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ARTICLE INFO ABSTRACT

Keywords: Sandstone-hosted uranium is mined in the Sahel regions of Niger. The Teloua aquifer is located beneath the ore-
Distribution coefficient processing facilities of one such former mine, COMINAK. The pores of the sandstone bedrock are partially filled
HYTEC

by tosudite, a clay with sorption capacities. The local groundwater presents a strong oxidizing signature and very
low water recharge. This study aims to determine the geochemical baseline of anthropogenic activity for uranium
under such extreme conditions. The major and trace elements of both the contaminated and the pristine local
groundwaters were sampled and analyzed to develop geochemical and reactive transport models. Kd distribution
coefficients were calculated a posteriori from the mechanistic simulations. The entire water chemistry, with large
variations in calcium, carbonate and sulfate concentrations, had to be taken into account to properly simulate the
speciation and migration of U(VI) in the aquifer locally affected by the mining activities. U(VI) sorption
significantly decreases during the propagation of the contaminant plume, due to the formation of Ca,UO2(CO3)5"
2n- complexes that were clearly demonstrated by TRLFS acquisition. The sorption of UO5(CO3)$ 2™ can play a
key role in the immobilization of U(VI). The mitigating factors for U(VI) are sorption on clay and the dispersion/
dilution of the contaminated source terms within the groundwater, in which the strong ternary complexes are
less important. There should be an efficient immobilization of fixed anthropic uranium by natural attenuation
once the contaminant source terms have become depleted.

Natural attenuation
Teloua aquifer
Uranium mine
Uranyl complex

1. Introduction

During the last few years, the groundwater resources in sub-Saharan
/ Sahelian regions have been increasingly studied due to their particu-
larly high importance for community water supply (Trabelsi et al., 2024;
Zouari et al., 2024). The review of Edmunds (2003) indicates that the
local aquifers of the arid and semi-arid sub-Saharan regions present a
strong oxidizing signature. These aquifers are characterized by rela-
tively high concentrations of redox-sensitive metals (e.g. Cr, Mo) and
metalloids (e.g. As), as well as long lifetimes of dissolved oxygen O2 (up
to 20,000 years) and nitrate NO3. The recharge of this type of aquifer
was mostly generated by paleo-recharges, and the present-day Darcy
flowrates are less than 1 m/year. These very low rainwater recharges
combined with low organic-matter content prevent any significant
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reducing microbial activity.

The Sahel regions are also significant for the mining of uranium
deposits which are hosted in the local sandstone (see Mamadou et al.,
2022 and references therein). Therefore, determining the baseline of any
anthropogenic activities for uranium is a key issue in the Sahelian
oxidizing aquifers. Many aquifers elsewhere in the world are under
reducing conditions and uranium is usually considered as immobile
under its insoluble U(IV) redox state (Finch and Murakami, 1999).
However, uranium in its U(VI) redox state is relatively soluble (Finch
and Murakami, 1999) and, therefore, possibly mobile in aquifers. The
persistence of oxidizing conditions implies that the cation uranyl UO3*
and its numerous aqueous complexes are expected to remain stable for a
very long time. For instance, Burow et al. (2017) recently found a strong
positive correlation between mobile U(VI) and bicarbonate (HCO3)
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concentrations in irrigated waters from the arid zones of western USA,
although they did not measure any relationship in wetlands where ox-
ygen rapidly disappears and favors the reduction of uranium to the less
mobile U(IV) form.

In Niger, the COMINAK uranium mine opened in 1978 and ceased
production after nearly 50 years and a total production of approximately
75,000 tU. The mine is currently under remediation for a period of 10
years (Ascani, 2021). The extracted uranium deposits originated from
the Tim Mersoi sedimentary basin, located in the Arlit region of the
Sahel desert. The climate is extremely arid with an annual mean tem-
perature of 31 °C and an annual precipitation of about 40 mm (Dodo and
Zuppi, 1999). The Teloua aquifer outcrops in the western section of the
mining site, which raises the possibility of uranium contamination and
migration. During both the production and remediation phases of the
COMINAK mine, the water quality of each aquifer potentially affected
by mining activities has been monitored. This monitoring has revealed
the presence of very localized chemical markers (sulfate and uranium) in
the Teloua aquifer while maintaining neutral pH conditions. Remedia-
tion operations are currently in place to contain this contamination and
treat the water. Understanding the hydrogeochemical behavior of dis-
solved uranium is a crucial element in the strategy for managing
impacted water.

In this context, the present study aims to model the possible migra-
tion of uranium in the Teloua aquifer by highlighting the importance of
the groundwater chemistry (major elements) and the minerals partici-
pating in its regulation (clays). The first input of the study is to provide
for relatively scarce field data on the hydrochemistry of anthropized
mining areas in an arid climate. Field sampling, chemical analysis and
time-resolved laser fluorescence spectroscopy (TRLFS) were performed
for both the pristine Teloua groundwater and locally contaminated
waters. The measurement of major (Ca2+, SO%_...) and trace elements
(U, As, Mo...) allows to relate uranium concentrations to information on
their chemical environment.

The second input is to develop two mechanistic models based on
these waters and Teloua bedrock data previously acquired in the zones
located downstream from the mine (Abd Elmola et al., 2020). The lack of
sorption experiment is partly overcome by using surface complexation
constants from the literature. The geochemical model quantifies the
competition between U(VI) sorption on the Teloua bedrock and U(VI)
complexation in the porewater depending on ternary (Mg,Ca)y.
UOz(CO3)§4'2“)’ complexes. The reactive transport model simulates the
long-term migration of the contaminated plume for different scenarios.
This model is not an environmental assessment of the COMINAK mine
but rather aims to provide helpful insights on possible key reactive
transport mechanisms. In particular, the immobilization of uranium by
natural attenuation is analyzed by modeling.

In a last step, distribution coefficients (Kds) are calculated a poste-
riori from the geochemical and reactive transport mechanistic simula-
tions. These Kds can then be used as reference values for non-reactive
transport codes, as indicators of the local disturbance of the geochemical
properties and for comparison with Kd data from the literature.

