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IN-SITU LEACHING TECHNOLOGY FOR URANIUM DEPOSITS

Introduction

Currently, in many countries of the
world: the USA, Canada, Australia, Rus-
sia, Uzbekistan, Kazakhstan use exactly
the same technology for uranium mining,
which includes production processes for
leaching uranium: the supply of chemical
solutions through injection wells and the
delivery of productive uranium solutions
through production wells for a day. sur-
face for their processing. Moreover, these
technological wells are located according
to linear (in-line) or areal schemes. The
existing uranium mining technology has a
number of significant drawbacks: it does
not meet the requirements of the market
economy, is ineffective, is characterized
by a low leaching rate, requires the use of
a large number of expensive injection and
pumping wells, a large consumption of
chemical reagent, (to obtain 1 ton of ura-
nium concentrate requires the consump-
tion of 100 tons of sulfuric acid) [1-5].

However, compared to conventional
mining, in-situ leaching allows uranium
mining to be carried out with significantly
lower capital and operating costs. At the
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same time, the effectiveness of ISL technology is largely
associated with the choice of optimal schemes for opening
productive formations, the design of production wells, the
means of raising the solution used, the modes of pumping
solutions, etc.

When preparing deposits of uranium deposits for devel-
opment by the ISL method, an important role is given to the
choice of schemes for opening deposits with production injec-
tion-pumping wells. The location of these wells depends on
the morphological characteristics of the deposit being mined,
the hydrogeological conditions of the productive horizon and
the geotechnological parameters of the experimental work.
Experimental work is a necessary step to substantiate the main
parameters of the preparation and development of deposits by
the ISL method (well layout, installation of filters, productivity
of solutions, solution lifting means, consumption indicators of
reagent, etc.) [1-5].

Methods

Uranium mining by in situ leaching through a system of wells
drilled from the surface is most effective for the development

of infiltration uranium deposits in the zones of formation and
formation-soil oxidation.

After the start of the industrial application of an innovative
technology for leaching uranium from ores of bed-infiltration
(hydrogenic) deposits in the 50s of the last century, a kind of
“boom” continues in the United States in all countries of the
world in search of a similar type of uranium deposits of sedi-
mentary origin, the development of which is carried out to the
utmost a simple, therefore inexpensive method called the in
situ leaching method.

The essence of the technological scheme of this method
is as follows.

Leaching chemical or biochemical solutions, injected
through injection wells, are filtered through pores and cracks
in the hydrogenous plate array to the nearest neighboring
pumping wells. During filtration, chemical solutions, enriched
with uranium concentration, become “productive solutions”,
which are pumped out to the day surface and fed to the pro-
cessing shop, where the productive solution is processed
using sorption and desorption processes, after which uranium
is extracted. For this purpose, a set of various equipment is
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used, called a sorption plant. It consists of sorption and regen-
eration columns, pools for rich and lean solutions, tanks for
finishing the chemical concentrate, pumps, piping systems
and a set of auxiliary tanks for the preparation of various solu-
tions for leaching, neutralization of waste and treatment mine
waters. In-situ leaching technology is most effective for the
development of hydrogenic uranium deposits with a filtration
coefficient of more than 0.5 m/day. Thus, the technological
scheme of underground leaching provides for the leaching of
uranium metal in the natural occurrence of the ore deposit. An
indispensable condition for its use is the presence of water-
proofing in the roof and soil of the ore layer [2-8].

Of the various layouts of the linear system for the location
of technological hydrogenous deposits, the most common
in the practice of operating hydrogenic uranium deposits is
a three-row system, consisting of the first injection row, the
second pumping row and the third injection row. In this case,
the distance between rows and wells in a row is taken respec-
tively 50 and 15 m or more.

It can be seen from the above that the production cell
usually consists of two injection wells and between them one
pumping well, belonging to three successive rows.

