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Abstract: Unconsolidated sandstone uranium deposits exploited by the in situ leaching (ISL) method,
contain complex tetravalent and hexavalent uranium compounds, mostly as UO2 and UO3 oxides
that have different dissolution rates in sulfuric acid solutions. This work investigates a reactive
transport model that takes into account the dissolution of both UO2 and UO3 in sulfuric acid solution
together with possible interactions with rock minerals during the ISL uranium extraction. Several
empirical reaction rate constants were determined during lab experiments on uranium extraction
assays, including dissolution rates of tetravalent and hexavalent uranium oxides, and the dissolution
rate of rock components by sulfuric acid solution. Effects on the recovery of solution flow rates
and ratios between tetravalent and hexavalent uranium compounds are also investigated. The
experimental dissolution constants were then used in the proposed reactive transport model to be
applied to a real case study in Kazakhstan for comparing the 16 months history matching of an
exploitation block consisting of 18 well injectors and 4 producers. The obtained numerical results
show good agreement with empirical data gathered during exploitation.

Keywords: in situ leaching; reactive transport model; uranium; recovery

1. Introduction

Kazakhstan is the world leader in uranium mining, with 46% of the annual world
production. In 2021, it produced 21,819 tons of U exclusively by the in situ leaching
(ISL) method [1]. The ISL method is commonly used for exploiting infiltration-type de-
posits in permeable rocks with a low initial concentration of the useful component. This
method is used for extracting uranium, gold, copper, etc. In Kazakhstan, the underground
leaching method is widely used for developing uranium deposits, which, according to
the International Atomic Energy Agency (IAEA) classification, belong to the roll-front
type characterized by the accumulation of uranium in unconsolidated sandy rocks at the
boundary of a geochemical barrier ([2,3]). The ISL method consists of injecting an acid or
alkaline leaching solution directly into the ore deposit through a network of injection wells,
and pumping out the productive solution containing the dissolved uranium through the
extraction wells (Figure 1). This mining method is used to develop mineral deposits with
low concentration in geological formations with high permeability (K f > 1

[
m·day−1

]
).

The in situ leaching method has two advantages: high environmental friendliness and eco-
nomic profitability ([4–6]). Geological conditions and mineralization of uranium deposits
in Kazakhstan make them favorable for development by in situ leaching. The leaching
reagent is selected depending on the mineralogical composition of the deposit; an acid or
carbonate solution can be used. In Kazakhstan, approximately 80% of uranium deposits
are exploited using an acid solution made of sulfuric acid ([4,5,7]). Uranium in deposits is
represented as tetravalent and hexavalent complex compounds, mostly as UO2 and UO3
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oxides, which have different dissolution rates in sulfuric acid solution. Moreover, when the
solution filters through the rocks, the acid interacts with the rock mineral components, i.e.,
there is an additional consumption of acid that must be accounted for. However, uranium
reserves are often estimated without a detailed analysis of those uranium compounds
during exploration. One of the goals of this work is to improve these estimations by better
accounting for the dissolution mechanism occurring during acid leaching.

Figure 1. Section view of in situ leaching process.

Despite the fact that Kazakhstan ranks second in the world in uranium reserves ([3,4]),
there are significant extractable problems with the remaining available reserves of uranium.
To date, Kazakhstan had developed cheap uranium deposits with relative exploitation
costs of less than USD 80 per kilogram. However, from 2007 to 2019, the number of
such resources decreased by as much as 55% [8,9], and approximately 2.0 million tons of
Uranium resources are left [8]. Nowadays, it is necessary to exploit deeper mineralized
layers with lower amounts of fine- to medium-grained size sandstone enriched with clay
minerals (montmorillonite, smectite, and illite).

The presence of fine clay particles has two negative impacts: (i) it increases the amounts
of acid by dissolving and transforming the phyllosilicate minerals (illite, muscovite, and
montmorillonite) into kaolinite; (ii) it may plug productive wells. New technological break-
throughs should be developed to improve leaching technology for that depth and to better
control acid consumption to decrease the production costs for extracting the remaining
uranium reserves. One possible way for increasing the exploitation profitability is to model
the reactive transfer processes occurring in the reservoir during the ISL extraction of ura-
nium. Several recent works have investigated the mechanism responsible for the formation
of roll-front uranium deposits [10], analytical solutions for uranium reactive transport [11],
1D reactive transport modeling in column [11,12], and 3D reactive transport modeling of
uranium during in situ recovery [13,14]. However, the main modeling problem faced by
engineers is the lack of detailed data on the mineralogical composition of the deposit, as
well as the inability to monitor and analyze real processes occurring directly in the rock
during mining. Moreover, the mineralogical composition of deposits can change even
within the same deposit; therefore, it is easier to design elementary models with simplified
chemical kinetics describing the chemical interactions of the leaching reagent with the rock.
In this perspective, simplified kinetics models based on available data on the composition
of deposits, and transport models are extremely relevant for industry.

Uranium deposits (or reservoir infiltration) in Kazakhstan are characterized by a rather
low number of mineral components and a relatively high rock permeability (unconsolidated
sand), making them favorable candidates for exploitation by the ISL method. In such
deposits, uranium occurs as tetra and hexavalent compounds, mainly represented by
uranium oxides UO2, and UO3, with different solubility rates in aqueous acid solutions.
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On the other hand, all uranium minerals, including complex oxides, actively dissolve in
sulfuric acid solutions, while the degree of solubility may vary for the same ores in different
deposits [5]. Given the lack of data on the ratio of U(IV) and U(VI) in reservoirs, uranium
reserves assessment can be made without a detailed analysis of uranium compounds by
considering the two following chemical kinetic reactions [5]: (i) uranium trioxide reacts
with sulfuric acid to produce uranyl sulfate and water; (ii) uraninite reacts with sulfuric
acid to produce uranyl sulfate and hydrogen:

UO3(s) + H2SO4(l) → UO2SO4(l) + H2O(l) (R1)

UO2(s) + H2SO4(l) → UO2SO4(l) + 2H+
(l) (R2)

The sulfuric acid solution flowing through the rock during leaching also interacts with
minerals contained in rocks. In this study, no oxidizing agent has been added to the acid
solution as often practiced in exploited fields for insuring the sulphate formation from
uraninite. The mineralogical compositions of some deposits belonging to the Shu-Sarysu
uranium province (located in a district of the Jambyl Region in south-eastern Kazakhstan)
are given in Table 1. It includes the Inkuduk and Mynkuduk horizons of the Budenovskoe
deposit [5], the Inkai deposit [15,16], and the Tortkuduk site of Moinkum deposits [5].

