focuses on an up-front/early consid-
eration of environmental impacts and associated externalities. This reduces life
cycle costs of the uranium mining and milling/recovery operation thus increasing
sustainability of the front-end of the NFC as well as of the NFC at large.

The three important contributors to an integrated life cycle management proc-
ess, are: remediation and closure planning, remediation and closure costing and
stakeholder interaction, in each of the major life cycle stages of a (uranium) min-
ing and milling/recovery operation in a coherent way. In this approach, introduc-
ing life cycle thinking into the whole operation, remediation planning and associ-
ated costs will be addressed already pro-actively right from the start of the project,
taking into account also all of the following life cycle stages of the envisaged
operation including the post-closure phase. This is in contrast to the reactive plan-
ning approaches used often in the past, when remediation planning started only in
the decommissioning and closure phase.

The concrete remediation and closure measures to be planned and costed and
the environmental issues to be addressed are rather site specific and depend on the
type of ore deposit exploited and the applied mining and milling/recovery meth-
ods. Factors to be taken into account comprise e.g. the amount of tailings and
waste rock generated and their acid generation potential, hydrological, hydro-
geological and climatic conditions, natural habitats, ecosystem vulnerability etc.
The approach is especially recommended for the extraction of low grade uranium
deposits, which may become increasingly important for the front-end of the NFC
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in the future after complete exploitation of known high and medium grade depos-
its, due to the generally increased environmental burdens associated with their
exploitation (e.g. due to potentially higher specific amounts of tailings/waste
rocks, energy consumption per unit product, contamination of groundwater re-
sources in ISL operations, etc.).

Stakeholder interaction has to be understood not as simple information policy
(public relation) but as an active process of interrelating with the various stake-
holders involved (e.g. regulator bodies, local communities, NGOs etc.) and in-
clude them in the development and evaluation of all project stages (e.g. in com-
munity committees, public hearings, etc.). Benefits from this approach may
comprise reduction of averseness to the project, e.g. averseness due to cultural
reasons or differing public expectations regarding the future use and of the min-
ing site after decommissioning, but also benefits in the planning and development
stages by inclusion of indigenous traditional knowledge of the territory into the
planning process. In relation to this aspect, it is also suggested to the project
owner to implement and promote public engagement during the permitting proc-
ess, even if not required by the respective regulator, to enhance public acceptance
of the future operation. Stakeholder mapping and analyses should be reviewed
and updated periodically throughout the life cycle stages to address potential
changes in stakeholder composition/attitudes/expectations (e.g. due to increase in
population and workforce from outside during construction/operation), taking into
account that — even disregarding the post-closure phase — the life cycle stages
from exploration to decommissioning of a mining operation usually encompass
several decades.

The ENVIRONET

The ENVIRONET, launched in 2009, is an information network dealing with
the remediation not only of legacy sites (existing contaminated sites) but also
with operating sites (by taking remediation under a life-cycle perspective). The
ENVIRONET is intended to aid Member States in solving the problems created
in the past by improving the efficiency of information exchange and the transfer
of knowledge and assistance. Topics covered by the ENVIRONET include:
i) Life-cycle planning of facility operations and environmental remediation pro-
jects; ii) Project planning (quality control and assurance); iii) Data management,
iv) Integration and communication; v) Site characterization; vi) Modeling (fate
and transport of pollutants, engineering design and economics); vii) Risk assess-
ment; viii) Remediation technology development and selection; ix) Monitoring;
x) Stakeholder involvement and communication; xi) Regulation and policy devel-
opment; xii) Risk communication; xii) Stewardship — Institutional Control and
xiii) Funding.

The intended methods of work include a variety of products and services aimed
at expediting the exchange of information and experiences. The ultimate goal is to



244 H.M. Fernandes, P.M. Carson

build capacity in Member States and to facilitate the full implementation of reme-
diation projects. These products and services include: i) Website (Document re-
pository of educational materials); ii) Discussion Forum; iii) Partners Directory
(online profiles); iv) Schedule of Events; v) workshops, vi) conferences, vii) train-
ing sessions, viii) long-distance training, ix) fellowships/internships and x) peer
reviews. The products will be: proceedings; dedicated publications; training mate-
rials, case studies, annual reports and updates.

The vision underlying the implementation of networks is that the involvement
of interested groups through the network on a specific topic will promote an effec-
tive flow of information and experience sharing. ENVIRONET is also aimed at
transferring knowledge while providing for the education of those in need. In
principle, information will flow from more experienced participants to those with
less experience. However, in many situations the advantages of integrating a net-
work is mutual, as a lot of positive and valuable information can flow in different
directions. With the aid of the new tools provided by the Internet, virtual forums
can be established, allowing for an intensive circulation of information amongst
the participants of the network. Modern web-base resources will also allow the
operation of educational tools, such as video materials, to be posted on the web.
Finally, networking will allow the IAEA to capture the needs of a greater number
of technical people in each Member State leading to an even more focused con-
struction of its activities.

ENVIRONET Structure

To implement the mode of operation of the network a Steering Committee was
created. The Steering Committee develops the “Statute” or Guidelines of the net-
work along with the Strategic and Operation Plan. Elements like Outline Program,
Success Indicators, Evaluation Process, etc. are also to be elaborated.

