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STOCHASTIC MODELING OF ROLLFRONT URANIUM DEPOSIT BASED ON
REACTIVE TRANSPORT AND STREAMLINE SIMULATION

Aizhulov D.Y., Shayakhmetov N.M., Kurmanseiit M.B.,
Tungatarova M.S., Kaltayev A.
Satbayev University, Almaty, Kazakhstan

Since the process of formation of rollfront type uranium deposits is very specific from the point
of view of hydrodynamics and chemical kinetics, studies were conducted to create a model for the
genesis of such mineralization (published in [2]). The genesis of rollfront type deposits comprises
three main stages (Figure 1): leaching phase by oxygenated water, migration of the diluted chemical
components and lastly deposition of minerals. In the case of the Tianshian mega-province, southern
Kazakhstan, which hosts as much as 1.400 Mt of uranium, oxygen rich rainwater leached uranium-
enriched minerals including zircons, monazites, and accessory minerals, from the granitic Tianshian
Mountains, and then transported it downstream through the unconsolidated porous sandstones. Later
on, when reaching reduced environments, the dissolved uranium together with other elements such
as iron and sulfurs precipitated as uranium minerals (mainly pitchblende and coffinite in the
Kazakhstan uranium deposits) and pyrite (FeS2), thereby forming a rollfront type deposit. It is
important to note, that the re-deposition of minerals is a dynamic dissolving/precipitation process
sustained by a continuous flow of oxygenated meteoritic water which push minerals further
downstream. In other words, in active deposits, minerals continuously dissolve from the upstream
side of the mineralization zone and precipitate at the front side rear. When no more oxygen is available
in the water flow, often because it has been consummated previously by the oxidation of the organic
matter before reaching the mineralized zone, the rollfront stabilize [3].
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Figure 1 — Stages of rollfront uranium deposit formation
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The formation of uranium deposits involves complex kinetics of various compounds described
in the literature [4, 5].

Evseeva et al. [6] conducted a dissolution/precipitation experiment in which she managed to
mimic the formation of the uranium rollfront deposits in laboratory conditions. The experimental
results were compared with the numerical results of the model by reproducing the experiment
conditions. Evseeva used a transparent plastic box (2 x 0.15 x 0.2 m) filled with sand (Figure 2).
After several chemical manipulations, the iron oxide contained in the box was converted to sulfides
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thereby creating a reduced environment. A water containing uranium concentration (around 107-10-
> g-1'! gram per liter) was flowed through the box leading to the formation of a roll-like accumulation
of uranium in the box.

Figure 2 — Laboratory experiment conducted by Evseeva to simulate genesis of rollfront
uranium deposit

The resulting distribution of the uranium in the box is due to a stable increase in uranium
concentration and the shifting of the oxidation zone into the reduced sands. When the experiment was
conducted, showing that the above-mentioned laboratory experiment reproduces quite well the roll-
like accumulations of uranium, there was no satisfactory explanations on the mechanisms responsible
for the occurrence of such shapes.

Since rollfront deposits form in porous medium, as underlined by Goldshtik M. A. [7], a
definitive diffusive extension of a deposit “tongue” (or uranium wings) cannot be explained by not
considering a slip boundary conditions for the viscous flow. Other factors must be responsible for the
formation of the crescent shaped mineralization.

During the numerical experimentation conducted by the authors rollfront genesis mechanisms
were determined together with reasons for its distinctive crescent shape.

Several assumptions were made in the context of the experiment:

1. the fluids in the box are incompressible, and the flow of reagents occur in the water;

2. in comparison with convective transfer, the diffusion transport of the mineral is much

3. the amount of reductant is much higher than of other reagents;

4. the concentration of oxidant used in the experiment were as low as 0.001 g-1-1 which would

5. be close to the groundwater oxygen concentrations in Central Asia deposits.

The medium under consideration is porous and permeable, while the Darcy equation is a time-
tested instrument to simulate underground fluid flow in porous medium:

divli =0
gz—ggmdp
7

where the first equation describes the mass conservation, whereas the second one defines the
flow velocity in the porous medium.

Based on the Law of Mass Action [8] and aforementioned principles of rollfront formation and
laboratory experiment following scenario was simulated by numerical experiment. Into the box
containing porous medium with high concentration of a reductant C ., a constant inflow of water

red

with concentrations of dissolved uranium C,, and oxidant C,. was imposed through inlet over a

period of 60 days. Redox reaction between reductant and oxidant are simplified by the following
scheme:
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reducer + oxidant—4—s electrons + product
electrons + product —2>— reducer + oxidant

dissolved mineral + electrons —:—s solid mineral

solid mineral + oxidant —<— dissolved mineral

Notations and definitions used to construct the model a listed in the following table.

Table 1 - Notations and definitions used in the model of rollfront formation

Notation Definition

C,, dissolved mineral concentration (g-1™)

C,, solid (precipitated) mineral concentration (g-1™!)
N

C., reduced environment concentration (g-1™!)