Table 1. Ore composition of some uranium deposits in Kazakhstan.

Deposits
[5,15,16]

Molar
Mass of

Rock,
[g/mol]

Elements (% of the Mass of Each Deposit)

Quartz Alumina Magnesia Phosphorus
Pentoxide

Potassium
Oxide

Calcium
Oxide Titania Manganese Hematite Sodium

Oxide

SiO2 Al2O3
MgO P2O5 K2O CaO TiO2 MnO Fe2O3 Na2O Other

Inkuduk
horizon of

Budenovskoe
deposit

66.11 81.6 8.99 0.39 0.04 2.37 0.55 0.39 0.16 2.46 0.72 2.33

Mynkuduk
horizon of

Budenovskoe
deposit

60.83 88.48 5.22 0.13 0.03 1.87 0.38 0.12 0 0 0.28 3.49

Inkai deposit 64.7 82.9 6.3 0.3 0.03 2.2 2.2 0.2 0.02 2.6 0.9 2.35

Tortkuduk
mine of

Moinkum
deposit

62.33 89.90 5.44 0.11 0.07 2.12 0.19 0.13 0 0.22 0.08 1.74

When developing a kinetic model of uranium dissolution, it is necessary to account for
the acid consumption for interaction with the minerals of the rock. It is assumed that during
the leaching process, the acid bulk partially dissolves impurities without exceeding 1%; no
deposit dependence has been reported [4]. Denoted by Minerals(s) for the rock compounds
dissolved by sulfuric acid H2SO4(l), and by Solution(l) for the dissolved components, the
reagent reaction in the leaching solution with the rock can be written as:

Minerals(s) + H2SO4(l) → Solution(l) (R3)

where Minerals(s) is the solid rock with a molar mass equal to the average molar mass of
the sulfuric acid-soluble rock components, and a composition equal to the total sulfuric
acid-soluble rock components given in Table 1 ([5,15,16]).

Based on the proposed chemical model Equations (R1)–(R3) and experimental studies
of the dissolution of uranium compounds [5], this work aims at estimating the reaction rate
constants from exploitation mining data.

2. Reactive Transport Model

Experimental measurement shows that the leaching and pregnant solution densities
are practically identical over all the chemical reactions occurring during the ISL process
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since the components involved in the reaction change their form while preserving the total
mass of the elemental volume. During the leaching filtration, as a result of the acid solution
interaction with the rock, the solid components of the rock are dissolved according to the
chemical kinetics equations, Equations (R1)–(R3). The differential equations describing the
dissolution of solid components by a leaching solution can be written as [17–20]:

∂t
(
(1− φ)cUO3

)
= −ω1 (1)

∂t
(
(1− φ)cUO2

)
= −ω2 (2)

∂t((1− φ)cMinerals) = −ω3 (3)

where c is the molar concentration [mol·L−1]; φ the rock porosity [m3·m−3]; t the time [day];
∂t the time derivative [day−1]; ωi the change rate of the ith component [mol·L−1. day−1]
due to the chemical reaction described by the Law of Mass Action (LMA). The changes
rates can be written as ([17,18]):

ω1 = kU(VI)cUO3 cH2SO4 , ω2 = kU(IV)cUO2 cH2SO4 , ω3 = kMineralscMineralscH2SO4 .

The parameter k [L mol−1 day−1] is the reaction rate [17]. The interaction between
the leaching solution and the solid depends strongly on the ability of the acid to flow into
the rock for reaching the uraninite inclusions. Transport of injected fluid is governed by
convective flow, dispersion occurring in porous media, and chemical reactions taking place
within the rock. From Equations (R1)–(R3), chemical reactions, transfer, and dispersion of
liquid components in the rock, are described by the following equations:

∂t
(
φcH2SO4

)
+∇.

(
φcH2SO4 v

)
= ∇.

(
φ D ∇cH2SO4

)
− [ω1 + ω2 + ω3] (4)

∂t
(
φcUO2SO4

)
+∇.

(
φcUO2SO4 v

)
= ∇.

(
φ D ∇cUO2SO4

)
+ [ω1 + ω2] (5)

where D is the dispersion coefficient [m2 day−1], and v the fluid flow velocity [m day−1].
The boundary conditions (BC) are case-dependent and will be defined later in Section 3.2.

3. Materials and Methods for Determining the Chemical Reaction Rates from
Experimental Data

History production matching of uranium deposits is limited by the lack of data on
the exact in situ composition of uranium compounds in the ore and their reaction rate
constants. To verify the model, and to determine the reaction rate kU+6 , kU+4 , kMinerals,
uranium leaching lab experiments were conducted on materials from the Tortkuduk deposit
(see Table 1). These experimental data were reproduced and simulated numerically [21]
to estimate the reaction rate constants [5]. The experimental device is made of a closed
cylindrical tube of radius r and length l (Figure 2), that receives the solution at a constant
atmospheric pressure (p = 1 atm) by a Mariotte’s vessel (Figure 2, 1). The solution flows
down the glass tube into the capillary (Figure 2, 2) to control the flow rate in the leaching
pipe (Figure 2, 3). The ore is packed to fill the leaching pipe (Figure 2, 3); no filter is
installed at the pipe outlet. The ore material comes from the South Tortkuduk deposit. It is
a medium–fine-grained sandstone without carbonates with an average uranium grade of
0.45‰ U. The geometric parameters of the experimental setup, as well as the properties of
the rock, are presented in Table 2.
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Figure 2. Schematic representation of laboratory experiment: 1—Mariotte’s vessel, 2—capillary,
3—leaching pipe, and 4—receiving tank.