The ENVIRONET is composed by organizations and individuals that are in-
volved or interested in environmental remediation activities. Other networks can
also integrate the ENVIRONET community. Sponsors are taken as those multi-
lateral organizations that can technically and/or economically support the activities
of the ENVIRONET. Regional and Technical Working Groups are being formed.
The first one is to allow the network to focus and capture specific needs of a geo-
graphical region in the world and consequently structure a set of activities that can
be relevant to meet these specific needs. The Working Groups will allow the net-
work to capture specific themes of general interest and elaborate activities and/
or publications on selected topics. The arrangement of the ENVIRONET is shown
in Fig. 1.
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Fig. 1 Structure of the ENVIRONET

Conclusions

Some of the past uranium production operations have caused extensive environ-
mental problems. The lack of appropriate regulatory framework in addition to the
fact that environmental issues were not conveniently addressed in those operations
contributed to this situation. Nowadays, this situation has changed dramatically
and lessons learned from the past have led to the implementation of responsible
operations from both environmental and social perspectives. Involvement of dif-
ferent stakeholders in the decision making process turned out to be a mandatory
issue in many countries. With the so called “Renascence of Nuclear Power” new
production sites will come into play. The sustainability of the uranium industry
will depend on the adoption of good practices in these operations under a life-
cycle perspective. The recently launched IAEA initiative — the ENVIRONET is
aimed at contributing to expedite the transfer of experience amongst its members.
It brings together private and state-owned companies, research institutes, and
governmental organizations providing a forum for information and experience
exchange. Sharing of practical experience is to be addressed by means of training
courses and workshops. In addition to this long distance training and educational
material will be made available.
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Environmental Management Systems
in Uranium Exploration at AREVA Resources
Canada Inc. (ARC)

Peter Wollenberg

Abstract. AREVA Resources Canada Inc. (ARC) has successfully implemented
an Environmental Management System for all aspects of its uranium exploration
in Canada. The company is certified for these activities according to the ISO
14001:2004 International Standard of Environmental Management. Years of op-
erational experience have demonstrated the value of the process for the various
aspects of the activities and the system remains dynamic adapting to changes in
business, corporate and regulatory requirements.

Introduction

AREVA Resources Canada Inc. (ARC) is a Canadian company. Its head office is
located in Saskatoon, Saskatchewan, Canada. ARC is a subsidiary of AREVA,
a world leader in CO, free energy production and active in over 100 countries
worldwide.

ARC is the operator and majority owner of the McClean Lake uranium opera-
tion located some 700 km north of Saskatoon. The company also owns the Cluff
Lake uranium mine which has been decommissioned and operates the Midwest
uranium project. It is a shareholder in the Cigar Lake, McArthur River and Key
Lake uranium mines and all mine sites are located in Northern Saskatchewan. ARC
is also active in uranium exploration at various other locations within Canada.

ARC has adopted an integrated approach to environmental management of its
operational activities. This comprises a complete cycle which begins with uranium
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exploration projects, continues with the McClean Lake site, a uranium mining and
milling facility which began production in 1999 and is completed with the now
decommissioned Cluff Lake uranium mine which ceased production in 2002.

In the late 1990s ARC commenced the development of a comprehensive Qual-
ity Management System for its operational sites. This initiative was a response to
the business and operational requirements for the new McClean Lake uranium
mine and mill and the regulatory requirements of the Canadian Nuclear Safety
Commission (CNSC). This provided a starting point to meet regulatory, corporate
and public expectations. Stringent environmental management processes were a
core component of the system from the beginning.

ARC is a leader in Canada in the environmental management of uranium explo-
ration and mining sites. It has achieved multiple certifications for environmental
management following the ISO 14001:2004 International Standard. This includes
the operation of its McClean site (first for a uranium mine in Canada), the de-
commissioning of the Cluff Lake mine site (first time in Canada), the uranium
exploration activities in Saskatchewan (first time for this province) and the ura-
nium exploration and development activities in Nunavut (first time for this terri-
tory). In addition the McClean site is also certified for Occupational Health and
Safety, OHSAS 18001 (first time for uranium mine). Efforts are underway to cer-
tify the exploration activities for OHSAS 18001 within the very near future.

How Was It Developed?

After considerable evaluation of the range of available management systems it
became evident that the specific requirements of the various operations required
an Integrated Quality Management System. Three specific objectives guided the
development:

o All business activities were to be conducted in a safe and efficient manner in
order to meet all regulatory and corporate requirements.
The ISO 14001 standard for environmental management must be employed.
Sustainable Development was to be implemented throughout the organization.

The organization of the system along with the creation of all related documen-
tation and necessary training of personnel was tasked to all levels of management;
from the President and CEO to the line supervisors.

How Does It Function?

ARC’s values and those of the entire AREVA group are derived from the concept
of sustainable development. To this end AREVA strives to maintain profitable
growth, while simultaneously fulfilling its social responsibility and protecting the
environment.
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ARC has established a number of policies of which the Environmental Policy
recognizes that continued economic and social development depends upon a
healthy environment. Environmental considerations are incorporated into com-
pany activities to ensure sustainable development. Effects of the exploration and
mining activities on the environment are mitigated by continuous efforts to apply
improved technology and methods to the process.

Extensive documentation has been developed both to specify and record the
various management processes. A corporate manual is the top level document and
provides the overview and the description of policies, responsibilities and re-
quirements applicable to the various operational and supporting units. It prescribes
the guidelines for the activities of the corporate senior management, sets require-
ments and provides guidance to the rest of the organization. ARC’s corporate
manual is approved by the President and CEO of ARC. A manager is responsible
for the corporate manual and is supported by a committee of senior managers.

Tier I documents consist of manuals which address the company’s core opera-
tional and support activities. Manuals are in place in all major departments and
large projects. The responsibility for these manuals rests with the heads of the
individual departments and projects.

Tier II and III level documents consist of procedures, work instructions and
forms. They describe how the work is carried out, what information is being re-
corded and where it is filed for easy access. Responsibility for these documents
rests with senior line managers who have assigned responsibilities to dedicated
personnel who undertake the daily and ongoing administration of the documents.

Monitoring of the management system is provided by corporate senior man-
agement that meets regularly to administer and assess the status of the system.
Annual self-assessments are provided in conjunction with annual objectives and
an ongoing progress review. Reviews and audits of the management system are
conducted on a regular basis, both by internal and external parties. The ARC sys-
tem is audited in its entirety once every three years.