2. Experimental and modeling methods
2.1. Water sampling and analysis

2.1.1. On-site water sampling

Three boreholes drilled by COMINAK were sampled. One borehole
was located about 2.5 km downstream from the mine perimeter to the
west of the Arlit fault: this gave access to pristine Teloua water. The two
other boreholes were drilled into contaminated groundwater streams.

Compact submersible pumps (Grundfos, SQ3) were used to sample
groundwater from the boreholes after an initial draining. The pH was
simply measured in situ with a pH-meter (Hanna HI 9828). The water
samples were collected and filtered at 0.45 pm for major, uranium, and
trace element analysis. The samples for anion analysis were unacidified
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while the others were acidified with ultrapure nitric acid.

2.1.2. Chemical analysis

The pH values were also measured in the lab by electrochemistry (NF
EN ISO 10523). Major cations were analyzed by inductively coupled
plasma atomic emission spectrometry (ICP-AES) (NF EN ISO 11885),
chloride/fluoride/sulfate by ionic chromatography (IC) (NF EN ISO
10304-1), silicate/nitrate by continuous flow analysis (CFA) (NF EN ISO
13395), bicarbonate/carbonate by potentiometric titration (NF EN
9963-1), and uranium and trace elements by inductively coupled
plasma mass spectrometry (ICP-MS) (NF EN ISO 17294-1-2).

2.1.3. TRLFS acquisition

The apparatus for time-resolved laser-induced fluorescence spec-
troscopy (TRLFS) has been extensively described in previous works
(Shang and Reiller, 2020). It consisted of an Nd-YAG pulsed laser
(Surelite II, Continuum, USA) delivering 5 ns pulses of 170 mJ energy at
10 Hz. An optical parametric oscillator (OPO, Horizon, Continuum,
USA) adjusted the selective U(VI) excitation wavelength to 450 nm
(around 20 mJ) to give the best compromise between U(VI) fluorescence
yield and OPO efficiency. The luminescence was collected at 90° to the
incident beam and focused on the entrance slit of an ANDOR spec-
trometer (300 lines/mm grating). Luminescence spectra were acquired
at a delay D after the laser pulse during a digital gate width W of 1 ps.

2.2. Modeling approach and database

2.2.1. Geochemical and reactive transport modeling

The HYTEC reactive transport code (van der Lee et al., 2002; van der
Lee et al., 2003) was used for modeling the speciation and migration of U
in the impacted Teloua aquifer. HYTEC has been recently used in the
modeling of several mining environmental issues such as acid mine
drainage (Garcia-Rios et al., 2021), mine tailing containment (Seigneur
et al., 2021), and in-situ leaching remediation (Lagneau et al., 2019; de
Boissezon et al., 2020; Escario et al., 2023).

The formula for multicomponent reactive transport in HYTEC is the
following,

"“’T[fi] — div (Dagrad [C] — [G] U) — a“’agc"

@

where [C;] is the total mobile (i.e. dissolved in porewater) concentration
of an element or species i (basis component approach) per unit volume of
porewater, [C;] is the immobile (i.e. sorbed or mineral) concentration of
the element/species i (also expressed per unit volume of porewater, for
consistency), o is the porosity, Dy is the effective diffusion/dispersion
coefficient and U is the Darcy velocity. The volume of porewater is equal
to the pore volume under full water-saturated conditions. The term %
is driven by the chemical reactions whereas the other terms are linked to
the transport processes. Chemistry and transport are coupled through a
sequential iterative algorithm.

All chemical reactions (aqueous chemistry, sorption and dissolution/
precipitation of minerals) were modeled at thermodynamic equilibrium
with the PRODATA thermodynamic database, version 1.5.2 (Reiller and
Descostes, 2020), specifically developed for mining activities and envi-
ronmental monitoring. Due to their importance for the present study,

Table 1 provides the thermodynamic formation constants of the ternary

Table 1
Thermodynamic formation constants of the ternary complexes Ca,U0,(CO5)5
27 included in the model (Shang and Reiller, 2020; Shang and Reiller, 2021).

Reaction of complexation logK (25 °C)

UO,%" + Ca?* + 3 CO =Cal0,(C03)3~ 27.2
U0, + 2 Ca?* + 3 COZ =CayU0,(CO3), 30.5
U0,%* + Mg?* + 3 CO% =MgU0,(CO3)3 26.4




L. De Windt et al.

complexes CanUOZ(C03)§4'2“)' included in the model. These latter com-
plexes were recently shown to be particularly sensitive to an ionic
strength higher than 0.1 M (Shang and Reiller, 2020; Reiller, 2024). As
the majority of the sampled water was lower than 0.2 M, for the sake of
simplicity, activity corrections were calculated with the truncated
Davies model applicable for low to moderate ionic strength.

2.2.2. Modeling of sorption by cation exchange and surface complexation

The PRODATA database was supplemented with data from well-
validated sorption reactions on montmorillonite from the literature
(Table 2). As discussed in Section 3.1.2, the sorption properties of the
Teloua bedrock can be attributed to the tosudite clay that consists of
chlorite and montmorillonite end-members. Only cation-exchange ca-
pacities of the Teloua sandstone were determined. As a reasonably good
approximation, cation exchange and surface complexation of tosudite
were modeled by the well-known set of constants of montmorillonite
from the literature (Table 2).

Cation exchange between the major ions (Na*, K*, Mg?*, Ca®") as
well as UOZ" was modeled via the Gaines-Thomas convention. Surface
complexation on the montmorillonite surface was modeled by a non-
electrostatic model. These data include sorption of UO03*, as well as of
certain hydroxyl complexes (e.g. UO,OH™) and carbonate complexes (e.
g. UO,CO3) that play an important role with respect to the present
chemistry of the contaminated plume.

The empirical coefficient Kd expressed in L/kg is the ratio between
the total concentration of U(VI) sorbed per kg of solid [S] (i.e. the Teloua
bedrock here) to the total concentration of U(VI) in solution [C] (i.e. in
Teloua porewater here):

1
Ky = ﬂ in mo /kgbedmck

@
[C] I'l'lOl/ Lporewater

The final results of the geochemical and reactive transport modeling
were used to calculate the Kd values of U(VI) a posteriori (i.e. not as
initial parameters of the transport modeling), to give reference values
for the pristine and impacted Teloua aquifer.