Table 2. Geometric parameters of the experimental setup together with rock properties.

r
(m)

l
(m) yU

ρs
(kg·m−3)

ρl
(kg·m−3) φ

v
(m·day−1)

0.15 1.0 0.00045 1700 1015 0.29 0.79
r = tube radius; l = tube length; yU = uranium grade; ρs = solid density; ρl = liquid density; φ = rock porosity;
v = ‖v‖ = fluid flow velocity.

The solution passing through the pipe leaches the minerals into the receiving tank,
where the concentration of dissolved minerals is measured at given regular time intervals
(Figure 2). Experimental leaching was performed in two modes with different concentrations
of sulfuric acid in solution: 30 [g/L] in the first mode and 20 [g/L] in the second, which are
also given as molar mass (Table 3). This pH range mimics the field situations for which ore
deposits are in situ leached with acid solutions with pH < 2 with an average of 1 [13].

Table 3. Experiment modes.

Modes
H2SO4(l)
(g L−1)

cH2SO4

(mol L−1) pH

Experiment 1 30 0.3132 0.504
Experiment 2 20 0.2108 0.676

3.1. Rock Properties

In the work of Poezhaev [5], experimental results on uranium concentration are
reported as a function of the dimensionless liquid/solid (L/S) ratio, a quantity widely used
in the uranium mining industry, representing the amount of leaching solution per unit of
weight of the leached ore mass (L/S is typically expressed in mass units of liquid per dry
mass of solid material). The typical L/S dependences on process parameters is

L
S
=

ρl Vl
ρs Vs

=
ρl t Q
ρs Vs

=
ρl t π r2v φ

ρs π r2l (1− φ)
=

ρl v φ

ρs l (1− φ)
t (6)

where Vl and Vs are the solid and liquid volumes [m3], respectively; ρl and ρl the solid
and liquid densities [kg·m−3]; t the time [day]; Q the flow rate [m3·day−1]; r and l the
tube radius and length [m], respectively; and v the solution flow rate. When the porosity
φ and the flow velocity v [m·day−1] are kept constant, Equation (6) shows that L/S is
a linear function of the time, and thus can be also considered as a dimensionless time
quantity. Figure 3 shows the experimental extraction curves plotted against the L/S ratio
for the two modes, i.e., for the two concentrations of sulfuric acid H2SO4 = 30 and 20 g/L,
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respectively [5]. Dissolved mineral concentration experimental data at the tube outlet are
reported in Appendix A for both modes (see Tables A1 and A2).

Figure 3. Dissolved mineral concentrations against L/S for the two experiments after [5].

To estimate the reaction rates of the solution with the ore, the initial characteristics
given in Table 2 were taken into account for calculating the initial uranium stock in the
tube according to:

MassU = yU . OreMass = yU .ρs Vs (1− φ); Vs = π r2l (7)

where MassU is the initial uranium mass [kg] in the tube, OreMass the initial ore mass [kg]
contained in the tube, yU the uranium grade [kg·kg−1], ρs the solid density [kg·m−3], Vs the
ore volume [m3], φ the ore porosity, and r and l the tube radius and length [m], respectively.
The total uranium mass MassRec [kg] recovered during an experiment is calculated as the
integral over the L/S ratio of the uranium concentration xU [kg·m−3] flowing at the tube
outlet (Figure 3):

MassRec =
∫ 1.2

0

ρs Vs xU
ρl

d(L/S) (8)

Table 4 shows the total uranium mass MassRec [kg] extracted during the experiments to-
gether with the recovery rates for both modes, where the recovery rate is the ratio [%] of the recov-
ered mass to the initial mass of uranium MassU [kg] in the tube Recovery = MassRec/MassU.
Figure 4 illustrates the dynamics of uranium extraction during experimental studies for both
modes. The extraction reached 89% and 84% of the initial mass for modes 1 and 2, respectively,
for an initial uranium mass of 0.038 ± 0.001 kg (Table 4).

Table 4. Initial MassU and extracted MassRec uranium mass, and recovery for the two experiments.

Regimes MassRec MassU Recovery pH

kg kg %
Experiment 1 0.0338 0.038 ± 0.001 89 0.504
Experiment 2 0.0321 0.038 ± 0.001 84 0.676
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Figure 4. Uranium recovery plotted against L/S ratio based on lab experiments [5] fitted to an analyti-
cal bi-compartmental model (see text): experiment 1: H2SO4 = 30 g/L; experiment 2: H2SO4 = 20 g/L.

The above experimental data obtained by Poezhaev [5] were used as initial parameters
for simulating the leaching process to indirectly estimate the reaction rate constants for the
dissolution of uranium compounds.