Operational Experiences and Examples

The Environmental Management System has been in place for years. The initial
resistance of employees to change dissipated quickly as staff recognized the bene-
fits of taking more and more ownership of the system particularly in the operations
or projects where the system was implemented from the beginning. Procedures
and work instructions are written primarily by supervisors and operators who draw
upon their long time personal experience and front line knowledge. Through this
they gain considerable appreciation and acceptance of the process. The system is
introduced to new employees through dedicated training and information sessions.
Standardized procedures, work instructions and forms are used throughout the
organization. This has provided considerable assistance in the integration of per-
sonnel when transferred between operations or working sites. Internal auditing and
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review processes are standardized throughout the organization assuring consistent
assessment all the way through.

The rigorous application of the prescribed environmental management proc-
esses in the company’s workings is reflected throughout a typical day in an explo-
ration project. Such projects are located in geographically remote areas where
specific heightened sensitivity and awareness is required to ensure that no perma-
nent, irreversible negative impact occurs to the natural environment.

In Saskatchewan and in Nunavut, for example, geographical areas of interest
for the exploration group are originally scanned not only for their geological mer-
its and mineral potential but also reviewed against a database of rare and endan-
gered species as well as archeological sensitive areas, supplied by the regulatory
agencies. This information is important in the planning of the exploration work to
avoid any potential interference.

Drilling activities, an essential part of exploration programs, have the potential
to harm the environment if not managed properly. It is in this area particular effort
is made to ensure sustainability. Extensive documentation within the Environ-
mental Management System provides direction in setting out how to proceed. This
commences with the careful selection of the actual drill collar locations, which
must be situated a minimum distance from any body of water. Whenever possible
drilling fluids are circulated within a closed system and only biodegradable addi-
tives are used. Berms are constructed around the drill machine to prevent acciden-
tal release of drilling fluids into the environment. Depending on local conditions
silt barriers are employed in nearby water bodies to ensure that in the unlikely
event of the escape of drilling muds from the drill site, potential contamination is
properly contained and easily managed. Water necessary for the cooling of the
drill bit is taken from nearby bodies of water using pumps with screened in take
hoses 30 cm above the bottom to prevent the intake of any aquatic life. In areas
where drill cuttings return to surface drilling muds and drill cuttings are managed
in such a way that radioactive material is separated from non mineralized material
by using a cyclone separator. This is done directly at the drill site. The radioactive
material is packed in large textile bags and stored within a fenced compound and
is accessible to authorized personnel only.

Particularly significant improvements in the environmental performance for
drilling activities have been achieved through the application of the directional
drilling technique. It allows the drilling of up to 18 different targets from one drill
pad. This method is a direct result of the continuous improvement process required
by the ISO 14001 environmental management standard. In this technique one pilot
hole is drilled and it is from this single hole that multiple targets can be accessed
by using directional motors within the drill string to direct the drill bit. This
method requires the clearing of only one fairly small drill pad and one access trail
is necessary for the large number of drill holes. The reduction in environmental
impact such as land clearing is very significant as some 35 hectares of forest did
not need to be cleared for drill pads or access roads over the last years in one pro-
ject alone. Equally important are the savings in water used for the drilling, reduced
from some 300,000 1/day to 40,0001/day. Very significant savings are also re-
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corded for the diesel fuel used in the drill rig as the pilot hole is drilled only once
per set up. In one exploration project savings of over 100,000 m of drilling have
been realized over the last years resulting in the saving of over 2 million liters of
diesel fuel. Stringent procedures are followed at the end of the drilling campaign
when the sites are rehabilitated. These efforts are made to rehabilitate the sites as
closely as possible to their pre-drilling state. Reclamation may include the spread-
ing of slash or straw and other ground cover across the drill pads to prevent ero-
sion and to enhance the re-growth of the natural vegetation.

Proper management of fuel such as gasoline, diesel and Jet B is extremely im-
portant and has been identified as a central part of the daily field operations. Fuel
is transported to the sites in bulk quantity inside double walled tanks. It is stored in
specifically designed environmental tanks which are monitored on a daily basis for
the volume of the fuel and the technical conditions of the containments them-
selves. Transfer of fuel from a larger to a smaller containments e.g. into 45 gallon
drums for aircraft takes place within a bermed area and the drums are stored inside
a special base designed to collect any potential leakage. Waste oil must be con-
tained for eventual removal from site and disposed of in accordance with applica-
ble regulations. Spill removal kits are supplied at each location where fuel is han-
dled and all field personnel received training in the use of the kits. Heavy
equipment must be parked over absorbent matting to catch any potential oil or
hydraulic fluid leakages. In the main exploration camp in Nunavut the typical oil
based heating system for each individual building has been replaced by electric
heat derived from one central generator, fed from a double walled bermed diesel
tank. This has reduced considerably the potential for fuel spills.

Waste management is another important focus in the environmental protection
processes. Reusing materials is strongly encouraged and recycling items such as
batteries, printing cartridges and beverage containers is mandatory. Wherever
possible waste is incinerated at remote sites and eventually taken to landfill sites
for proper disposal.

The protection of biodiversity in naturally sensitive areas, such as the tundra or
the northern boreal forests, is achieved in many ways. During winter exploration
programs creeks are crossed by using temporary mobile bridges or seasonal ice
bridges. In the Nunavut project all land transportation to the exploration areas is
allowed only in the winter months when the tundra and water bodies are frozen. In
the summer months all transportation is by air only, usually by helicopter. Wood-
en walkways between the different buildings and work sites in the main explora-
tion camp ensure that the fragile tundra is not harmed during the summer months
when a thin zone of surface thaw exists.