Table 2

Cation exchange and surface complexation constants included in the model.
Reactions of sorption logK (25 °C) Ref.
Cation exchange (Gaines-Thomas model)
Na' 4+ K*=K" + Na* 0.60 [a]
2Na® + Ca?*=CaZ" + 2 Na* 0.41 [l
2Na® + Mg?*=Mg>" + 2 Na* 0.34 [a]
2Na' 4 U0,%* =U0,%* + 2 Na* 0.45 [b]
Surface complexation (non-electrostatic model)
=S°0OH= =5°0" + H* -7.9 [c]
=S°OH+ H'= = S°OHj 4.5 [c]
=SYOH==S"0 + H" -7.9 [c]
=SYOH+ H"= = SYOHj 4.5 [c]
=S'OH + UO,* = = $'U0, " + H* 3.1 [b]
= S°OH + UO,?" + H,0= = $*UO,OH + 2 H" -4.6 [b]
= S*OH + UO,?" + 2 H,0= = S$*UO,(OH), + 3H' -12.6 [b]
= S°OH + U0,%" + 3H,0= = SUO,(OH)?™ + 4 H* -20.9 [b]
=SYOH + U0,%" = = SYUO," + H* 0.5 [b]
= SYOH + U0, + H,0= = SYUO,0H + 2 H* -5.7 [b]
=S*OH + UO;*" + 1 CO3 = = SU0,CO; + HY 9.8 [b]
= S*OH + U0,%" + 2 CO% = = $*U0,(CO3)3~ + H* 15.5 [b]
=S"OH + U0, + 1 CO3™= = S"U0,CO; + H' 9.3 [b]

[a] Bradbury and Baeyens (2003); [b] Marques Fernandes et al. (2012); [c]
Bradbury and Baeyens (1997).

Journal of Contaminant Hydrology 269 (2025) 104507
3. Background geochemistry and contaminant source term
3.1. Properties of the Teloua aquifer

3.1.1. Geological configuration

The sandstone Teloua Formation is part of the Tim Mersoi Basin
located in northeast Niger (Andrews et al., 1994). This formation, which
is cut by the major Arlit Fault, is about 70 m thick and outcrops only in
the western section of the COMINAK mining site, a few hundred meters
from the Arlit Fault to the west (Fig. 1). The formation dips predomi-
nantly from north to south at around 0.43°. From west to east, at the
level of the Fault, the geological layers reach an average slope of around
35° over 1 km of flexure. The slope quickly levels out, and the aquifer
then flows a nearly horizontal direction at a depth of about 100 to 150 m
/ floor.

3.1.2. Mineralogical and petrophysical properties

The mineralogical properties of the Teloua bedrock extracted from
the selected boreholes are sourced from an existing study (Abd Elmola
et al., 2020). This porous sandstone mainly consists of quartz grains (>
85 wt%) and alkali feldspars (albite, microcline), whose inter-grain
porosity is partially filled by tosudite (Table 3). Tosudite is an authi-
genic interlayered clay phase with sorption properties. The two end
members of tosudite are sudoite (di-trioctahedral chlorite, about 70 mol
%) and montmorillonite (dioctahedral smectite, about 30 mol%). Heavy
minerals such as iron oxides (hematite), phosphates (apatite and
monazite), and titanium oxides (anatase) are also present in small pro-
portions. Only a very few grains of apatite containing uranium were
observed, calcite is only present at trace levels, and there is no organic
matter. The mean measured content of uranium in the solid phase was
1.3 ppm. No uranium minerals could be explicitly identified.

In addition, cation exchange capacities (CEC) were measured on
several samples from each borehole, both on the clay fraction and on the
total rock. The results confirmed the reactivity of the clay minerals, i.e.
their accessibility to fluids, with CEC values between 50 and 60 meq/
100 g for the fine fraction and between 2.9 and 5.2 meq/100 g for the
total rock. The CEC of pure tosudite is about 50 meq/100 g (Brown et al.,
1974). The CEC of the Teloua bedrock is relatively low compared with
clayey sedimentary rocks but it can, nevertheless, play a role in the
regulation of the chemistry and U sorption.

The density of the dried bedrock was set at 2.2 kg/dm>. The total
porosity decreases with increasing depth as a result of grain compaction
and the development of authigenic clay minerals that cemented the pore
spaces. The effective porosity for modeling migration was set at 0.08 and
assumed to be fully saturated with water.

Mine waste

DEPTH (m) __ Water table _

ABINKY

TELOUA |
AQUIFER |

50 100 200 300 400
e eew eeessmmomm cs———

R T

200 m MORADI |~

Fig. 1. Diagram of the Teloua aquifer flowing between the Abinky and Moradi
aquitards, showing the 1D modeling flow line downstream from the main local
fault and the mine waste facility.
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Table 3
Mineralogy of the Teloua aquifer sandstone.

Mineralogy Mean values
Quartz 86.5 wt%
Na/K - Feldspars 8 wt%
Tosudite (clay) 5 wt%
Hematite 0.5 wt%
Trace level

Calcit

alcite (0.1 wt%%)

3.1.3. Groundwater chemistry

Table 4 gives the groundwater chemistry of the Teloua aquifer, both
for the major and the trace elements, determined in the present study.
For the sake of clarity, ‘groundwater’ will refer to the water of the
Teloua aquifer in its natural, ‘pristine’ state (natural chemical back-
ground) whereas ‘porewater’ will be used for the contaminated water in
the affected aquifer. The groundwater is poorly mineralized, has a sodic
bicarbonate facies, a neutral pH and is moderately oxidizing. It can be
considered of high quality since all its chemical parameters are sub-
stantially below the potability thresholds of the World Health Organi-
zation’s (WHO) guidelines.