The depth of occurrence of ore-bearing horizons has a
significant influence on the choice of schemes for opening
deposits. A feature of all deep-seated stratal-infiltration ura-
nium deposits is a significant load on the top of the horizon,
due to a high static level of groundwater — from the first meters
to spontaneous outflow (North Karamurun, South Karamurun,
South Moinkum, North Kanzhugan deposits). In this regard, the
main problem in the development of deep-seated formations is
the forced injection of solution into them. Excessive pressure of
3-5 atm. provides injectivity of wells within only 2-3 m3/hour,
while pumping rates reach 15-20 m3/hour. This circumstance
dictates the need to increase the ratio of the number of injec-
tion wells to pumping ones to a level of at least 3:1. Under such
conditions, with a linear well layout and a row spacing of 50 m,
achieving this ratio will require a “thickening” of the injection
wells network up to 25 m, which in deep-seated fields is practi-
cally difficult to implement due to the deviation of wellbores with
depth and, accordingly, the formation of zones of mutual influ-
ence arising compression domes (radius 20 m at a pressure of 4
atm.), which further complicate the injection of solutions.

If we follow the path of increasing the distance between the
wells in the pumping rows to 40—-50 m, then the problem of the
formation of unworked “dead” zones (up to 30% of the worked
area) inevitably arises. Consequently, the most acceptable
solution for the development of deposits of such fields are
hexagonal cell penetration schemes that provide an injection
wells to pumping ratio at the level of 2.5-4: 1 with a simulta-
neous increase in interwell distances in the injection system.
During the development of the North Karamurun field, the use
of a hexagonal well network with a radius of 40-50 m, as the
main drilling scheme, has fully justified itself, and is an illustra-
tive example for other fields [1-7].

Based on the experience of developing uranium deposits
by the ISL method, the following schemes are recommended
for opening deposits of various widths (Fig. 1).

Determination of the required amount of productive solu-
tions (V) at an annual mine productivity P of 1000 tons of ura-
nium per year and an average concentration C of 70 mg/L of
uranium in productive solutions (PS) is determined by the for-
mula [1-5]:

Fig. 1. Layouts of technological wells depending on the
morphology of ore bodies. Layout of deposits:
a —up to 50 m wide; b — 50-200 m wide; ¢ — more than 200 m wide

V=P/C. (1)

We have determined the methods of supplying chemical
solutions to the block array [2-8]:

The first way. The supply of biochemical or chemical solu-
tions to the array of blocks is carried out through injection
wells, and the delivery to the surface of productive solutions
obtained by leaching various metals, including uranium, is car-
ried out through pumping wells.

The supply and evacuation of solutions is carried out by
pumps.

Second way. The supply of biochemical or chemical solu-
tions and the pumping of productive uranium solutions are
carried out after their processing in a cavitator (heat genera-
tor), where they are activated.

For leaching of useful components (metals), mainly ura-
nium, mainly only a chemical solution is supplied to the massif
of a hydrogenous uranium deposit. A chemical solution is an
aqueous medium containing sulfuric acid at the rate of 3 g per
liter of water.

For activation, chemical solutions are heated to a tempera-
ture of 50-60 °C. All these factors accelerate the process of
leaching of uranium and other metals.

Third way. Development of each uranium block, in which
the processes of pumping and injection of both chemical and
productive uranium solutions will be carried out using recipro-
cating wells (received a patent of the Republic of Kazakhstan).

A piston well is a well that can perform the functions of both
pumping and injection wells [2-9].

With the use of reciprocating wells, injection wells are elim-
inated. To develop one block, only 4 piston wells are required,
and not 3x8 = 24 pumping and injection wells, which makes it
possible to increase the economic efficiency of the ISL.

Comparative studies have shown that the effectiveness
of the proposed method of underground borehole leaching
of hydrogenous uranium deposits is based on the effect of
activation of a chemical solution supplied to the massif of a
hydrogenous uranium stratum and other useful components.
In the process of activation, the chemical solution is heated to
t = 70 °C, water in such a solution becomes a good solvent.
Another way to increase the efficiency of ISL is to use a chemi-
cal solution of sulfuric acid with manganese oxide in a concen-
tration of 2.1 + 9%, of them:
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- sulfuric acid — 0,1-5 %;

+ manganese oxide — 2-4 %.

Pumping wells are used as reciprocating wells without
changing the design, i.e. pumping wells are also used as injec-
tion wells. When using this technology, the process of under-
ground borehole leaching of uranium and other useful compo-
nents (metals) is sharply accelerated and the consumption of
sulfuric acid is reduced.