Exploration occurs in areas where wildlife exists and stringent measures are
established to minimize interaction between people and animals. To this effect
measures have been taken to prevent approaching, feeding, harassment or hunt-
ing of animals. In the Nunavut tundra the company adheres to its caribou protec-
tion commitment by working closely with local caribou management boards.
Traditional knowledge of the First Nations people is employed in the environ-
mental protection and monitoring of caribou and other wildlife. Exploration ac-
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tivities such as drilling, geophysical surveys or flights of aircraft are reduced or
temporarily halted altogether should larger groups of caribou be present within a
1 km radius of the activity. Operations will resume only once the animals have
left the area.

Further Developments

The Environmental Management System is continuously evolving and adjusting to
changes in regulatory, public, business and corporate requirements. Future im-
provements will include more refined risk assessment approaches and heightened
hazard analysis. The extended promotion of the system to contractors provides
additional improvement. Awareness and training sessions for staff are also ongo-
ing using state of the art media techniques. More and more of the administration
and documentation work is being transferred from the traditional paper trail to
fully electronic media and this will continue.

Summary

The Environmental Management System at AREVA Resources Canada Inc.,
which is part of a much larger Integrated Management Process, is now firmly
established and is a central part of the operations of the company. The efforts of
the company and its leadership in environmental management in uranium explora-
tion and mining and milling are widely recognized by employees, peers and regu-
latory bodies. Some of the processes and requirements, originally designed for
internal company use have now been adopted by some provincial and territorial
regulatory agencies as the base for their own applications. ARC’s leadership and
initiative in uranium exploration in Canada has set the standard for others to fol-
low, enticing competitors to establish and implement their own Environmental
Management Systems demonstrating clearly their awareness and responsibility to
the public.

The general environmental performance of ARC has consistently improved and
strengthened since the system has been in place. It has promoted industry-govern-
mental relations and has facilitated the attainment of work permits and licenses
from regulatory bodies. The company has demonstrated reasonable care and has
been able to maintain and improve the trust of the general public as well as foster
relations with stakeholders and communities impacted by the operations.

The Environmental Management System along with its parent Integrated Man-
agement Process adapts constantly to changes in business, corporate and regula-
tory requirements.
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Developing an “Alternative” Mining Method

Franz-Werner Gerressen, Heiko Kopfmiiller

Abstract. For its Mclean Lake project, challenging due to its geotechnical nature
and the applying environmental and health related restrictions, AREVA Resources
Canada Ltd. addressed BAUER Maschinen GmbH for the development of an
alternative mining method for small, pocket-shaped, high-grade uranium deposits,
embedded in sandstone end of 2007. In close cooperation with AREVA Resources
Canada Ltd., BAUER Maschinen GmbH designed and manufactured a system to
mine the uranium ore, the so called High Pressure Reverse Circulation (HPRC)
system.

Introduction

Even in the days of the Japanese tragedy, the increasing global demand for energy
can realistically only be satisfied with nuclear energy production and the public
focus will force the nuclear industry to look on more environmental friendly and
economic methods for mining the uranium deposits.

Canada had a 25% share of the 2007 world uranium production and the richest
deposits can be found in the northern part of the Saskatchewan province.

In 2008 the French energy company AREVA, represented by its Canadian sub-
sidiary AREVA RESOURCES CANADA Ltd. and BAUER Maschinen GmbH
joined forces for the development of an alternative mining method to exploit these
high-grade, geotechnical challenging deposits.

Franz-Werner Gerressen
BAUER Maschinen GmbH

Heiko Kopfmiiller
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Saskatchewan Uranium Deposits

The Athabasca Basin is host to unconformity-associated type Uranium deposits.
Mineralization occurs at, above or below the unconformity which separates the
Proterozoic Athabasca Sandstone Group from the underlying metamorphosed
gneissic rock. Sandstone and basement hosted mineralization is usually associated
with graphitic faults, pathfinder alteration minerals and brittle reactivation of older
ductile fault systems. Deposits range in shape from massive pitchblende lens-
shaped deposits with uranium contents of 20% (and even “rich ore zones” with
50%) to discrete zones of pitchblende veins. Dimensions of the typical lens-
shaped ore body are 20 X 50 m and 10—15 m thickness, in a depth of 150—180 m.

AREVA Resources Canada Ltd., a subsidiary of the AREVA group, is one of
the world’s leading uranium exploration, mining and milling companies, partner
and sharcholder in several Joint Ventures in the Athabasca basin. It operates the
newest, most technologically advanced uranium mill at McClean Lake, producing
“Yellow Cake” from its own three local open pit operations as well as for other
companies.

High Pressure Mining

With the need for an economic feasibly mining method for high-grade, small sized
uranium deposits with respect to the strict legal restraints regarding environmental
impact, health and safety requirements, AREVA addressed BAUER Maschinen
GmbH for the development in late 2007.

Fig. 1 Inspecting a mined
Kaolin cavern
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Three years before, BAUER Maschinen GmbH already gained experience in
“wet-mining”, developing a high pressure mining method and technology for
GEBRUDER DORFNER GmbH, a German Kaolin miner (Fig. 1), to economi-
cally mine Kaolin deposits, avoiding huge open pits by modifying the existing and
well developed Jet Grouting foundation technology into a mining application.

RC Sampling

For a diamond exploration project in Saskatchewan Canada, BAUER Maschinen
GmbH 2005 designed and manufactured a sampling system on basis of its BG36
drill rig, capable of drilling 1.2 m diameter to a depth of 360 m, the BG36 RC
(Fig. 2). With an RC — reverse circulation — ore recovery and automated screening
and bagging system, two units drilled for three years in an all-year, 24/7 operation,
recovering more than 75,000 t of kimberlite ore.