Table 5 gives the calculated saturation indices (SI) of the main
minerals of the bedrock as well as of common uranyl solubility-
controlling minerals. The Teloua groundwater is undersaturated with
respect to calcite CaCO3 and magnesite MgCOs, which is consistent with
the rare occurrence of carbonate minerals found in the rock. Also, the
groundwater is close to equilibrium with chalcedony. These results are
in line with the literature, which indicates that in the Sahelian aquifer,
recharge water is usually Ca?*, Na*, and HCO3 dominated and becomes
Nat and HCO3 dominated in the confined zone (Andrews et al., 1994).
Those waters from the literature are in equilibrium with chalcedony and
calcite. Sulfate contents are usually strongly undersaturated with respect
to gypsum (CaSO4:2H,0), although barite BaSO, is generally in equi-
librium with the aquifer groundwater.

The sampled water also contains nitrates (NO3 anions). In some
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Table 5
Saturation indices (SI) calculated for the initial hydrochemistry of the Teloua
aquifer groundwater and the contaminant aqueous source terms (temp = 30 °C).

Mineral Teloua Moderate source High
aquifer term source
term
Calcite -1.1 0.1 0.9
Dolomite -1.7 0.4 1.9
Gypsum —-4.1 -1.4 -0.2
Chalcedony 0.3 0.3 0.5
Quartz 0.8 0.8 0.9
U03:2H,0 (schoepite) -3.3 -3.7 -3.8
(U02)2S104:2H,0 (soddyite) —6.2 -5.6 -7.0
NaU0281039H:H20 (Na- _33 20 93
Boltwoodite)
Ca(U02),(Si030H)2:5H,0 39 28 33
(uranophane)
Ca(UOz)z.(PO4)2:6H20 15 21 29
(autunite)

natural circumstances, water which infiltrated during the warming
period can show NO3 concentrations as high as 80 mg/L by paleo-
recharge during the Holocene (Dodo and Zuppi, 1999). Such high
NOj3 concentrations could be due to major paleo-meteorological events
that stored organic matter from the surface vegetation and soil by
infiltration. Nitrate contamination can also be correlated to human ac-
tivities. Huneau et al. (2011) studied the groundwater quality within the
Sahelian region of the Taoudeni sedimentary basin (Burkina Faso, Mali).
They observed that its tendency towards CI-NO3-SO4~HCO3 water types
indicates the anthropogenic influence on groundwater related to the
poor sanitary conditions observed around wells. Such an anthropogenic
contaminated input, such as fertilizers and/or wastewater, was also
found in groundwater resources of the Taoudeni aquifer system in the
Sahel region (Trabelsi et al., 2024).

The natural uranium concentration is low, around 15 to 20 pg/L (about
1077 mol/L), and below the recommendation of the world health orga-
nization of 30 pg/L (World Health Organization, 2022). U(VI)-minerals in

Table 4

Chemistry of the Teloua aquifer (natural groundwater) and the contaminant source terms (ST) in mg/L.
Total concen- Teloua Moderate source term High source term WHO
tration aquifer potability
[mg/L] guideline

Sample Model Sample Model Sample Model

pH 7.5 7.5 7.4 7.4 7.4 6.6 6.5-9.5
Na® 11 11 174 174 486 486 200
K" 2.5 2.5 2 2 7 7 -
Mngr 5 5 30 30 200 200 50
Ca** 8 8 77 70 544 528 -
H,4SiO4 64 31 67 31 98 31 -
HCO3 76 68 267 256 537 605 -
F 0.15 - 0.06 - < 0.05 - 1.5
Cl™ 1.5 1.5 82 82 110 110 250
NO3 12 12 84 84 430 430 50
PO~ 0.7 - 0.1 - 0.25 - -
Norm 2 2 330 330 2300 2300 250
Charge balance —-3.5% - —4 % - 1% - -
Al < 0.010 - 0.01 - < 0.010 - 0.1
As < 0.002 - < 0.002 - < 0.002 - 0.01
Ba 0.104 - 0.075 - 0.137 - 1.3
Co < 0.005 - < 0.005 - < 0.005 - -
Cu < 0.010 - < 0.010 - < 0.010 - 2
Fe 0.066 - 0.101 - 0.083 - 0.2
Mn < 0.010 - < 0.010 - 0.002 - 0.08
Mo < 0.005 - < 0.005 - 0.01 - 0.07
Ni < 0.005 - < 0.005 - 0.009 - 0.07
Pb < 0.002 - < 0.002 - < 0.002 - 0.01
Se < 0.002 - < 0.002 - 0.01 - 0.04
1) 0.013 0.013 7 55 55 0.03
A% < 0.005 - 0.013 0.006 - -
Zn < 0.010 - 0.012 - 0.014 -
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an oxidizing geological environment generally consist of schoepite
(UO3:2H0), silicates (e.g. soddyite (UO32)2Si04:2H20), Na-boltwoodite
NaUO,SiO30H:H0, uranophane Ca(UO2)2(SiO30H)2:5H,0), and phos-
phate (e.g. autunite Ca(UO3)2(PO4)2:6H20) (Finch and Murakami, 1999;
Smedley and Kinniburgh, 2023). The natural groundwater is strongly
under-saturated with respect to all these minerals. In particular, the nat-
ural concentration of dissolved phosphates is not high enough to form
uranyl-phosphate minerals.

Besides uranium, the concentrations of all the measured trace ele-
ments in Teloua groundwater (including possibly toxic elements such as
arsenic, copper, lead, and zinc) are very low and significantly below the
WHO potability guidelines (2022).

3.1.4. Modeled groundwater chemistry, sorption and reactive mineralogy

To simplify the calculations, only the major elements and uranium
were included in the model. Most of the pH and total concentrations of
the groundwater in the model were set equal to the measured ones. In
the model, the silica concentration of the groundwater was equilibrated
with chalcedony and the total inorganic carbon (TIC, expressed as total
HCOj3 here) by calcite. A small fraction of the CO5(g) degassed while
being pumped from the borehole to the surface and the measurement. It
led to some increase of pH and loss of TIC, which could be corrected by
fixing equilibrium with calcite in the model of the contaminated waters.
The correction remained small, about 10 %. In line with the measured
data, fully-oxidizing conditions were assumed, with uranium perma-
nently in the U(VI) redox state. As discussed below, the chemical
changes in the natural waters were driven by variations in Ca®*, Mg2*,
HCO3, SO3~ and UO3" total concentrations. Therefore, the following
secondary minerals that could precipitate, and possibly redissolve, at
thermodynamic equilibrium were also added to the model: calcite,
gypsum, soddyite, and uranophane.