3.2. Numerical Experiment for Estimating the Reaction Rate Constants

For estimating the chemical reaction rates involved in the reactive transport of uranium,
the above lab experiments were reproduced by numerical simulation as a simplified one-
dimensional dissolution problem of a mineral in a tube (Figure 2). The initial proportion
of uranium in the ore is fixed at 0.00045 (0.45 [‰ U]), and uranium is present in the form
of complex compounds as tetravalent and hexavalent uranium oxides mUO2 × nUO3.
However, to comply with the mass conservation law of Equations (1)–(3), the uranium
concentrations in solid states are considered as a molar concentration, while the transition
from one dimension to another is carried out according to:

cU =
ρs yU
MU

(9)

where cU is the molar concentration of uranium [mol·L−1], ρs the solid density [kg·m−3],
yU the uranium grade [kg·kg−1], MU the molar mass of uranium (238.03 u). The ratio
between the masses of tetra and hexavalent uranium is often unknown in complex deposits;
it is assumed here that uranium is in the following form mUO2 × nUO3. The calculation is
carried out assuming an equal proportion of both forms in the uranium deposit (n = m = 1).
The effect on the dissolution of uranium when varying this proportion is investigated later
in the paper (see Figure 11). The leaching solution flows through the tube at a constant rate
v = 0.79 [m·day−1]. Schematically, the experimental setup is shown in Figure 5.
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Figure 5. Schematic representation of the domain used in the 1D numerical simulation.

Initial molar concentrations for uranium and minerals were taken from the described
experimental data according to Equation (9):

cUO3(x, 0) = 0.0016, cUO2(x, 0) = 0.0016 and cMineral(x, 0) = 0.274
[
mol·L−1

]
.

The boundary condition (BC) for the RT model (1)–(5) in the tube are considered
as follows:

Experiment− 1 : cH2SO4(0, t) = 0.3132
[
mol·L−1]

Experiment− 2 : cH2SO4(0, t) = 0.2108
[
mol·L−1]

cUO2SO4(0, t) = 0.0, ∂cUO2SO4(x,t)
∂n

∣∣∣
x=l

= 0.0,
[
mol·L−1] and ∂cH2SO4(x,t)

∂n

∣∣∣
x=l

= 0.0
[
mol·L−1]

3.2.1. Effect of the Dissolution Rate on the Apparent Dissolved Uranium Concentration
Peak and Estimation of Reaction Rate Constants

The dissolution rate of hexavalent uranium compounds with sulfuric acid is much higher than
those for tetravalent uranium [4–6]. To estimate the dissolution rate values, a series of calculations
were performed by varying kU(VI) , kU(IV) , kMinerals from 0.1 to 20 with a step of 0.1. This is a 3D
optimal problem for finding the three unknown parameters kU(VI) , kU(IV) , kMinerals that best fit the
uranium concentration curves cU(L/S) obtained in both experiments. As a result of calculations, the
best agreement between the uranium concentration at the outlet and the experimental data is found
to be:

kU(VI) = 4.4± 0.1; kU(IV) = 0.6± 0.1; kMinerals = 0.5± 0.1
(

in L.mol−1day−1
)

(10)

These estimated dissolution rates were used for a 1D numerical simulation of the experiments
solving Equations (1)–(5). A comparison between simulated and experimental dissolved uranium
concentrations at the tube outlet against the L/S ratio is presented in Figure 6 for modes 1 and 2.
The deviation of the calculated concentrations of uranium at the tube outlet was compared with the
experimental data for both cases (Table 5); the assessment was carried out according to the following
parameters: normalizing the root-mean-square deviation (NRMSD), mean absolute error (MAE), and
mean error (ME) [22]. According to the obtained results, NRMSD does not exceed 7%, a rather good
result given the accuracy of the initial data.

A comparison of the numerical results on the uranium concentration at the outlet with experi-
mental data on MAE and ME shows a higher accuracy of calculation relative to the maximum value
(1.80 [g/L] for the first and 1.44 [g/L] for the second mode).

The recovery calculated numerically has systematically higher values than the experimental
ones in both modes (Table 6). This also depends on the accuracy of the initial data. It should be
noted that, according to the laboratory experiment setup, the numerical simulation of the uranium
concentration leached in the tube was performed until the L/S ratio reached the value of 1.2; some
additional uranium would have flowed out if experiments were conducted for E/S ratio greater than
1.2. Using the developed model, changes in the distributions of the reagent (a), dissolved uranium
concentration (b), and solid uranium concentration (c) along the tube at different times were plotted
in Figure 7. Results for the studies are plotted in Figure 7d. They show that (i) the uranium content in
solid decreases toward the tube inlet but remains quite constant along the rest of the tube where the
leaching solution is already consumed; meanwhile, (ii) the leaching solution front moves toward the
tube outlet while the uranium dissolution front reaches a peak at the decreasing part of the leaching
solution concentration curve.
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Figure 6. Laboratory experiment and 1D numerical simulation results using dissolution rates given
by Equation (10) plotted against the L/S ratio. For both experiments 1 (a) and 2 (b), the fit is given
with an uncertainty range ± σ (dashed line) given by Equation (10).

Table 5. Discrepancy in uranium concentration at the outlet of the tube with experimental data for
modes 1 and 2 (see Figure 6).

Modes NRMSD MAE ME

g L−1 g L−1

1 0.0237 0.0287 −0.0034
2 0.0694 0.0478 −0.0024

NRMSD = normalized root-mean-square deviation; MAE = mean absolute error; ME = mean error.

Table 6. Comparison of the results of numerical calculation of the degree of uranium extraction with
the experimental one for regimes 1 and 2.

Modes
Recovery [%]

AEExperiment Numerical

1 89 93 4
2 84 86 2

AE = absolute error.