Fig.2 BG36 RC drilling in Saskatchewan
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New Mining System

Technical discussions between AREVA and BAUER started 2008. The input of

AREVA'’s records of its own field trials and BAUER's engineering expertise,

soon lead to a solution. With respect to the specific requirements of the deposits

the method had already worked well, but the technical solution needed improve-

ment. Combining the already known and above mentioned methods, BAUER

created the HPRC system: High Pressure water jet and RC ore recovery system.
The HPRC system comprises

e HPRC power swivel w/flushing heads and crowd system;
e HPRC operation control unit in 20’ container, incl. HP pump remote control
and HPRC hydraulics;

.+~ Conductor casing

— Sioel ring

Concrele base

Steel case
Cc-ncnala base

Bedrock/Athabasca sandsione

Fig. 3 Well head installation

Fig. 4 HPRC principle
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e 36 HPRC multi-channel mining rods;
e HPRC mining heads (4 different configurations); and
e HPRC air inlet assembly.

The mining procedure is based on a two-step sequence. For the 2009 field tests
four holes have been prepared. The first step — the preparation step — was to drill
and fully case from surface to ore body. Sealed with a wellhead installation on top
and cementation of the casing (Fig. 3), a possible contamination of the environ-
ment and the aquifers was prevented.

For the second step — the actual mining — the BAUER HPRC system had to be
adapted to a 3rd party drill rig and inserted in the predrilled boreholes. The mining
process can also be divided in two, but simultaneously executed steps.

The jetting process, where the up to 600 bar HP water jet cuts the uranium ore
in a 360+ oscillating motion, and the discharge process, where the produced ore
is transported to surface by the RC subsystem (Fig. 4) and directly discharged into
a screening and dewatering system, ready for collection and further processing.

Technical Features

The HPRC power swivel (Fig. 5) is a modified BAUER KDK 145, equipped with
a clamping head and tiltable for easy and safe rod handling and incorporates also
an independent feed system for high-accuracy vertical positioning. With respect to
the eccentric, multi-channel configuration of the HPRC system, the power swivel
was designed to oscillate with adjustable rotation speed 360°+.

The HPRC operation control unit is placed in a climate controlled 20’ container
(Fig. 6) that also hosts the HP pump remote control center and the HPRC hydrau-
lic and electronic control compartment. All necessary hydraulic and electric power
is routed from the base machine to the HPRC system via the OP container. Big
windows give excellent view to the mining rig and the attached HPRC system.

Fig. 5 HPRC power swivel
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Fig. 6 Mining Control

Fig. 7 Operator seat

Fig. 8 BAUER B-Tronic Mining
Control System

The operator controls the HPRC system incl. basic rig functions from a central
operator’s seat (Fig. 7), equipped with a modified for purpose BAUER B-Tronic
system (Fig. 8), that displays, monitors and records all system and operational
parameter and data.

The design of the mining rods and all down hole tools was quite some chal-
lenge regarding the selection of the connectors. A solution for the problem, the
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Fig. 9 BAUER connector

multi channel, eccentric design of the system in combination with the safety re-
lated necessity for 100% leak proof connection of the HP lines — operated with
600 bar — soon was discovered to be already in BAUERs equipment shelf. With
some modification, the connectors (Fig. 9) provided the necessary perfect align-
ment for pressure-tightness of the mining rod channels. Quality control after
manufacturing included pressure testing (e.g. 1000 bar for the HP lines).

Future Design

The 2009 field trials at McClean Lake showed superior performance to the former
AREVA system and was followed by a second design stage for system improve-
ments for 2010. The improvement design included, beside others, adaption of
a mud motor, a modified mining head, software modification and was validated in
a successive test program.

Currently AREVA and BAUER Maschinen are discussing the third design
stage to take the step from a test system to a production system. New features will
include GPS integration, enhanced visualization, processing of digital mining
plans and more. The updated system will be tested in 2012. The final HPRC sys-
tem is planned to start production 2013 with parallel mining units.






Assessment of Radiological Impact
on the Environment During Recovery
of Uranium from Phosphate Rocks
and Phosphoric Acid

A.H. Khan

Abstract. Increasing demand for nuclear power has necessitated a fresh look at
non-conventional sources of uranium such as phosphate rocks and phosphoric
acid. Phosphate rocks are known to contain uranium around 50 to 200 parts per
million (ppm); sometimes even up to about 800 ppm. About 150 milliont of rock
phosphates containing about 120 ppm of uranium amounting to a total of about
18,000t of uranium are mined and processed around the world annually. The
world potential for recovery of uranium from weak phosphoric acid is reported to
be around 7000 t per annum. During production of phosphoric acid, while uranium
goes with the acid, *°Ra and other environmentally important radionuclides
emerge with the phosphogypsum. As all the decay products of uranium are present
in the phosphate rocks, processing of large quantities of phosphate rocks has a
potential for contamination of the surroundings with the enhanced natural radioac-
tivity. An assessment of the potential exposure of workers to radiation and the
impact on the environment from the radionuclides present in the rock phosphates
and the product materials is considered important.

Introduction

Phosphate rocks used for manufacture of phosphoric acid and certain fertilizers
mined on a large scale in many parts of the world are known to contain uranium in
the range of 50—200 parts per million (ppm), sometimes as high as 600—-800 ppm.
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Uranium inventories in the phosphate deposits of major phosphate mining coun-
tries are estimated to be about 9 million t (wise-uranium.org 2010). Hence, rock
phosphates and phosphoric acid produced from it are considered an important
secondary source of uranium. Recovery of uranium from the phosphoric acid will
help in reducing the environmental burden of radioactivity which would otherwise
find its way to the environment along with the fertilizers. As the specific activity
of the rock phosphate is generally low, its impact on the environment is also ex-
pected to be only marginal. But the large quantity of phosphogypsum produced
needs to be disposed safely and may require an assessment of its potential impact
on the environment. Radiological impact on the environment during recovery of
uranium from phosphates and phosphoric acid can be assessed in the light of
IAEA TECDOC (IAEA 1997), though this document is basically meant for the
mining and processing of uranium ores. It requires the evaluation of baseline lev-
els of uranium, radium and other long-lived radionuclides of the uranium decay
chain in soil, water and air as well as their concentrations in the flora and fauna in
the vicinity of the proposed facility. Since most of the radionuclides other than
uranium go with the phosphogypsum, it is important to consider the end use of
phosphogypsum; whether it is used for land fill, soil modification or in construc-
tion material, after meeting the requirements of exemption. During recovery of
uranium from the weak phosphoric acid there is low potential for radioactivity
reaching the environment. However, environmental monitoring is desirable to
evaluate the realistic radiological impact, to ensure compliance with regulatory
requirements and serve as a confidence building measure among the stake holders.
This paper intends to summarize the environmental impact assessment and the
applicable international regulatory norms associated with the recovery of uranium
from phosphate rocks and phosphoric acid.