Clay minerals (tosudite-smectite) and iron oxides (hematite) can
affect uranium mobility through sorption reactions. Hematite can sorb
UO%+ (Hsi and Langmuir, 1985), but it was not considered in the model,
as it was only identified in the form of a few scattered grains. Due to the
lack of specific data in the literature, tosudite was assimilated to pure
montmorillonite whose content was adapted to reproduce the cation
exchange capacity (CEC) measured on the total rock. The CEC was set to
3 meq/100 g of rock.

The clay fraction was active as a cation exchanger and for uranium
sorption, but it could not dissolve or precipitate. In the absence of lab-
oratory data, the cation equivalent fractions of the model (Table 6) were
fixed by imposing equilibrium with the natural groundwater chemistry
(Table 4). The divalent cations Ca®* and Mg?" dominate this cationic
population. The determination of sorbed uranium was carried out in a
similar way, imposing equilibrium with the aqueous concentration of
13 pg/L with the clay exchanger. The resulting solid mass content of
uranium (0.9 ppm) is slightly lower than the measured content (1.3
ppm). No uranium minerals were identified by analysis of the cored

Table 6
Calculated sorbed concentrations of the aquifer bedrock in its natural state
included in the model.

Total concentration Content [meq/100 g of rock]

Cation exchange

Na™ 0.06
K" 0.03
Mgt 1.41
Ca?* 1.50
UO%’ m ~0
Cation Exchange Capacity 3

Surface complexation

Total sorbed UO3+ @ 43 x 107
Total weak sites = SYOH 0.138
Total strong site = S'OH 0.007

(1) Only as uranyl cations, (2) cumulative sorption of uranyl, uranyl hydroxide
and uranyl carbonate surface complexes (Table 2).
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samples, but it is likely that the sorbed portion represents only a fraction
of this total solid uranium. The exchangeable content of 0.9 ppm is,
therefore, probably slightly overestimated.

3.2. Contaminant source term chemistry

3.2.1. Past contaminant leakages

In the COMINAK mine facilities, the treatment of the uranium ores
was performed with sulfuric acid and a little nitric acid. This leaching
process oxidizes tetravalent uranium U(IV) from the ore to give solubi-
lized hexavalent U(VI). While the COMINAK mine was still in produc-
tion, aqueous leakage events had increased the aqueous concentrations
of U(VI) and SO~ very locally in the water beneath the waste facility. A
piezometric dome was generated by those localized seepages. The
contamination migrated towards a local conductive fault (Fig. 1) but
stayed within the perimeter of the mining site by means of a hydraulic
containment system consisting of several wells. Monitoring of the min-
ing waters’ chemistry is conducted for the purpose of evaluating the
effectiveness of the water remediation.

3.2.2. Chemistry of the contaminant source terms

Table 4 indicates that uranium, nitrate and sulfate are the main
contaminants. Comparison with the Teloua geochemical background
reveals an increase in sulfate and uranium aqueous concentrations by a
factor of approximately 1000. These shallow waters were not at acidic
pH. The acidity was probably neutralized by the environment at the
location of the permeable fault. Tosudite, smectite and carbonate min-
erals (calcite and dolomite) can neutralize an acid plume through ion
exchange and dissolution reactions. The dissolution of calcite and
dolomite (MgCa(COs3)3) leads to an additional enrichment in Ca2+,
Mg2+, and HCO3 of the affected porewater. The calculation of saturation
indices (Table 5) indicates that the high contaminant source term (ST)
was supersaturated with respect to calcite and close to equilibrium with
gypsum. As mentioned, this calcite ‘supersaturation’ was probably due
to CO, degassing during sampling. The modeled data of Table 4 were
thus corrected for this sampling artifact and equilibrated with chalced-
ony and calcite.

Table 4 gives the aqueous chemistry of the impacted waters. The
degree of impact differs between the two sampled boreholes. The so-
called “moderate-contaminant source term (moderate-ST)” has total
concentrations of uranium and sulfate of 7 and 330 mg/L, respectively.
The so-called “high-contaminant source term (high-ST)” presents total
concentrations of uranium and sulfate of 55 and 2300 mg/L, respec-
tively; that is to say it is about 7 times more concentrated than for the
moderate ST. The ratio between the total concentrations of nitrate is
about 5. Therefore, the moderate ST could be the result of the dilution of
the high ST by the Teloua groundwater.

These two types of impacted waters were used as reference source
terms in the presented model, for the purposes of comparison.

4. U(VI) speciation and sorption in the Teloua aquifer
4.1. Occurrence of (Ca/Mg),U02(C0O3)5 ™" complexes

As indicated by the calculated saturation indices of Table 5, the
contaminated water is undersaturated with respect to all U(VI) minerals.
The apparent solubility was likely increased by the formation of strong
CayU0,(CO3)5H?™ and Mg,UO2(CO3)5 2" complexes that could form
under the physicochemical conditions in the impacted waters (Stewart
et al., 2010; Shang et al., 2023). Such ternary complexes were clearly
identified in the TRLFS scans of the two samples representative of the
contaminant source term. The hypsochromic shift relative to the known
bands from UO3" (Bell and Biggers, 1965) has been first evidenced by
Bernhard et al. (1996) and recently modeled using ab initio calculations
by Oher et al. (2020). However, the sample from the pristine Teloua
aquifer did not contain enough uranium to give a satisfactory spectrum.
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The luminescence spectra of uranium were compared to a known syn-
thetic solution from Shang et al. (2023). Normalizing each spectrum to
the same area enables direct comparison (Fig. 2). It seems clear that the
spectra of the two samples are identical and show fluorescence band
positions characteristic of CanUOZ(C03)§4'2“)' complexes observed both
in laboratory thermodynamic studies (Shang and Reiller, 2020, and
references therein) and also in field water samples (Tullborg et al., 2017;
Shang et al., 2023).

