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Abstract. In many cases the most important environmental issue for in situ leach uranium mining technology is
the impact on groundwater. Usually the greatest issue is the chemical condition of the ore bearing aquifer
following the completion of leaching. Based on experience gained during post leach monitoring, it has been
found that in properly selected sites the impact following leaching is greatly reduced because of the process of
self restoration, otherwise known as natural attenuation. This paper provides ground water monitoring data from
1985 to 1997 following completion of leaching at the Irkol uranium deposit, Kazakhstan. It shows the evolution
of the pH, and other chemical parameters over this period. The monitoring results demonstrate that at this site the
process of natural attenuation appears to have effectively reduced the impact on groundwater at the site, as well
as to keep contaminated leaching fluids from moving more than a few hundreds of metres from the wellfield.

For objective reasons, a contradictory situation has been long formed in the world commercial
production of non-ferrous metals in which the supply of metals grows while the primary production
goes down. The ore used in the production of non-ferrous metals is becoming lower grade. Therefore,
in order to maintain and increase an appropriate level of the metal output, ores have to be mined in
larger quantities.

Mining equipment for ore production is increasing in capacity, and more toxic agents are being used
for ore dressing and concentrate production. A large quantity of fuel and flux is also used in
metallurgical plants to produce increasing volumes of concentrates. This results in a growing negative
impact on the environment. One way of reversing this situation may be the comprehensive use of
geotechnical methods for mineral production and processing.

The geotechnology is a complex of processes and operations with a minimal impact on the
environment. The geo-technology, in situ leach (ISL) mining may be considered to be the safest
mining method with regards to the environment. The environment is a large system which is formed
as a result of interaction of its three subsystems, namely, ecology, man and technology. It is difficult
to underestimate the role of in situ uranium leaching in the solution of a large social problems by
freeing people from working in radioactive dusty mines and open pits.

In situ metals leaching is a mining method using selective transfer of the useful component into the
liquid phase within the ore followed by processing of the pregnant (production) solution. This method
enables one to apply one of the basic hydrometallurgical process - percolation taking place within
the ore occurrence. It should be noted that this method uses only natural processes. They are
intensified due to the oxidation-reduction in the hydrochemical environment caused by the action of
reagents - sulphuric acid in sulphuric acid leaching, and either ammonium or sodium bicarbonate in
carbonate leaching.

Recently, as a result of the development of metal mining by ISL at ore deposits located in aquifers,
the question of groundwater restoration after completing mining has become of increasing interest.

The environmental disturbance of ISL mining is characterized as the following:

— All operations are conducted within ore occurrence without any substantial site development.
The ISL mining does not cause any significant mechanical disturbance of the surface and
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subsoil (as compared to conventional mining). When mining roll front type (bed infiltration)
deposits using a system of wells, such disturbances do not take place.

— During leaching of roll front type deposits the ISL process is performed as a closed cycle
based on the balance of the volume of injected and recovered solutions. Pumping to recover
the solution develops a cone of the depression in the groundwater in the vicinity of recovery
wells. During this process a closed hydraulic contour is formed in the ISL leaching area. This
prevents any migration of solutions outside of the leach area. Along the border of the leach
field is formed a strong acid-alkaline barrier beyond which any substantial flow of the acid
ISL solution is prevented.

— ISL processes (both acid and carbonate) cause substantial changes in the ground-water
chemistry in ISL leach fields. They may increase the concentration of the total dissolved
solids by up to ten times. These components include aluminium, iron, nitrates, heavy metals,
microelements and also radionuclides.

Such increases in total dissolved solids are relatively short-lived and strictly limited in area.
Nevertheless, under the current environmental law, special water users - such as ISL project - must
provide continuous monitoring of the water resources (aquifers) and take measures to ensure the water
quality of the aquifers return almost to the pre-mining baseline conditions after the completion of
mining.

At present, there are two main restoration methods in the technology of groundwater treatment from
man-caused contamination. The first method utilizes physiochemical and biological treatment of the
contaminated aquifers and groundwater, with or without pumping the water to the surface. The second
method includes treating the water mainly in place. These technological processes are difficult to
carry out. They are rather costly and not very efficient and both ultimately require the construction
and maintenance of radioactive waste storage site. Costs of the above water treatment methods are
high amounting to 20-50% of the final ISL product (i.e. uranium cost).

When choosing optimal methods for the ground-water restoration, first of all, we should define
whether we understand the impact of the ISL process on the environment. The authors, who have a
large experience in ISL production, contend that mining of the roll front type uranium deposits affects
only the aquifer hydrogeochemistry by changing its oxidation-reduction state. Quantities of sulphates,
(during acid leach) or carbonates, (during alkaline leach) introduced during the ISL process are very
small compared to their natural quantities in the water and rocks involved in the ISL process.