Radioactivity in the Phosphate Rocks

A survey of literature gives varying quantities of uranium and radium content of the
rock phosphates produced in different countries. From a study of over 300 samples
Menzel (1968) has given median contents of uranium, thorium and radium in phos-
phate rocks obtained from different countries as 59 ppm (1475Bq/kg), 8 ppm
(64 Bg/g) and 18 ng/kg (666 Bq/kg), respectively. Many other authors have reported
similar values. Table 1 gives a summary of uranium and ***Ra present in some
phosphate rocks of different origins (Cioroianu et al. 1998).

As reported by Gupta and Singh (2003), phosphate rock deposits of Mussorie
in northern India have 25-840 ppm U (avg: 408 ppm = 10.2 kBg/kg) and those in
Karnataka in southern India 290-840 ppm U (=7.2-21.0kBq/kg). Phosphate rock
production in India is around 1.2 million t per annum (wise 2009).
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Table 1 Uranium and radium and thorium content of some phosphate rocks

Origin of phosphate rocks U content (Bqkg ") 2%Ra (Bqkg ™"
Florida 2000-3750 750-1500
Carolina 2000-3000 600—-1000
Morocco 2500-4000 800-1600
Tunis 750-1250 250-350
Algeria 2500-3000 700-850
Israel 2000-3500 800-1200
Jordan 2000-2750 800-900
Togo 2500-2750 950-1000
Senegal 2500-3000 950-1100
Kola (Volcanic) 20 70
(1mg=25Bq)

Uranium Recovery from Phosphate Mineral

The finely ground phosphate rock is treated with sulfuric acid at 70—-80°C to
manufacture phosphoric acid according to the following chemical reaction,

Cayy (PO, ), F, +10H,S0, +20H,0 — 6H;PO, +10CaSO, -2H,0 + 2HF .

Nearly 5 t of phosphogypsum is generated per ton of the phosphoric acid pro-
duced. Most of the uranium and nearly 10% of the radium present in the mineral
rock goes with the phosphoric acid. Nearly 90% of the radium-226 and a small
fraction (= 10%) of uranium originally present are retained in the phosphogypsum.
The phosphoric acid so produced is mostly used for the production of fertilizers
and the radioactivity may find its way to the environment. However, the uranium
present in the phosphoric acid can be recovered by solvent extraction process
described in detail by different authors (Gupta and Singh 2003; Cioroianu et al.
1998). Ion exchange process can also be used to recover uranium.

While serving as an additional source of uranium for the nuclear power indus-
try, recovery of uranium from phosphates or phosphoric acid helps in reducing the
environmental burden as it would otherwise go with the fertilizers and get dis-
persed in the environment. Large scale use of uranium containing fertilizer has a
potential to contaminate the farm lands and near surface ground waters. It has also
a small potential for pickup by plants. Hence, uranium recovery is receiving im-
portance.

As most of the radium-226 and other radionuclides go with the phosphogyp-
sum, radiation exposure of workers is expected to be only in the final stages of
uranium recovery, precipitation, drying and packing operations. Uranium being
predominantly an alpha emitter potential for external radiation exposure during
uranium recovery is small. But contamination of floor and equipment surfaces and
inhalation of radioactive aerosols or fine dust are the potential hazards. Therefore,
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monitoring of the workplace is necessary to evaluate the personnel exposure and
efficacy of the control measures.

Presence of radionuclides in the phosphogypsum has a small potential for pub-
lic exposure and environmental contamination near the stockpiles.

Essential Elements of the EIA

Environmental impact assessment is an integral part of any large industry today.
The extent of the assessment however depends on the potential hazards associated
with the industry. Every country has evolved regulations for the environmental
impact assessment for different industries which take care of the interests of all the
stake holders like the members of the public, the project proponent and the regula-
tory authority. Presence of radioactivity adds yet another dimension to the impact
assessment. Hence a baseline survey before the operations, workplace and envi-
ronmental monitoring during operations and after decommissioning are the essen-
tial elements of environmental impact assessment.

A baseline survey of the environment with regard to the topography, geology,
surface hydrology, local flora and fauna, population in the immediate vicinity and
the existing status is generally carried out for most of the industries. For plants
dealing with radioactive material, measurement of background concentrations of
radionuclides and trace metals in soil, water, sediments, air and local biota are
carried out and recorded for future reference (IAEA 1997). Monitoring of gamma
radiation and radon with its progeny may also be carried out to evaluate the doses
to the public prior to the commissioning of the plant and a record maintained to
compare with those during and post operational phase. In view of the low level of
radioactivity present in the raw material and the in the wastes, the regulatory au-
thority may decide the extent and frequency of such monitoring program. Plan for
storage and transport of the product, disposal of the phosphogypsum containing
low levels of radioactivity and decommissioning operations is to be prepared at
the start of the operations and reviewed periodically. Disposal of phosphogypsum
in public domain and for unrestricted use should comply with the exemption levels
specified for different purposes by the national and international authorities (IAEA
1996; AERB 2009).