Fig. 3 shows the relative proportions of the main U(VI) aqueous
complexes calculated by the model. The speciation of the contaminated
STs agrees with the TRLFS analysis. The two predominant species are
CaUOz(C03)§7 and CagUO2(CO3)s, the latter being in a higher propor-
tion in the most contaminated water, in agreement with the variation of
Ca?t, HCO3, and H' activity products (Shang et al., 2023).
MgUO2(CO3)5™ is the third most abundant species, in agreement with
lower concentration, or lower activity ratios, of Mg?" compared to Ca%*
(Shang et al., 2023). These three complexes account for more than 98
mol% of the total inventory of dissolved uranium for the contaminated
porewaters. These complexes also represent the main fraction in the
natural groundwater of the Teloua aquifer. It must be recalled that the
differences in the TRLFS spectra of the MnUOZ(C03)§4'2“)’ species at
difficult to evidence using a 300 lines/mm grating at ambient temper-
ature (Oher et al., 2020; Shang and Reiller, 2021). A more dispersive
grating (Oher et al., 2020; Shang and Reiller, 2021) or the use of cryo-
genic set-up (Wang et al., 2004) would help differentiate these species.
The different binary U05(CO3)2 2" complexes are also present at the
maximum proportion of 15 mol% in the aquifer and decreasing in the
contaminated porewaters; the most abundant being UO0L(CO3)3™.

4.2. Effect of water chemistry on U(VI) sorption

U(VI) sorption is strongly dependent on the level of modification of
the porewater chemistry. In pure water, U(VI) is in the form of the
cationic molecule UO3" in solution. Regarding the surface acidity
properties, the higher the pH, the less positive and more negative the
clay, and the higher the sorption of U(VI). Sorption can decrease to some
extent at pH > 9. However, at pH in the range 6-9, U(VI) sorption can be
considerable with distribution coefficients Kd of the order of 10,000 to

—— High-ST

Moderate-ST

------- ref. Shang et al. (2023)

Area normalized intensity (a.u.)

420 440 460 480 500 520 540 560 580 600 620

Wavelength (nm)

Fig. 2. Fluorescence spectra of the contaminant high and moderate source-
terms normalized to the same area, and offset vertically for readability,
compared with the reference spectrum for a solution containing CanUOZ(C03)(34'
20)- complexes by Shang et al. (2023).
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Fig. 3. Calculated speciation of the main U(VI) complexes showing a pro-
gressive change from natural background conditions to the contami-
nated porewaters.

100,000 L/kg on Na-montmorillonite (Marques Fernandes et al., 2012;
Baeyens et al., 2014; Tournassat et al., 2018). But in more complex
aqueous solutions, the amount of sorbed U on clay and related Kd values
could drop by two or three orders of magnitude in contaminated water
conditions, due to the formation of Cclearly-identified (Ca,
Mg)nUOZ(CO3)§4'2“)' complexes (Tournassat et al., 2018; Montavon
et al., 2022; Stockmann et al., 2022). For these reasons, all aspects of
water chemistry must be taken into account (pH, dissolved calcium and
bicarbonate contents in particular) to properly simulate the behavior of
uranium in the Teloua aquifer impacted by mining activities.

Fig. 4 shows the results of the batch geochemical modeling of the
porewater chemistry changes during the propagation of the contami-
nated water into the Teloua aquifer. More precisely, the model focuses
on one element of volume (i.e. one node of a grid) of the aquifer con-
taining 8 vol% of water and 92 vol% of the minerals (including the
sorbing clay-phase). The aqueous phase volume Vy was then progres-
sively replaced five times (V/Vy = 5) by an equivalent volume of the
contaminated water. This modeling was chosen to mimic the effect of
the progression of the plume within the aquifer while emphasizing the
chemical processes. This progression (x axis) is represented in a log scale
in Fig. 4 due to the relatively fast changes of the chemistry during the
propagation. The factor V/Vy = 5 is sufficient for the changes of the
chemistry of the water from pristine to contaminated to be in agreement
with the data of Table 4, as shown for the pH in Fig. 4a and the con-
centrations of Ca?* and HCO3 in Fig. 4b. The two types of contaminant
ST (moderate and high) are shown. Those changes are generally smooth
during the progression, except at V/Vy = 0.2 for the high ST and V/V, =
1 for the moderate ST, due to calcite precipitation (in a small amount,
Fig. SI-1a).

The contamination of the groundwater by NO3 and SO3~ (Fig. 4c) is
perfectly continuous, with a progressive replacement of the natural
water by the contaminated ones. In particular, water saturation with
respect to gypsum is never reached, which otherwise could have
controlled SO3~ solubility (no concentration plateau). The change in U
(VI) aqueous concentration (Fig. 4d) is driven by three interdependent
processes. Firstly, as for NO3 and SO%, the physical replacement of the
pristine Teloua water by the contaminated. Secondly, and differently
from those anions, U(VI) is partly removed from the solution by sorption
onto the clay exchanger present in the Teloua rock. However, thirdly,
sorption is weak, due to the formation of aqueous complexes that retain
U(VD) in solution and prevent sorption. These complexes are affected by
the break in the (bi)carbonate concentration (Fig. 4b) due to calcite
precipitation. That is to say that the limit in carbonate maximal
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Fig. 4. Batch modeling of changes to porewater chemistry of the Teloua aquifer when the pristine water volume Vj is progressively replaced five times by an
equivalent volume of the contaminated water., for the two types of source term (ST); the empty square symbols represent the pristine Teloua aquifer.

concentration (and to a lesser extent Ca®" maximal concentration),
probably due to the precipitation of calcite, constrains the maximal
concentration of the ternary complexes.