3.2.2. Effect of Filtration Rate on the Uranium Dissolution Process
The filtration rate of the solution depends on the intrinsic permeability of the ore-bearing

rock, which is determined by the lithological rock structure. It also depends on pressure boundary
conditions or flow rate imposed at the injection wells. Since the lithological structure is determined
by nature, the only free parameter for modifying the average fluid filtration rate in the rock is the
flow rate at the injection well. Figure 8 shows the changes in dissolved uranium concentration at
the tube outlet against (a) the L/S ratio and (b) for three solution filtration rates (flow velocity),
namely 0.99, 0.79 and 0.59 m.day−1, imposed in the tube during the simulation. These numerical
results show that the peak in dissolved uranium concentration at the tube outlet, the extraction
recovery, and the dissolved uranium front velocity are functions of the solution filtration rate in
the ore. When varying the flow velocity, the simulated maximum dissolved uranium concentration
at the tube outlet is reached at the same dimensionless L/S ratio value (or dimensionless time) of
approximately L/S = 0.28. The maximum uranium concentration value (peak value) at the tube
outlet is quite a linear decreasing function of the solution filtration rate (flow rate) (Figure 8a).
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Figure 7. Distributions of (a) solid uranium, (b) reagent, and (c) dissolved uranium along the tube at
different time periods t1 = 12 [h], t2 = 22 [h] and t3 = 32 [h]; (d) (right down) distributions of solid
uranium, reagent and dissolved uranium at time t2.

Figure 8. Dissolved uranium concentration at the tube outlet for three solution filtration rates (namely,
0.99, 0.79 and 0.59 m.day−1) imposed at the tube inlet, plotted against (a) the L/S ratio (equivalent to
a dimensionless time) and (b) the time for different values of the filtration rate.
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When concentration curves are plotted against time, it can be seen from Equation (6) that the
peak is reached at a longer time when the solution filtration rate decreases (Figure 8b). An increase
in the filtration rate leads to a decrease in the uranium concentration peak magnitude at the tube
outlet and accelerates the move of the dissolved uranium front for a given L/S value. The decrease in
the uranium concentration peak value is explained by the uranium dissolution kinetics. At a high
flow rate, the solution does not have enough time to react with the uranium-containing ore and
consequently decreases the uranium extraction.

For a given L/S value, a decrease in the filtration rate leads to an increase in the peak value,
the uranium extraction recovery, the processing time, and a decrease in the dissolution front speed
(Figure 8b). Thus, an increase in filtration velocity by 0.2 m.day−1 corresponding to 25.3% of the
initial value at 0.99 m.day−1 leads to a reduction in uranium extraction by 3%, and in mining time
by three (3) days, or 23.1% of the original time. Reciprocally, reducing the filtration velocity by
0.2 m.day−1 leads to an increase in uranium extraction by 3% and an increase in mining time by four
(4) days or 30.7% of the initial time. It should be noted that an increase in filtration velocity, i.e., the
development terms of the deposit being faster, implies an increase in operating costs, and in general,
negatively affects the price of the final product. An optimum should be found.

3.2.3. Impacts of the Composition of Uranium Compounds on the Leaching Process
The modeling of the mining process is complicated by the lack of information about the form in

which the uranium is present in the ore, and is constrained by the average uranium grade of the rock.
As mentioned earlier, uranium in the rock is presented in the form of tetravalent and hexavalent
uranium complex compounds. In the proposed model, it is assumed that uranium is in the form of
complex oxides of four and six-valence uranium mUO2 × nUO3. In previous calculations, the ratio
m = n = 1, was used, i.e., U(IV) and U(VI) were in equal proportion to the total mass. It should be
noted that the U(IV) and U(VI) ratio may vary from one location to the other in the same deposit, in the
“front” part of the roll front, U(IV) mainly prevails since the environment is more reduced, while in the
“tail” part, U(VI) dominates with a more oxidized environment (Figure 9), these patterns are linked to
the mechanisms involved in roll front deposit genesis ([23,24]). In order to quantify the effect of the
uranium oxidation state as observed on real deposits on the leaching process, the following three
cases for the experimental mode 1 (Figure 10) were considered:

1. Rock contains U(IV) and U(VI) in equal proportions with a total mass MassU (green line) as
encountered at the boundary of the roll front (Figure 9, redox zone);

2. Rock only contains U(VI), with a total mass equal to MassU/2 (orange line) as encountered in
the oxidized zone;

3. Rock only contains U(IV), with a total mass equal to MassU/2 (red line) as encountered in the
ore/reduced zones.

Figure 9. Schematic model cross-section of a typical U roll front deposit with geochemical (Se, Mo,
U(IV), and U(VI)) and mineralogical distribution throughout redox zones (after [23,24]).
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Figure 10. Uranium concentration at the outlet tube for various cases.

Simulated results (Figure 10) show that since the U(IV) and U(VI) dissolution reaction rates
are not identical, a significant part of the hexavalent uranium dissolves before reaching L/S ≈ 0.8,
while dissolved U(IV) at the tube outlet is more uniform during the whole extraction period. As
mentioned earlier and shown in Figure 9, the uranium oxide compounds composition differs both in
deposits and within a particular deposit. To analyze this influence, five different tetra/hexavalent
uranium oxide ratios were investigated at constant dissolution rates (Figure 11). With an increase in
U(IV) proportion in the rock, a significant decrease in the concentration peak value of total dissolved
uranium at the tube outlet was observed, which is associated with a low U(IV) solubility, and as a
result, a decrease in recovery. Due to the high solubility of U(VI) in sulfuric acid solutions, an increase
in hexavalent uranium content in the rock increases the recovery. Through this example, it can be
seen the paramount importance of accounting for the mineralogical composition, and for the U(IV)

and U(VI) uranium oxides distribution in the deposit.

Figure 11. Uranium concentration at the outlet tube for different ratios between U(IV) and U(VI)

against the dimensionless L/S for the reaction rate value estimated in Section 3.2.1.
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3.3. Leaching of Uranium: Analytical Kinetics Model
Experimental outlet uranium concentration (Figure 3), and ore recovery (Figure 4) curves

are typical of leaching mechanisms corresponding to a three-time period: (i) a delay period 0 to
t0 corresponding to the time necessary for the solute to cross the solid medium and to reach the
tube outlet; (ii) a fast kinetics period t0 to t1 during which the acid solution leaches the uranium
physisorbed at the grain surfaces and/or in micro-cracks/fractures; (iii) the last period t1 to ∞ (tail of
the curves) during which the kinetics involves a slower solute transfer into the grains that dissolves
the remaining uranium. The last period will be studied first.