The efficiency of the in situ borehole leaching process
according to the proposed method is presented in Table 1.

In the practice of underground leaching of uranium, the
specific consumption of the reagent is 50-150 kg per 1 kg of
metal, which is due to the reaction of the acid with other min-
erals and the spreading of solutions. Carbonates almost com-
pletely react with acid (1 kg of sulfuric acid is consumed per 1 kg
of CaCQ,), minerals of iron oxide dissolve well (40-50%), fer-
rous iron and some aluminosilicates (up to 10%) dissolve less
intensively [1-13]. At the stage of formation acidification, the
consumption of the reagent (sulfuric acid) is usually 8—10 g/I
for ores with increased carbonate content and 20-30 g/I for
carbonate-free ores. At the leaching stage, the concentration
of sulfuric acid in working solutions ranges from 8 to 15 g/I.

Given in table 1, the data can be used to assess the effec-
tiveness of the use of in-situ leaching in the field. The devel-
oped system of classification of signs of suitability of infiltra-
tion uranium deposits for leaching is recommended for use in
the design of ISL technology at deposits in Kazakhstan [1-13].

The conditions for the formation of exogenous infiltration
deposits are associated with the behavior of uranium in the
upper parts of the earth’s crust, in the zone of the so-called
hypergenesis, where the migration of chemical elements occurs
atlow temperatures and pressures. The formation of exogenous
uranium deposits is associated with the epigenetic accumula-
tion of uranium minerals during their migration and deposition.

Under the surface conditions of the hypergenesis zone,
under the influence of water, air and organic matter, minerals
of ore-bearing rocks are oxidized and uranium migrates (trans-
port) by infiltration flows. Natural waters of the hypergenesis
zone are true and colloidal solutions of various concentrations.
The intensity of migration of chemical elements depends on
the acidity and alkalinity of natural waters.

Natural waters contain almost all chemical elements in the
form of ions and undissociated molecules, most of which are
in a state of strong scattering (of the order of n x 10-5 g/I or
less) and only Cl-, SO3-, HCO3, CO%-, Na*, K*, Mg?*, Ca?*, SiO,
are contained in significant quantities. H* and OH~ ions have
a strong influence on the physicochemical characteristics of
natural waters. The oxidizing properties of groundwater are
characterized by the content of free oxygen, the redox poten-
tial En> 0.1v, often above 0.4v, sometimes up to 0.6-0.7v. Ura-
nium is in the U%* form, iron is predominantly in the Fe3* form,
and Fe2* can exist only in strongly acidic media. Sulfur is found
exclusively in the SO3- form. Under certain conditions, there
are VO3-, Se0%~ and Se0%~, MoO3-, MoS,, ReS, [14].

Figure 2 shows that hexavalent uranium is almost com-
pletely complexed to form uranyl dicarbonate and uranyl tri-
carbonate ionic complexes.

Areducing environment without H,S — water does not con-
tain free oxygen, Eh is usually below 0.4v, sometimes below
zero. Under these conditions, iron and manganese are in the
form of Fe?* and Mn?* and easily migrate. If H,S is present in
the waters, then Eh < 0, iron, manganese, copper, zinc and

Table 1. Comparative datafor assessing the effectiveness
of the process of in-situ leaching of uranium

Name

Uranium content in the original
in situ leaching technology

According to the proposed method

Extraction of uranium, %

40-60

70-85

Fig. 2. Dependence of stable uranium compounds on pH, Eh
and concentration of carbonate components at t = 25 °C and
0.1 MPa of formation pressure

other chalcophilic elements are precipitated. Uranium pre-
cipitates to form U4* compounds. The presence of dissolved
oxygen in natural waters increases the solubility of primary
uranium minerals in an acidic sulfate medium, and less inten-
sively in an alkaline carbonate medium. Oxides of tetravalent
uranium and mixed oxides are completely dissolved in a car-
bonate medium only in the presence of oxidants. Silicates,
phosphates and humates of uranium dissolve in an alkaline
medium. In natural waters, depending on the general miner-
alization, chemical composition, pH of the medium and the
concentration of uranium in water, ions may be present: UO3*,
UO,(OH)*, [UOL(CO,), (H,0),1>~ [UOL(CO,),14-, as well as
undissociated molecules UO,(OH),. Chemical reactions in the
hypergenesis zone occur at a pressure close to 1 atm. and a
temperature not exceeding the first ten degrees [15].