C. oxidizer concentration (g-1');

C, electron bearing elements concentration (g-1™);

C, product of reductant oxidation concertation (g-1'")

k.i=14 reaction constant for each reaction

P total density (kg'm™)

Piguid liquids density (kg'm™);

Do solids density (kg'm™)

K permeability (m?)

&) ={u_,u,} flow velocity (m-sec™!) with its components by x and y axes

0%y

u viscosity (Pa-sec)

p pressure (Pa)

t time (sec)

0 porosity

The model of formation of uranium deposits is described by the following system of differential
equations:

6Cred _ kQCC _klcred ox

e~ pr
ot (1=0)p4
oc k,C.C, —kC,,C, —k,C.,C,
ox +g'gl’adcox — 2 p 1 d 4 !
at leiquid
oC, kC. ,C -k, C_C
pr +up-grad Cpr — 1~ red ~ ox 2~ e~ pr
at epliquid
oC kC ,C —k,CC
pr +E-grad Cpr — 1~ red ~ ox 2% e~ pr
at 9pliquid
kC_ C —k,CC —-k,C,C,
ace +L‘t)-gl”ad CL, — 1~ red >~ ox 2% e™ pr 3~ e~ dis
at 9pliquid
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acdis + ﬁ gl’ad Cdl's — k4C901C0x B k3CdisCe
at p liquid
acsol _ k3 Ce Cdis _ k4 Csol Cox
ot (1-0) P4

Boundary conditions used in numerical experiment were similar to those of the laboratory
experiment. According to the experiment Evseeva et al. [6], atmospheric pressure boundary condition
is imposed at the outlet

p

outlet — Pam

while a constant boundary condition is imposed to the flow velocity at 1.44 10* m's™! at the
inlet, which corresponds to

p inlet patm + pgh

with % equal to 0.74 meters. Apart from inlet and outlet no-flow boundary condition is imposed
to all solid sides of the box

0
J’)'asides - 0 or é =0

Other boundary conditions for all concentrations in liquid phase, conform to following
boundary conditions (measured in gram per liter):

sides

Cdis inlet 75 : 10_5’ Cox inlet — 0002’ Ce inlet — 0’ Cpr inlet — 0
o’C, o’C o’C o°C,,
gm outlet = O’—ZOY outlet = 07—26 outlet = O’—; outlet = 0
on on on on
acdis ) — aCvox ) — ace ) — 0 aC'Pr . —
8}1 sides H an sides > an sides > an sides
The initial conditions for the concentrations of liquids are:
Cdis |t=0 = 0’ Cox =0 — 0’ Ce =0 — 0’ Cpr |t=0 = 0

The initial conditions for the concentrations of solids are:

Csol =0 = 0’ Cred =0 = 1

Before the inflow started, there was no uranium in the box, and it was filled with the reduced
porous medium (sand + ferrous iron).

According to this model, the solid uranium can only form by a precipitation reaction only. An
analytical solution to the set of the considered differential equations given the above boundary and
initial conditions is quite difficult to achieve; thus they were solved numerically using the COMSOL
Multiphysics software.

Upon conforming with the laboratory experiment, numerical simulation was further extended
while crescent shaped rollfront redisposed concentrations were observed in the numerical simulation
as illustrated on Figure 3 over a period of 3,300 days with an inflow velocity at 10 m.s'; in these
conditions, the deposit moved over a distance of about 15 meters conserving its shape.

The rollfront is gradually shifted over time along the stream flow (Figure A.27), despite of the
absence of the convection or diffusion terms in the solid uranium concentration equation. Hence, this
shift is a result of the dissolution/precipitation chemical reactions. The reducer is leached and
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redeposited together with the uranium minerals while some of its concentration is consumed in order
to reduce the dissolved uranium.

One should note that a small hose is observed in the velocity field near the inflow point both in
the laboratory and in the numerical experiment. The non-parallel flow at the inlet is probably at the
origin of the crescent shape observed in the uranium deposition, the flow being higher in the middle
of the box than on the edges (no uniform inlet flow). Then, the flow stabilizes into a parallel flow
regime for greater distances, indicating that this is not the viscosity of the fluid which is at the origin
of the slowdown of the flow along the inlet edges. To test this assumption, the boundary conditions
were redesigned without this narrowing in the inflow. The recalculation gives a results with a straight
front. Therefore, the rollfront shape would result in a non-homogeneously distributed inlet velocity
flow. Therefore, these numerical tests suggest that it that the roll-like shapes forms due to a squeeze
(or constriction) of the channel in which the flow occurs, and consequently increase the flow velocity,
and thus to a subsequent change in the pressure gradient. Further numerical experiments were
conducted with various channel constrictions (Figure 4). Various geometries with widening (Figure
4), and constricting and expanding channels (Figure 4), were numerically simulated both for the
pressure field, and for the solid mineral concentration. All these cases exhibit a crescent like shape
front. Even after the pressure distribution straightens, the concentration front does not recover its
original shape. This can be explained by the fact that in the experiment, the concentration of oxygen
probably was too low to redeposit substantial amounts of mineral further to the right during such a
short period.
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Figure 3 — Re-deposition of uranium over the periods of 1,100, 2,200, and 3,300 days,
respectively. a) Oxidizer concentration; b) Reductant concentration; ¢) Solid uranium concentration.
d) Solid uranium concentration in 2D
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Figure 4 — Resulting solid mineral concentration with the typical crescent like shape for the
rollfront. Lines represent flow velocity. Crescent shape resulting from expansion of the channel.
Crescent shaped rollfront after constriction and expansion of the channel