3.3.1. Adjusting the Recovery Curve Tail
Let R(t∗) = MRec(t∗)/MRec be the normalized ore recovery of the total uranium flowing at the

tube outlet during the time t∗ where MRec(t∗) is the uranium total mass recovered at t∗, and MRec(∞)
the total mass of uranium recovered at the end of the assay (see Table 4), t∗ is the dimensionless time
defined by Equation (9) and counted from the delay time t∗0 (i.e., t∗ = L/S + (L/S)0). The quantity
R(t∗) is the total uranium fraction lost by the solid at time t∗. The Azuara model ([25,26]) states that
the total leachable fraction R(t∗) at time t∗ is proportional to the remaining part of uranium in the
solid phase according to R(t∗) = K(R∞ − R(t∗)) with K = S1t∗ the reaction advance rate, a linear
function of time t∗ whose slope S1 is a constant at fixed temperature and pressure, dependent on the
component to be extracted, and R∞ the fraction of solute loss at final equilibrium condition t∗ → ∞ .
It leads to the following linear model:

R(t∗)
R∞ − R(t∗)

= S1.t∗, R(t∗) =
R∞.t∗

1/S1 + t∗
;

t∗

R(t∗)
=

1
R∞

(
1
S1

+ t∗
)

(11)

The two parameters R∞ and S1 are estimated by fitting the experimental data of t∗/R(t∗) vs.
time t∗ to the linear model Equation (11). Figure 12 shows that the two experimental data perfectly
fit the Azuara linear model given by Equation (11). Least squares estimates of the two parameters
together with the starting time t∗1 are given in Table 7. The Azuara linear model is compared to the
log model:

R(t∗) = R1.ln(t∗) + R2; t∗ ≥ t1 (12)

Figure 12. The normalized t∗/R tail, with t∗ the normalized time (i.e., t∗ = L/S), R the normalized
ore recovery (i.e., R(t∗) = MRec(t∗)/MRec), fits perfectly to a linear model showing that the kinetics
is governed by an Azuara model (solute transfer/dissolution).
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Table 7. Least squares fitting of the Azuara linear model parameters 1 (see Figure 12).

t0 t1 1/R∞ ±ε 1/(R∞S1) ±ε R∞ ±ε S1 ±ε R2 pH

Exp.1 0.18 0.40 0.7373 ±0.0065 0.2718 ±0.0042 1.3563 ±0.0120 2.7125 ±0.1103 0.999 0.504
Exp.2 0.18 0.40 0.6501 ±0.0025 0.3594 ±0.0017 1.5383 ±0.0059 1.8085 ±0.0311 1/000 0.676

1 Dimensionless time t0 and t1 are counted from 0, while t∗ = t− t0 = L/S− (L/S)0 from the delay time.

The two parameters R1 and R2 were fitted by minimizing the mean absolute errors with
experimental data; they are given in Table 8. The resulting fitted logarithm curves are plotted on
Figure 12 and shows that the experimental data reproduced the same relationship as described by
the Azuara model or by the exponential model. On a practical point of view, both models can be
considered as similar.

Table 8. Logarithm model parameters estimated by minimizing the mean absolute errors with
experimental data 1 (see Figure 12).

t0 t1 R1 ±ε R2 ±ε R2 pH

Exp.1 0.18 0.24 0.3381 ±0.0000 1.063 ±0.0000 1.000 0.504
Exp.2 0.18 0.30 0.3706 ±0.0012 0.3594 ±0.0013 1.000 0.676

1 Dimensionless time t0 and t1 are counted from 0, while t∗ = t− t0 = L/S− (L/S)0 from the delay time.

3.3.2. Adjusting the Fast Leaching Phase
The fast normalized ore recovery phase is characteristic of an exponential model in which

the increase δR in the total leached uranium amount R(t∗) during an infinitesimal time interval
δt∗ is proportional to the already leached amount of R(t∗) at time t∗ (1st-order kinetics) according
to ([25–28]):

RδR/R = γ·t∗ ; R(t∗) = R0.eγt∗ ; 0 ≤ t∗ ≤ t1 − t0 (13)

The two parameters R0 and γ are estimated by fitting the experimental data of ln(R(t∗)) vs.
time t∗ to a linear model. Least squares estimates of the two parameters together with the starting
time t∗1 are given in Table 9. The ore recovery curves resulting from the merging of the Azuara and
exponential models adjusted onto the experimental data are plotted in Figure 4 showing a perfect fit.
Introducing the indicator function 1>t1 (t) (equal to 1 if t > t1 and 0 elsewhere), the final model can
be written as:

R(t∗) = (1− 1>t1 (t))·R0.eγ(t−t0) + 1>t1 (t).(R1· ln(t− t0) + R2) (14)

Table 9. Least squares fitting of the exponential model parameters.

t0 t1 R0 ±ε γ ±ε R2 pH MassRec
(kg)

Exp.1 0.18 0.24 0.000138 ±0.000049 80.514 ±5.612 0.972 0.504 0.0338
Exp.2 0.18 0.30 0.004468 ±0.000663 30.654 ±1.476 0.984 0.676 0.0321

The normalized ore recovery R(t∗) must be multiplied by the total mass ore recovery MassRec
(Table 9 or Table 4) for obtaining the uranium mass recovered MassRec(t) [kg] at time t reported in
Figure 4.