Following the impact caused during leaching, reduction of the natural reduction-oxidation aquifer
conditions start, and this is followed by demineralization of the groundwater.

To better understand this process, from mid-1980s, a group of scientists and experts in uranium
production conducted theoretical and experimental studies of the behaviour of the residual ISL
solution after the completion of mining. The major conclusion of the studies is that the ore-hosting
epigenetic zoned hydrochemical medium is resistant to intensive ISL impact. The groundwater system
tends to return to pre-mining condition by self-neutralization, or "natural attenuation", once the
introduction of leaching solution is suspended. It has been demonstrated at several test sites that a
slow but irreversible neutralization of ISL leaching solutions takes place in aquifers containing
residual solution plumes after leaching is stopped. This process is based both on the action of natural
geochemical barriers, which are an integral factor of the epigenetic chemical zoning of such uranium
deposits, and barriers that result from the mining itself.

At the neutralization (alkaline) barrier it has been observed that pH increases from 2.0-2.5 to 7.5-
8.5 mV due to a reduction in the content of potential acidifiers (iron disulphides and other), and an
increase in the content of neutralizers (carbonates, chlorides, alkali earth, chips of feldspar grains,
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montmorillonite and hydromica clays and other). In this zone, the formation of insoluble cement and
gypsum take place, accompanied by isomorphic absorption of strontium, barium, radium and other
heavy metals. At the same time, the precipitation of aluminium and iron hydroxides take place. These
precipitates also absorb light and heavy metals. Bicarbonates are neutralized to carbonates forming
almost insoluble calcium and magnesium dolomites. Ferrous iron is hydrolysed to ferric iron, which
forms a strong reduction barrier.

The reduction barrier is characterized by a decrease of the oxidation-reduction potential from 350-
450 to 0-150 mV. In this zone, the carbon substances, pyrite sulphur, bitumen, organic substances,
hydrogen and hydrogen sulphide in the unoxidized rocks precipitate uranium, radionuclides,
molybdenum, arsenic, selenium and tellurium. When the content of carbonaceous matter and
phosphates increases, a sorption barrier is formed which also absorbs a number of microelements and
radionuclides. Therefore, both reduction and sorption barriers develop near the limit of the ISL field.

A special role in purification of the groundwater from sulphate and nitrate enrichment belongs to
spore forming bacteria. Such bacteria spores occur in unoxidized sands of host aquifers. With a pH
value of 6-7, mineralization of the groundwater is close to the nutrient medium for the bacteria
reproduction. In the presence of soluble organic carbon the vital activity of bacteria becomes more
intensive.

Both laboratory and field tests in the wells of Severny and Yuzhny (i.e. North and South) Karamurun
deposits have demonstrated that sulphate reducing bacteria adapted to sulphate media (pH 3.7 to 5)
decrease the content of sulphates in the ore solutions from 10 to 0.5 g/1. At these sites the content of
sulphates is halved from 5.4 to 2.7 grams/litre over a few months.

On the basis of these theoretical conclusions monitoring was conducted at test and commercial
production sites in the CIS republics (Uzbekistan, Kazakhstan, Ukraine) and in the U.S.A. The largest
scale and most detailed studies of the natural hydrochemical processes and self-purification (i.e.
natural attenuation) of the stratal water contaminated by the products of sulphuric acid uranium ISL
were carried out at the Irkol deposit in Kazakhstan and Yuzhny Bukinay deposit in Uzbekistan.
Similar surveys have been conducted at the Yuzhny Karamurun and Uvanas deposits in Kazakhstan.

Based on the results of the long term monitoring, it was established that mineralization of the residual
solution is reduced due to hydraulic dispersion, molecular diffusion, physical and chemical reactions
with host rocks, mechanical sorption and monatomic ion exchange. The rate and efficiency of the
process, first of all, depends on the sorption properties of the aquifer host rocks. The presence of
residual carbonates significantly accelerates the process of natural attenuation following sulphuric
acid ISL The other positive factors are a low thickness of the ore-hosting horizon and increased
depths of deposit, where increased temperature and pressure help catalyse and accelerate the process.

The results of 13 years of monitoring of the self-purification process at the Irkol deposit supports the
authors conclusion. The Irkol deposit is located in Kzyl-ordinskaia oblast in Mining Group Number 6.
The detailed exploration was finished in 1985. Ore occurs in sands of Cretaceous age, at a depth
ranging from 390 to 700 m. The average depth is 400-450 m. The reserves are 21 800 t U with an
average uranium content of 0.042%. The ore is non-calcareous with a CO2 content of 0.2%.