Thus, the modelof rollfront uranium deposit formation not only shows the high role of
hydrodynamics in the process of its genesis, but also provided the ability to create synthetic deposits
for verification of stochastic methods. Synthetic deposits are very useful due to the closeness of the
uranium industry, and since the actual distribution of underground mineralization is usually not
known even after decommissioning. Real concentration is known only along wells based on well log
data.

Since hydrodynamics played an important role in the formation of rollfront deposits, the authors
carried out work to create a new method of geostatistics based on streamlines [9].

One of the main difficulties in the exploration of uranium rollfront type deposits lies in the
limited number of available exploration techniques that, at small scale, are generally limited to the
drilling of numerous costly wells network patterns in perspective areas [10], which in itself is a long
and costly process. The goal of interpolation techniques is to determine the geometry and content of
the deposit in inter-well space based on well log data.

In various geostatistical estimation methods such as inverse distance method or method of
Kriging, weight is assigned to hard data based on the distance to the node under consideration. Two
basic approaches to modeling exist at the moment: the traditional interpretation of geophysical data
with the subsequent connection of ore contours; and geostatistical 3D modeling [11]. Presently, there
are a number of stochastic methods for modeling rollfront uranium deposits by Renard D., Beucher
H. [12], Petit et al [13] and Abzalov et al. Renard D. and Busher G. V, developed the technology of
three-dimensional modeling of such deposits based on the model of "PluriGaussian Simulation".
Unfortunately, current modeling techniques rarely account for the hydrodynamic and geochemical
processes involved in the genesis of rollfront uranium deposits. The authors propose to supplement
existing stochastic models with additional methods of computational hydrodynamics. Approach used
in this work is based on calculating streamlines, which are a family of curves that are instantaneously
tangent to the velocity vector of the flow. Streamlines show the direction in which a massless fluid
element will travel at any point in time. Time of flight is the time that such an object needs to travel
a distance through a medium.

Application of various estimation methods such as inverse distance weighting or kriging are
based on weight assignment to well data in order to determine value at any specific node on a
computational grid. Value Z*(x) at node x is dependent on each hard data node x; and the weight
A; assigned to it:

AOEDW 16D
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Weight assignment technique is a determining factor that differentiates one estimation
algorithm from another. For instance, while in kriging based methods, variogram is used for weight
computation, in inverse distance based methods (as the name suggests) the length of space between
nodes is main influencing factor.

Streamline based Kriging interpolation consists of following steps: calculate pressure field
based on filtration properties from hard data; calculate velocity field based on Darcy Law; calculate
streamlines; calculate time of flight along the streamline; substitute distances with time of flight for
Kriging calculations; continue calculation using conventional kriging algorithm.

In many implementations of kriging, search ellipsoid is used to gather input information from
well log data. The form of this ellipsoid is usually dictated by anisotropy of a particular geological
formation. In current work, based on filtration properties gathered from well data and natural head
difference, streamlines of solution flow through stratum under consideration were determined. These
streamlines were further used as a search shape for distance based methods, while variograms were
calculated along the streamline by substituting distance variable with “time of flight” (a property
specific to streamline simulation methods). A search radius that is usually used in kriging
implementations is used for streamline based kriging implementations. However, in our case a
collection of search radiuses is used along the streamline, that pass through nodes under consideration
to collect hard data and assign appropriate weights.

Variogram is calculated over each streamline using time of flight instead of distance:

1
Y = 5o Z E[Z(x(x) + b) — Z(1())]?

N(h)

where y(h) is a variogram at the distance h, N(h) is a number of nodes separated by distance h,
1(x) is a time of flight of node x over a streamline that passes through it.
Weights are determined for each hard data node found along the streamline:

_ C(t(xy))
= C(T(xj))

A

where C is a covariogram calculated as C(h) = 2 — y(h).

To verify the stochastic modeling approach of uranium rollfront deposits based on streamline
simulation, well log data from Kazakhstan deposits were used. In each verification iteration one or
more well data were excluded from modeling input for later comparison between numerical and hard
data. For further verification purposes, synthetic deposits were simulated based on reactive transport
models by reproducing involved uranium rollfront deposit formation. Results were compared with
conventional kriging algorithm implemented in SGeMS software. The work was supported by the
Ministry of Education of Kazakhstan through the program of targeted financing BR05236447.
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