3.3.3. Adjusting the Concentration Curves
The uranium concentration curves can be derived from Equation (8) by derivation of the above

model Equation (14), or by a direct fit of the experimental data. A simplified best fit for the two
experimental data (reported in Figure 6a,b) is given by a bi-compartmental exponential model with a
tail at a constant value for a large time t > t1. The model writes:

xU(t) = x0.
[
eγ1·(t−t0) − eγ2·(t−t0)

]
+ 1>t1 (t)·x1 (15)

The four parameters x0, x1, γ1 and γ2 estimated by minimizing the mean absolute errors with
experimental data are given in Table 10; the resulting analytical curves compared to experimental data
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show a perfect fit (Figure 13). The bi-compartmental exponential model fits the increase/decreasing
part of the concentration curve and fits more or less the peak concentration (better for the 1st
experiment than for the 2nd one), but decreases too rapidly for a time greater than t1 necessitating
the addition of a constant term x1 (uranium contained in residual grains is continuously leached by a
slower kinetics). Ore recovery data curves are relatively well adjusted with a relative mean absolute
error (RMAE) of approximately 5.5% (Exp.1) and 8.7% (Exp.2), respectively. The above analytical
models can be used to indirectly estimate the reaction rate values kU(IV) , kU(VI) and kMinerals using
Equations (1)–(5).

Table 10. Least squares fitting of the exponential model parameters 1 (see Equation (15)).

t0 t1 x0 γ1 γ2 x1 RMAE pH

(g.L−1) (g.L−1) (%)
Exp.1 0.38 0.24 2.61 −9.90 −100 0.15 8 0.504
Exp.2 0.38 0.24 2.25 −8.35 −50 0.19 11 0.676

1 RMAE = relative mean absolute error defined by E(|ε|)/E(xU), where ε = xU − x∗U , xU is the data, and
x∗U the model.

Figure 13. (a) Experimental uranium concentration curves fitted to the analytical model; (b) cor-
responding ore recovery curves adjusted by the same bi-compartmental exponential model (Exp1:
H2SO4 = 30 g/L; Exp1: H2SO4 = 20 g/L). Experimental data (left) came from Figure 3; the ore
recovery (right) is similar to Figure 4 (renormalized to 1).

4. Modeling of Uranium Leaching on a Full-Scale Deposit Site
The proposed kinetics model and previously estimated reaction rate values were applied to a

full-scale field case study experiment, namely the Budenovskoe deposit, to reconstitute the history
matching production [29,30]. Required data for modeling the exploitation of the Budenovskoe
deposit were taken from the open literature [29,30]; the deposit area totals 23,700 m2 with average
productivity of approximately 15.25 [kg m−2]. The deposit was exploited by a grid network of
4 hexagonal cells involving 18 injection and 4 production wells. The main characteristics of the site
are reported in Table 11. The hexagonal well pattern is shown in Figure 15, with injection wells
in red, and production wells in blue. The leaching operation lasted 16 months. According to the
published exploitation procedure, the total production wells flow rate varied over time according to
Figure 16. Acidification of blocks was carried out in an active mode for 65 days, and the solution to
injection wells was simultaneously supplied by pumping the reservoir formation water to keep the
flow balance.
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Table 11. Characteristics of the deposit block (see Figures 14 and 16).

h cU aU Kf ρ φ

m % m% m day−1 kg m−3

11.28 0.077 0.8686 7.0 1700 0.22
h = deposit thickness; cU = average uranium grade; aU = uranium accumulation defined as the product of
the thickness by the grade (aU = h.cU); Kf = intrinsic permeability of the formation; ρ = rock mass density;
φ = formation porosity.

Figure 14. Simulated production curve vs. time compared with the experimental data. The total
uranium concentration in flowing solutions at production wells is plotted on the vertical axis.

Figure 15. Hexagonal exploitation pattern showing injection (red) and producer (blue) wells together
with flow streamlines calculated from injection/pumping conditions imposed on wells. Lx and Ly [m]
denote the length extensions of the study domain, respectively.
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Figure 16. The change over time in the total flow rate (productivity) Qw calculated on the producer
wells. This productivity curve serves to estimate the time duration of an extraction block and fits
more or less to a 5th-order polynomial.

During the first ten (10) days, the acidity of the leaching solution gradually increased from
5 to 20 g/L, then stabilized at a 17–19 g/L level. Upon reaching a pH value of 3.0–3.5, the acid
concentration in the solution gradually decreased to 15–12 g/L, followed by a decrease to 10–9 g/L at
pH = 2.5. Using the Mass Conservative Law and the Darcy Law [22,30], the pressure field, the velocity
field, and the streamlines in the reservoir were calculated under the action of the well network and
on the imposed constant flow injection boundary conditions (Figure 15).

Figure 16 illustrates changes in the total flow rate/productivity Qw [m3·h−1] of wells over
the time. The uranium dissolution process with a sulfuric acid solution was simulated according
to the model given by Equations (1)–(5), using the flow rate values calculated in the reservoir.
The calculations used the chemical model describing the interaction of the solution with the ore
Equations (R1)–(R3), as well as the dissolution rate coefficients determined from the experimental
study. Due to a lack of data on the solution distribution in the reservoir, a detailed comparison
between numerical and experimental results is not possible. The work by Patrin [29] presents only
the integrated characteristics of the changes in the uranium content in the productive solution and
recovery. Figure 14 shows changes in uranium content over time in uranium in the solution at the
production wells (producers) with experimental data in red and numerical calculations in green. Due
to the lack of detailed data on the distribution of uranium compounds in the ore, an equal proportion
(i.e., n = m = 1) of uranium was used in the calculations.