The conditions for the existence of uranium compounds
in the hypergenesis zone are graphically depicted by a dia-
gram in the parameters Eh, pH, CO, pressure, since these
parameters are the most important characteristics of natu-
ral waters. The diagrams depict equilibrium conditions, i.e.
relationships between compounds after reaching thermody-
namic equilibrium.

With noticeable ~CO,, the stability field of uranyl oxide
hydrate is displaced. Such complexation proceeds so effi-
ciently that at a relatively high value of 2CO,, the fields of these
complexes displace the stability field of UO, (uraninite). Hence
it becomes clear that carbonate-containing waters are strong
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solvents of uranium. Watering the hypergenesis zone with
waters containing up to 8—10 mg/L of oxygen increases the Eh
of water and promotes the conversion of U4+ into U®*. If natural
water contains up to 2 g/I or more of carbon dioxide, then ura-
nium migration also increases.

Hydrogen sulfide H,S present in water, which reduces
uranium to a tetravalent state, promotes its precipitation from
solution [16].

When uranium minerals are dissolved by natural waters
in the hypergenesis zone, especially under oxidizing condi-
tions, the state of chemical equilibrium between the solid and
liquid phases is practically not achieved due to the mobility of
water and the buffering effect of the host rocks on the pH of
the waters. The forms of uranium in natural waters are very
diverse. According to V. V. Shcherbina [17], in the hypergen-
esis zone uranium in aqueous solutions can be transported in
the following forms:

+ readily soluble uranyl sulfate UO,SO,;

» colloidal solution of hydroxide of composition
[UO,(OH),],,, carrying a negative charge;

- readily soluble complex carbonates of composition
Na,[UO,(CO;);];

- readily soluble complex alkaline-humate compounds.

The possibility of uranium migration in aqueous solutions in
the form of compounds follows from the chemical properties
of uranium, its ability to react with other elements, form ions
of various valences, form soluble complexes and be sorbed
by colloids.

Natural waters have a high dissolving power. The dissolv-
ing ability of water is due to the large dipole moments of the
molecules (u = 1.8) and the high dielectric constant (80.0) of
water [1-3].

There is a relationship between solubility, heat and entropy
of dissolution [1-3]:

nRTIna=L+TAS=L+T3S),,
where nis the number of ions forming a uranium salt molecule;
a is activity in a saturated solution; L is heat of dissolution; T is
absolute temperature; AS is entropy of dissolution; ¥S/, is the
sum of ions of the entropies of dissolution, equal to the change
in the entropy of an ion when it passes from the crystal lattice
to a solution with an activity equal to 1.

The leaching rate is a value equal to the quotient of divid-
ing the length of the ore layer worked out by the solution
by the time during which a certain fraction of the metal is
extracted from this layer. The leaching rate V , is related to
the filtration rate V, by a linear relationship V,, = BV;; where f8
is a constant coefficient for specific combinations of «ore —
solvent». The most important geotechnological parameter is
based on this regularity — the ratio L:S, i.e. the ratio of liquid
to solid (the ratio of the volume of solution to the volume of
the ore mass) [1-3].

The consumption of the reagent for in situ leaching of
uranium depends on the reagent capacity of the ore-bearing
rocks, the type and nature of uranium mineralization, the car-
bonate content of the rocks, the productivity and effective
thickness of the seams, and the hydrodynamic conditions for
pumping solutions through ore-bearing seams.

Results and discussion

The main advantages of the in situ leaching method in
comparison with traditional mining methods of field develop-
ment are as follows [18]:

- the possibility of bringing into operation poor and off-
balance ores of deposits with complex geological and hydro-
geological conditions of occurrence, but having large uranium
reserves;

- a significant reduction in capital investments and the
timing of putting fields into operation;

+ improving working conditions, reducing the number of
miners and increasing labor productivity by 2.5-3.5 times;

+ reducing the negative impact of uranium mining on the
environment.