The initial process of recovery of uranium from the phosphate rock is the same
as production of phosphoric acid for production of fertilizers. When uranium is
recovered, the environmental impact is mostly from the disposal of large quanti-
ties of phosphogypsum. Environmental impact assessment of phosphogypsum
disposal and its utilization as building construction material in India have been
reported by a few investigators (Haridasan and Paul 1994; Shukla et al. 1996;
Haridasan et al. 2000). The essential features of these studies are given here as
a case study.
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A Case Study: Environmental Impact
of Phosphogypsum Disposal

Studies for the recovery of uranium from phosphate rocks are in the initial stages
in India but there are many fertilizer plants in the country producing nearly
0.11 million t of phosphoric acid and about 0.50 milliont of phosphogypsum an-
nually. Environmental impact assessment of fertilizer plants processing rock
phosphate is summarized here as a case study (Haridasan et al. 2000). Imported
rock phosphate containing appreciable quantities of uranium is processed in the
plants by wet process. Typical uranium (***U) and **°Ra content of the raw mate-
rial and the product from these plants is summarized in Table 2.

Large quantities of phosphogypsum are disposed on land acquired by the plant.
The environmental monitoring around the disposal site comprises of gamma radia-
tion and radon progeny measurements. The gamma radiation measured over the
uncovered phosphogypsum pile ranged from 0.3 to 0.5 uGy-h 'and from 0.1 to
0.15uGy-h™' over the pile covered with 0.5m thick soil layer. A cover of 1 m
thick soil layer reduced the gamma radiation level to 0.05 to 0.1 uGy - h™', which is
the same as the local background. Radon progeny concentrations measured about
300 m away from the phosphogypsum pile during the course of a day varied from
1.54 mWL (06.00 pm) to 13.05 mWL (03.00 am) with the average at 7.6 mWL.

The stockpiling of large quantities of phosphogypsum in the open is subject
to influences of rain and other weather conditions. Leachability of radium-226
from phosphogypsum in distilled water and rain water was studied under different
conditions such as contact time and solid to liquid ratio. In laboratory experiments
with small quantity of sample with distilled water it was observed the radium-226
in leachate varied from 0.08 to 0.38 Bq-I"'compared to a concentration of 0.09 to
0.28 Bq-1"' (Haridasan et al. 2002). Radium-226 leached out from the phospho-
gypsum piles is likely to reach the nearby water body and may slightly elevate the
radium-226 concentrations in the water and sediments (Haridasan and Paul 1994).

Regulatory Requirement for Use of Phosphogypsum

The phosphogypsum can be used for different purposes including that as a con-
struction material if it meets the exemption level specified by the regulatory body.

Table.2 Typical uranium and radium concentrations in the raw materials and the products in the
fertilizer plants (Haridasan et al. 2000)

Material 23U (Bqkg ") 26Ra (Bq'kg ")
Rock phosphate 1013-1704 1285-1370
Phosphogypsum 140-205 449-939
Phosphoric acid (P,Os) 2280-2578 3.8-10.7

Fertilizer product (P,05—20%) 741-1013 8-14
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The Atomic Energy Regulatory Board (AERB 2009) requires that processing in-
dustries in India analyze uranium-238 and radium-226 content in each imported
consignment of rock phosphate. It prescribed an exemption level of 1Bq- g for
radium-226. If it is more the seller must mix with other ingredients to meet limit.
It further exempts the manufacturing and use of phosphogypsum panels or blocks
with radium-226 content below 40 kBq - m *.

Conclusion

In view of the presence of significant levels of uranium, radium and other radio-
nuclides it is desirable to carry out environmental impact assessment during proc-
essing of rock phosphates for recovery of uranium or for manufacture of fertilizers
to demonstrate that the radiation exposure in the public domain is below the public
dose limit of 1 mSv -y . Periodical workplace monitoring is also desirable to eva-
luate the radiation exposure of workers in the uranium precipitation, drying and
packing areas, though the exposure levels are expected to be low. The phospho-
gypsum may be used if radium-226 content meets the exemption level.
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Uranium Pollution in an Estuary Affected
by Two Different Contamination Sources

Guillermo Manjén, Maria Villa, Rafael Garcia-Tenorio, Juan Mantero,
Santigo Hurtado, Mouloud Lehritani

Abstract. Odiel River estuary has been deeply affected, from 1960s until 1990s,
by direct discharges of phosphogypsum due to operation of phosphoric acid facto-
ries. When direct discharges were halted, a self-cleaning of river has been ob-
served. However, a second source or uranium due to former mining operations,
located in the Iberian Pyrite Belt, could prevent the complete uranium cleaning
due to acid mine drainage of uranium from the upstream Odiel River basin. An
exhaustive study, using different analyzing techniques, allows discovering this
second source of uranium contamination.

Introduction

Former phosphogypsum discharges to Odiel Estuary (SW Spain) from the phos-
phate industries of the area increased for more than twenty years the concentration
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in natural radioisotopes, such as uranium isotopes, in the Tinto and Odiel river
mouths that form the Odiel Estuary (Martinez-Aguirre et al. 1994, 1995, 1999)
But in the last decade the new waste management policy banned direct phospho-
gypsum releases to both rivers, being expected a decreasing in uranium concentra-
tion levels in the Estuary to the natural levels typical of uncontaminated areas
(Absi et al. 2004; Absi 2005; Villa et al. 2005, 2009, 2010). This gives, in princi-
ple, a unique opportunity for the study of the response of a contaminated environ-
mental compartment after the cessation of the main source of pollution.

In this work uranium concentrations, in samples collected in 2005 and 2008, in
the estuary sediments are presented. These data, levels of U-isotopes and isotope
activity ratios, are compared to data obtained in 2010 along the Odiel River basin,
from the river sources until the estuary. Previous uranium concentration in the
estuary are also reviewed to study the time evolution of uranium concentration in
order to supply new data of the mechanisms of decontamination of a scenario
formerly affected by Naturally Occurring Radioactive Materials (NORM) dis-
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Fig. 1 Samples collected along the Odiel River basin (samples 1-8 collected in 2010 and sam-

ples 9-18 collected in 2005) and **U activity concentration in sediments collected along the

Odiel River basin. The estuary of Odiel River is shown in Fig. 2
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charges. On a first stage there was observed a steep decreasing of the uranium
concentration in most of the Estuary. However the cleaning of the area for ura-
nium isotopes is not as fast as expected in comparison to other radionuclides.