This assumption of a constant proportion of U(IV) and U(VI) could explain the poor fit observed
on Figure 14 between the simulated and the observed uranium content in the solution measured at
the production wells. A comparison of deviations in the dynamics changes in uranium concentration
at the extraction wells (producers) with experimental data shows that the normalized root-mean-
square deviation (NRMSD) does not exceed 0.17% of the maximum value, while the mean absolute
(MAE) and mean (ME) errors are 30.85 and 15.21 mg L−1, respectively. The change in leached
uranium recovery over time in the reservoir was determined, and numerical calculation compared to
experimental recovery curve provided by the exploitation, shows good agreement (Figure 17). This
fit is better than for uranium concentration because recovery is a cumulative quantity. Table 12 shows
a comparison of the deviations calculated between the experimental uranium extraction data and the
calculated data; it shows a fairly high level of agreement.
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Figure 17. Simulated total recovery compared to experimental one vs. time.

Table 12. Experimental data shift from simulated uranium concentration (see Figures 14 and 16).

RMSD NRMSD MAE ME

Uranium
concentration

(mg L−1)
42.7542 0.0972 30.8494 15.2089

Ore recovery (%) 0.0082 0.0168 0.0071 0.0004
RMSD = root-mean-square deviation; NRMSD = normalized root-mean-square deviation; MAE = mean absolute
error; ME = mean error.

5. Conclusions
In the present work, a reactive transport model has been proposed for uranium extraction with

the ISL method. The effectiveness analysis of the deposit development by the ISL method is complex
because of the lack of initial data on the mineralogical structure and chemical composition of uranium
compounds present in the ore body. In this work, on the basis of a simple chemical kinetics model, the
interaction of tetravalent/hexavalent uranium compounds and rock with a sulfuric acid solution is
investigated. Assuming that tetravalent and hexavalent uranium compounds are in equal proportions
in the total uranium mass, a linear relationship is found between the dissolution rates and the peak
concentration magnitude of dissolved uranium in the solution. Varying the solution flow rate shows
that a decrease in the filtration rate leads to an increase in the uranium recovery for similar L/S values,
but extends the exploitation duration, and thereby increases operating costs. It is also demonstrated
that the composition of the deposit and the distribution of tetra- and hexavalent uranium oxides
are of paramount importance in the recovery study of the deposit. Calculation results show that
when the dimensionless time is approximately L/S ≈ 0.8, hexavalent uranium compounds are almost
completely dissolved; since tetravalent uranium compounds are hardly soluble, it predominantly
remains in the lixiviated rock, which leads to a decrease in the uranium concentration at the outlet.
The complete dissolution of uranium compounds is less intense and leads to an increase in the
lifetime of the technological block. To increase the dissolution rate and reduce the commissioning
time (i.e., the time necessary for extracting uranium from an exploitation mining block), as suggested
by [13], it would be recommended the use of intensification methods by adding to the solution some
oxidizing agents such as Fe3+ of Mn2+ or by using bacterial leaching. On the other hand, the authors
showed the need to take into account the composition of uranium compounds, with consideration of
various ratios of tetra- and hexavalent uranium, among which only an equal ratio showed a result
corresponding to an experimental data. The developed model of reactive transport was applied to
the experimental site. Using the known initial data, a simulation of the uranium mining process
was performed over a 16-month period. The simulation results are comparable to the experimental
ones, confirming a posteriori the validity of the simplified kinetic model for predicting the future
exploitation of blocks in a similar environment. The above results may have practical application for
improving the efficiency of uranium extraction in unconsolidated geological contexts such as those
encountered in Kazakhstan, Mongolia and Uzbekistan.
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Appendix A

The appendix reports dissolved experimental uranium concentrations at the tube outlet as a
function of the dimensionless time L/S for the two experiments corresponding to modes: 1—A1
(H2SO4 = 30 g/L) and 2—A2 (H2SO4 = 20 g/L).

Table A1. Experimental data on dissolved uranium concentration at the tube outlet (Experiment 1:
H2SO4 = 30 g/L).

L/S 0.015 0.175 0.200 0.212 0.222 0.232 0.236 0.239 0.245 0.257 0.272 0.293
Uranium

concentration,
[g/L]

0.000 0.000 0.015 0.009 0.145 0.145 0.430 0.705 1.181 1.639 1.800 1.658

L/S 0.301 0.312 0.323 0.334 0.346 0.361 0.368 0.377 0.399 0.431 0.453 0.507
Uranium

concentration,
[g/L]

1.574 1.413 1.284 1.181 1.058 0.909 0.844 0.792 0.705 0.603 0.520 0.402

L/S 0.568 0.655 0.715 0.822 0.901 0.962 1.015 1.060 1.131 1.200
Uranium

concentration,
[g/L]

0.325 0.281 0.269 0.235 0.210 0.176 0.173 0.145 0.124 0.105

Table A2. Experimental data on dissolved uranium concentration at the tube outlet (Experiment 2:
H2SO4 = 20 g/L).

L/S 0.015 0.194 0.225 0.253 0.260 0.270 0.277 0.288 0.296 0.305 0.315 0.327
Uranium

concentration,
[g/L]

0.000 0.000 0.186 0.390 0.544 0.869 1.116 1.296 1.398 1.438 1.376 1.219

L/S 0.339 0.346 0.352 0.371 0.385 0.403 0.416 0.436 0.473 0.511 0.568 0.585
Uranium

concentration,
[g/L]

1.116 1.030 0.971 0.832 0.742 0.671 0.612 0.541 0.470 0.411 0.387 0.374

L/S 0.610 0.638 0.667 0.692 0.787 0.861 0.899 0.931 0.953 0.975 1.007 1.034
Uranium

concentration,
[g/L]

0.346 0.331 0.291 0.285 0.244 0.220 0.232 0.207 0.207 0.195 0.192 0.176

L/S 1.057 1.076 1.098 1.134 1.169 1.200
Uranium

concentration,
[g/L]

0.186 0.176 0.170 0.148 0.133 0.127
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