When comparing the dissolved and sorbed concentrations, it can be
seen that sorption is very effective in the natural Teloua groundwater
but virtually non-existent at high ST, as the sorbed concentration is
lower than the aqueous concentration. In Fig. 4d, the sorbed concen-
tration is expressed in the same units as the aqueous for the purposes of
comparison. Fig. SI-1b shows the U(VI) sorbed concentration in mol/kg
of rock. The results of the same geochemical modeling were then used to
calculate the corresponding Kd values of U(VI) according to Eq. 2. The
Kd value progressively decreases by three orders of magnitude (Fig. 5a).
For the pristine Teloua aquifer it is about 75 L/kg, decreasing to 1 L/kg
at moderate ST, and down to 0.03 L/kg at high ST. As explained above,
this decrease is mainly due to the uranium desorption by a thermody-
namic equilibrium shifted in favor of the ternary CanU05(CO5)S5H2
complexes in solution, which become increasingly stable as
Ca%*(Mg?")-HCO3 is added to the geochemical system.

In order to give a more detailed interpretation of the modeling re-
sults, Fig. 5b shows the changes during the plume propagation of the
concentrations of the U(VI) species that can participate in the sorption
mechanisms in the present model (Table 2). Firstly, it is worth noting
that the model also indicates that the complexes UOZ(C03)%’ and
U0,(CO3)4™ make a significant contribution, although lower than the
ternary ones, to the aqueous complexation. The latter species is not
shown in Fig. 5b because it cannot sorb, according to Marques Fer-
nandes et al. (2012). This is probably due to its high negative charge,
which is also responsible for the relatively low contribution of the
former species to sorption, of around 10 mol% (Fig. 5¢). According to the
model, the major sorbed species is the neutral UO5(CO3) (90 mol%), for
both the pristine Teloua groundwater and the contaminated porewater.
The dashed line in Fig. 5a (denoted as “low sorption”) is an alternative
way of demonstrating the importance of the sorption of UO2(CO3)@ 2™

complexes. It has been calculated only with the sorption of UO%" and
U034t — OH™ complexes. The corresponding Kd values are clearly lower
than those calculated with the full sorption set, showing again the
importance of the uranyl-carbonate complexes in this model. It is worth
noting that the model’s definition of the initial state of the pristine
Teloua aquifer is also unsatisfactory when the sorption of uranyl-car-
bonate is removed.

5. Migration of sulfate and U(VI) within the Teloua aquifer
5.1. Simplified migration parameters

The changes in porewater chemistry and the contaminant plume
migration have been estimated by a simplified reactive transport model
based on a 1D flow line (Fig. 1). This model has been created to support
the various rehabilitation scenarios. It takes into account the specific
physicochemical conditions of the groundwater of arid and semi-arid
sub-Saharan regions and the mineral retention properties of the
geological formation. In the present case, the natural attenuation dis-
tances for dissolved uranium migration are evaluated as if no remedia-
tion action is taken, as part of a conservative approach.

Calibrated on field data, the mean hydraulic conductivity was set to
3 x 107> m/s with an effective porosity of 0.08 and longitudinal dis-
persivity of 50 m. The effective Darcy flow was fixed at 0.25 m/year
assuming fully water-saturated conditions. This flow is low but still
above typical recharges from the region (Dodo and Zuppi, 1999). For
instance, the mean recharge rate is in the order of 5 mm/y in an un-
confined aquifer of the semi-arid area of the Iullemeden Basin in Niger
(La Salle et al., 2001).

5.2. Sulfate as a tracer of the furthest extent of the plume

Fig. 6a shows the progressive advective migration of SOF~ within the
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Fig. 5. Batch modeling of (a) the change of Kd of U(VI) and (b,c) of the U(VI)
species participating in sorption on the Teloua bedrock, when the pristine water
volume Vy is progressively replaced five times by an equivalent volume of the
contaminated water, for the two types of source term (ST); the empty square
symbols represent the pristine Teloua aquifer.

Teloua aquifer. The progressive slope of the concentration profile is due
to hydrodynamic dispersion. The front is estimated to move approxi-
mately 300 m after 100 years, 1.5 km after 500 years and up to 3 km
after 1000 years.

The increase of SO3~ concentration during the propagation of the
contamination plume can be regarded as a tracer of the furthest extent of
the plume, for four reasons. Firstly, SO~ concentration is about 1000
times higher in the plume than in the pristine groundwater. Secondly,
bacterial sulfate reduction is impossible due to the lack of dissolved
organic matter and the oxidizing conditions prevailing in the Teloua
aquifer. Thirdly, while sulfate could be attenuated by gypsum precipi-
tation, the saturation indices in Table 5 suggest that the contaminated
waters downstream from the fault are very close to being at equilibrium
with gypsum. However, the Teloua natural groundwater is highly under-
saturated with respect to gypsum due to the low concentrations of both
Ca®* and SO?(. Therefore, the mixing of the contaminated water and the
pristine is not likely to lead to any gypsum formation. This is confirmed
by the presented 1D reactive transport model. Lastly, sulfate sorption on
the clay fraction in the Teloua bedrock can be considered as negligible.
SOF~ is a negatively double-charged ion that sorbs onto positively
charged mineral surfaces at acidic to very acidic pH values, but not at
neutral pH (Zachara et al., 1988; Bazer-Bachi et al., 2007). Thus, SO?{
can be considered as a tracer.
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5.3. Migration of mining U(VI) and desorption of natural U(VI)

As a prerequisite to the analysis of U(VI) migration, Fig. 6b and
Fig. SI-2 show the spatial extent of the effects on the porewater chem-
istry caused by the contaminated source terms. The chemistry will be
greatly altered over about 1.5 km after 500 years. The profiles of the
Ca?* and HCO3 concentrations are more complex than in the batch
modeling shown in Fig. 4 but, overall, there is strong agreement between
the batch and reactive transport models. The Ca®" concentration is
increased by two orders of magnitude, the HCO3 concentration by one.
The latter is again limited by the precipitation of calcite (Fig. SI-3). The
cation concentrations in the porewater are also affected by cationic
exchanges (Fig. SI-4). This process and also calcite precipitation cause
the small fluctuations in the Ca2* profiles in Fig. 6b.