Experimental

The sampling stations are presented in Fig. 1 (the whole Odiel River basin) and
Fig. 2 (only the Odiel River estuary).

Former
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New Phosphogypsum
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Fig. 2 Samples collected in the Odiel River estuary. Tinto River has been also sampled, but the
corresponding results are not taken into account in this paper
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Two different zones must be considered in Fig. 1: the estuary of Odiel River,
from station number 9 to station number 18, and the rest of the Odiel River basin,
from the sources of river to the estuary (stations 1-8). In Fig. 2 the distribution of
sampling stations in the estuary can be observed.

The phosphoric acid wastes were directly discharged in front of sampling sta-
tion number 12, additionally, wastes (without radioactive material) from a sulfuric
acid factory were released in front of station number 13. The same sampling sta-
tions were considered in the whole sampling campaigns, from 1989 to 2008.

Water and sediment samples were collected in the successive sampling cam-
paigns. Sediments were dried and homogenized before analyses. The radiochemi-
cal method applied to sediments, collected in the period 1989-2005, is based in the
separation of uranium from the sample solution with TBP (Villa et al. 2010). The
samples collected in 2008 were analyzed using UTEVA chromatographic columns
(Lehritani Hamine 2008). ***U and ***U activity of samples were measured in an
Alpha Analyst (manufactured by Canberra) chain by alpha-spectrometry, using
PIPS detectors.

Results

U-isotopes (***U and **U) corresponding to sediments collected in the Odiel River
estuary from 1989 to 2008 are listed in Tables 1 and 2. The results corresponding
to sediments collected along the whole Odiel River in 2010 are listed in Table 3.
In the Fig. 1 the results of activity concentration of ***U in sediments collected in
2005 in the estuary are shown to compare the levels to the activity concentration
of same radionuclide in sediments collected upstream. The sediments, collected in
the Estuary in 2008 (later estuary data), were only analyzed to check the stability
of uranium levels in the zone. In this later campaign, where estuary was studied,
the activity concentration of U-isotopes reached 173 Bq/kg in the former phospho-
gypsum releases area (sampling station number 11, where firstly activity concen-
tration increase downstream), and decreased to 6.9 Bq/kg in the channel that Odiel
and Tinto rivers have in common. According to Table 3, activity concentration of
U upstream reached 209 Bq/kg in sampling station 5, where mining wastes are
mainly deposited, and remains in dissolution along the rest of the Odiel river (ac-

Table 1 Activity concentration of U-isotopes (Bg/kg) and U/

sediments collected in 2008 in the Odiel River estuary

U activity ratio in samples of

Activity concentration (Bg/kg) Activity ratio
Sample ZSXU 234U 234U/238U
11 160+7 1737 1.08+£0.06
15 103+3 110£3 1.07+0.04

19 6.9+0.4 7.6+£0.5 1.10+0.09
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Table 2 Activity concentration of ***U (Bg/kg) in samples of sediments collected in 1989, 1999
and 2005 in the Odiel River estuary (Villa et al. 2009)

28U Activity concentration (Bg/kg)

Sample 2005 1999 1989

9 64+1 36+1 25+1

10 71+2 192+5 548+ 14
11 337+7 475+12 840+25
12 403+8 56510 631+21
13 179+4 258+5 1106+35
14 88+2 1050+20 79+4

15 80+2 118+3 1079+41
16 60+2 1364 299.0+£13.0
17 35+2 251+8 299+13
18 24+0.1 4.1£0.2 25+1

19 57+0.4 46+1 548+ 14

Table 3 Activity concentration of U-isotopes (Bg/kg) and U/

sediments collected upstream in the Odiel River in 2010

U activity ratio in samples of

Activity concentration (Bg/kg) Activity ratio

Sample 238U 234U 234U/238U

1 59+0.3 6.3£0.3 1.07+0.07
2 33+03 43+0.3 1.30+0.11
3 311 44+2 1.45+0.06
4 5.0+04 6.4+04 1.28+0.10
5 209+10 211+10 1.01£0.07
6 22+1 33+2 1.51+0.08
7 9.2+£0.7 15.6+0.9 1.70+0.09
8 10.2+0.6 15.9+£0.8 1.56+£0.08

tivity concentration in sediments about 10 Bg/kg in sampling stations 7 and 8).
However, the **U levels obtained in samples collected before the halt of direct
discharges, corresponding to the 1989 sampling campaign, were clearly higher:
1106 B/kg in the sampling station number 13.

Discussion

The most abundant natural radionuclides in phosphogypsum are ***Ra and *'°Pb
(80% of activity in the raw material), whereas only 20% of raw material activity
(Renteria-Villalobos et al. 2010) of U-isotopes is associated to this byproduct.
For that the first studies on the radioactive impact of phosphoric acid factories
were based on the distribution and time — evolution of these radioisotopes
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(Martinez Aguirre et al. 1994; Absi et al. 2004). Although the radioactive impact
of uranium is lower, its study can be important if an additional source of this
radionuclide in water and sediments of estuary must be traced. Indeed, uranium
is also transferred into the Odiel estuary by lixiviation in the pyrite mining area
located upstream the river (Sainz et al. 2003, 2004; Sanchez Espaiia et al. 2006;
Santos Bermejo et al. 2003; Ferreira da Silva et al. 2009). The presence of ura-
nium in mine lixiviates is well established (Ulrich et al. 2006) and depends of
water pH, oxidation state and the presence of iron. Although results from Tinto
River are not shown in this paper, a similar behavior of radionuclides is expected
in this r