The basis for the development and implementation into the
practice of uranium mining of the method of in-situ leaching
was the achievements in the field of geological exploration and
industrial evaluation, epigenetic deposits of regional zones
of formation and soil oxidation, achievements in the field of
hydrodynamics, geochemistry, hydrometallurgy.

In-situ leaching technology can rightfully be attributed to a
revolutionary technology that has changed the conditions and
economics of uranium production. The successful solution of
a set of technical problems in the development of the method
of underground leaching of uranium was associated with the
development and implementation of special technical means
and technologies for the construction and operation of wells,
instrumentation, as well as with the development and indus-
trial development of sorption and desorption technology in
uranium hydrometallurgy using ion exchange resins.

Based on the modern achievements of geotechnologi-
cal science and practice, the development of uranium mining
by the in situ leaching method follows the path of introducing
computer technologies for production management based
on the full automation of all production processes; optimiza-
tion of schemes of opening, preparation and development
of deposits; introduction and development of new technical
means for the construction and development of wells, new
construction materials; reducing the cost of solvents, ion-
exchange resins; introduction of electrodialysis units, devices
for sorption-desorption concentration of the SDC type, poly-
mer flushing fluids, hydraulic fracturing and hydraulic washing
of formations, new methods of electro-ultrasonic intensifica-
tion of leaching processes and repartition of productive solu-
tions; introduction of effective methods for monitoring hydro-
geochemical parameters of underground leaching sites and
ecological rehabilitation of depleted deposits [1-3].

Conclusions

This article sets out the basics of the use of borehole
leaching in the development of infiltration uranium deposits
in Kazakhstan. When using this technology, the process of
leaching of uranium and other useful components (metals) is
sharply accelerated and the consumption of the main reagent,
sulfuric acid, is reduced. In comparison with the well-known
works in this area of knowledge, the proposed study on the
development of innovative technologies for the exploitation of
hydrogenic uranium deposits will be important in the develop-
ment of minerals in difficult mining and geological conditions
not only in Kazakhstan, but also in other mining regions of the
world [1-3].

The result of this work is the development of a technol-
ogy for in-situ leaching of uranium in the fields of Kazakhstan.
The distribution of reserves and resources by geological and
industrial types of uranium deposits in Kazakhstan is shown in
Table 2.
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Table 2. Reserves and resources by geological and industrial types of uranium deposits in Kazakhstan

Stock categories Reserves and resources
Field type B+Ci+C, B+Ci+C,+Pi
thousand tons % thousand tons %
Deposits associated with regional formation oxidation zones 603 65.0 1160 75.3
Deposits associated with zones of soil-formation oxidation 82 8.8 97 6.0
Deposits of organogenic-phosphate type 29 3.2 29 1.8
Vein-stockwork deposits in folded complexes 214 23.0 274 16.9
Total 928 100 1560 100

Kazakhstani uranium deposits associated with regional
zones of formation oxidation were formed in the Shu-Sarysu
and Syrdarya depressions of the platform cover of the north-
ern part of the Prityan-Shan uranium megprovince (North, East
and West group of deposits). Deposits associated with zones
of soil-formation oxidation are manifested in the lli river basin,
outside the zone of industrial enterprises and in the Akmola
region of Northern Kazakhstan. Uranium deposits suitable for
development by sulfuric acid leaching through a system of
wells drilled from the surface belong to the subgroup of infil-
tration (hydrogenic). These deposits are the basis of the raw
material base of the uranium industry in Kazakhstan and are
concentrated in Shu-Sarysu (Mynkuduk, Inkai, Budenovskoye,
Zhalpak, Sholak-Espe, Uvanas, Moinkum, Kanzhugan) and
Syrdarya (Irkol, Karamurun, Kharasan, Zarechnoye, Asarchik,
Zh., Chayan, Lunnoye) uranium ore provinces. The largest of
the deposits of the zone of soil-formation oxidation and prom-
ising for development is the Semizbay deposit [1-3, 19, 20].
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