Here, over two and a half years, a full-scale in-situ sulphuric acid leach test was carried out at the
depth of 450 meters. 65 tons of uranium were mined at the site with a recovery of 80%. Following
completion of leaching from 1985 to 1997, systematic sampling of the remaining residual leach
solutions was done using recovery and monitor wells. The monitoring was carried out every half year
to determine the concentration of a large number of components remaining in the solutions.
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w FIG. 1. Sulphate concentration (SO/' grams/litre, (g/l)) in residual leach solution at the Irkol, Kazakhstan ISL wellfield following completion of injection of
t§ leach solutions in 1985.
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FIG. 2. Nitrate concentration (NO3, milligrams/litre) at the Irkol, Kazakhstan ISL wellfieldfollowing completion of injection of leach solutions in 1985.
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FIG. 3. Concentration of Total Dissolved Solids (TDS, g/l) at the Irkol, Kazakhstan ISL wellfield following completion in injection of leach solutions in 1985.



It was decided that it would be sufficient to demonstrate the behaviour over time of the main and
long-lived products of leaching and the pH in the former leach area. The concentration of uranium
was also monitored. At the completion of mining, the following values were observed:

pH-2.5 ;
Sulphates -6 .9 g/1;
Nitrates - 360 mg/1;
U-57mg/l ;
Total mineralization - 15.3 g/1.

Over 13 years, almost complete natural attenuation of the residual ISL solutions took place. This
include sulphate ion (Fig. 1), nitrate ion (Fig.2), total contents of the other salts including iron,
aluminium, magnesium and the heavy metals (Fig. 3) and also radionuclides of the uranium and
radium group (Fig. 4) took place. Over this period, the pH of the medium increased to 7.5-8.0 (Fig. 5)
and the oxidation-reduction potential decreased to the background value - 120 mV. As a result the
area of the leach-field aquifer of approximately 20 000 m2 nearly returned to the baseline
hydrogeochemical state which existed prior to mining.

At the Yuzhny (South) Bukinai deposit (Uzbekistan) similar monitoring was conducted for 11 years
after the ISL mining had stopped. Over this period, 50-60 % of the process of self-purification of the
residual solutions took place.

The collected data demonstrate that the natural hydrogeochemical neutralization of the residual
solutions after in-situ sulphuric acid uranium leach is a method of restoration of the groundwater
of ore-bearing horizons. The costs are mainly incurred by installation of a monitor well system and
carrying out a regime of hydrochemical monitoring until complete demineralization of the residual
solutions to the required level. In comparison with active restoration using the pump and treat method
and/or chemical precipitation, natural restoration of groundwater is 10 to 100 times less expensive.

The sole, but rather significant negative aspect of the self-restoration method is that this method is
slow. Tens of years are required for returning to the baseline chemical condition of the groundwater.
This factor caused us to organize a test to intensify this process at the Yuzhny (South), Bukinai and
Severny (North) Karamurun deposits using forced filtration of ISL residual solutions outside of the
area of their initial location of the ISL field.

To promote the transfer of the contaminants in the residual solution from the liquid to a solid phase,
the solution was pumped from the ISL well-field area to an adjacent area of unoxidized rocks. The
fluids were allowed to flow through the unoxidized rocks. For this purpose, a system of special
monitor and injection/production wells was installed adjacent to the leach field. The distance from the
mined deposit to the recovery wells was determined by calculations based on concentration of the
dissolved contaminants, the reduction and sorption properties of rocks in the demineralization area
and the contrasting level of natural geochemical barriers. Formation water from the opposite side of
the plume, or a part of the plume were simultaneously injected.

The main result of these experiments resulted in the conclusion that percolating the residual ISL
solutions through rocks unaffected by ISL returned the concentration of the dissolved elements back
to the background level. Water circulation through unoxidized rocks has been determined as the most
effective method of natural attenuation.

The method ensures total ground-water restoration within a relatively short period of time (i.e. from a
few months to two or three years, subject to the size of the site to be cleaned). The costs are mainly
related to the drilling of wells, pumping and chemical monitoring. This method of restoration of ore-
bearing horizons following acid ISL uranium mining has been patented by a group of research
workers that developed the technology.

402



04.1991

A -

U content, mg/(

09,198S

09.1993

-2-10

9.198?

\

09.1995

\ -«r-< •

j - 10-30

05.1989

08.1997

. ^. Uranium concentration (U, g/l) at the Irkol, Kazakhstan ISL wellfield following completion of
injection of leach solutions in 1985.
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FIG. 5. Value of pH of residual leach solution at the Irkol, Kazakhstan ISL wellfield following
completion of injection of leach solutions in 1985.
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