Fig. 6¢c shows the intensity and spatial extent of the U(VI) plume after
500 y. A detailed analysis of the propagation of the uranium plume re-
veals a dual process of increasing uranium content in porewater. There
is, firstly, the migration of uranium from the contaminated water itself,
the extent of which is more or less identical to the profiles of high sorbed
U(VI) content (Fig. 6d). It is worth mentioning that the absolute amount
of sorbed U(VI) is much higher in the reactive transport model than in
the batch model since the former corresponds to many more re-
placements of the pore volume than the latter. Fig. 6d also indicates that
the uranium plume of strictly anthropogenic origin is always more
spatially restricted (about 500 m after 500 y), even in the case of the
highest Ca-HCOj3 content (i.e. the high ST). Nevertheless, there is also a
second process contributing to U(VI) concentration increase, this being
the desorption of naturally sorbed uranium (Fig. 6d) due to the propa-
gation of the Ca-HCO3 plume (Fig. 6b), which promotes complexation of
uranium in the porewater. The desorption profile follows the HCO3
concentration profile with a first wave taking place between 0.5 and 1
km, and a second wave of weaker desorption between 1 and 2 km. The
plume propagation of U(VI) from the mine seems realistic, while the
process of natural U(VI) desorption due to the farther propagation of the
Ca — HCO3 plume remains a modeling assumption.

Comparison of the dissolved (Fig. 6¢) and sorbed (Fig. 6d) U(VI)
concentrations indicates that the sorption of mining U(VI) is minimal
and aqueous complexation maximal for the high-ST condition. The
sorbed to aqueous U(VI) ratio close to the mine is about 1 and 25 for
moderate high ST, respectively. It is worth noting that, in both cases,
sorption is relatively low. The same ratio is about 2500 in the natural
groundwater. The Kd profile calculated along the 1D flowline after 500 y
(Fig. SI-5) gives the same information. Kd values close to the mine are 1
and 0.3 L/kg for moderate high ST, respectively. The Kd value for nat-
ural groundwater is about 70-80 L/kg.

The possible U(VI) secondary silicate minerals soddyite and urano-
phane (formulae in Table 5) never precipitated during the modeling: the
SI of soddyite ranged from —6 (natural state) to —8 (high ST), and the SI
of uranophane from —4 (natural state) to —6 (high ST). The under-
saturation was due either to the low U(VI) groundwater content in the
natural state or the strong aqueous complexation in the porewater,
which increases the apparent solubility of those minerals.

5.4. Natural attenuation of the U(VI) plume after contaminant depletion

The previous calculations were based on a constant source-term in-
jection if no remediation solution was applied. This assumption is highly
questionable over 1000 years. A first step to a less pessimistic conser-
vative scenario was, consequently, evaluated by a scenario stating that
the contaminated plume was injected during a fixed duration (25 or 250
years) and then replaced by the constant ingress of the natural Teloua
groundwater afterwards. Fig. 7a gives a picture of the U(VI) porewater
concentration within the flowline after 500 years, with a contamination
period of 250 years. This long duration of 250 years is also clearly
pessimistic, but it is useful to emphasize the main mechanisms of return
to the natural background state.
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The ingress of the more diluted groundwater after 250 years induces
the gradual return to the natural background U(VI) concentration close
to the mine after 500 years. U(VI) concentration very close to the mine is
higher than at 100 m due to a higher accumulation of sorbed U(VI) in the
former region as shown by Fig. 6d. Fig. 7a also shows that the increase of
U(VI) concentration (and the overall chemical changes) in porewater
brought by the medium ST requires less time to return to the natural
state than the high ST. Nevertheless, in both cases, the accumulation of
anthropogenic U(VI) by sorption will constitute a second source term of
U(VI) towards porewater, but of much smaller intensity than the pri-
mary contamination. Indeed, the condition for high sorption by the
ternary complexes will have disappeared by then. The U(VI) aqueous
concentration could remain slightly above the natural background state
in those zones located close to the former mining site.

Like the batch plume model, the U(VI) migration plume is much
more pronounced, in terms of maximal concentration and contamina-
tion depth (dashed line in Fig. 7a), while the sorption of UOZ(C03)I(,2'2“)
complexes onto the clay phases is not included in the model. As for the
batch model, the initial state of the pristine aquifer does not seem to be
properly modeled with this reduced set of sorption parameters.

Fig. 7b provides the Kd values calculated along the flowline while
taking into account the contamination period of 250 years. The same
conclusions as for U(VI) concentration can be drawn. In the same range
of values obtained with the batch model (Fig. 5a), the natural Kd of
about 80 L/kg drops as low as 1 and 0.4 L/kg at the minimum for
moderate and high ST, respectively. These altered Kd values rebound
when the aquifer is flushed with the pristine groundwater. The Kd values
seem to be even higher by a factor of three than in the initial state,
apparently because the accumulated anthropogenic (mining) U(VI) on
the clay phases will desorb gradually.

The scenario which projects a contamination period of only 25 years
(Fig. 7c and d) would give a more representative remediation timescale
than that for 250 years. This case does not lead to any significant
contamination of the natural groundwater. The U(VI) porewater con-
centration increases by a factor 20 at worst, and then returns to the
natural chemical background of the Teloua aquifer in less than 80 years.

5.5. Comparison with the literature

5.5.1. Sorption onto U02(603),(12‘2") complexes

In addition to the study by Marques Fernandes et al. (2012) used in
the present modeling, Montavon et al. (2022) also showed that the
sorption of uranyl-carbonate surface complexes had to be included to
obtain a satisfactory level of agreement between the model and the
experiment on U(VI) retention by the Callovo-Oxfordian claystone. Mei
et al. (2022) modeled U(VI) sorption on illite using a two-site non-
electrostatic surface complexation and cation exchange model. Two
ternary surface complexation reactions with carbonate were needed to
describe the experimental sorption data, in addition to binary and
ternary hydroxo-uranyl surface complexation reactions. In contrast, the
model of Stockmann et al. (2022) did not require any ternary uranyl
carbonate surface complexes to correctly describe their batch experi-
ments of U(VI) sorption onto montmorillonite in contact with a CaCly
solution at neutral pH and in the presence of CO,. Similarly, Tournassat
et al. (2018) stated that U(VI) sorption onto montmorillonite under real
atmospheric conditions could be modeled without the formation of
uranyl carbonate surface complexes.

Besides clay phases, the modeling of experiments of U(VI) sorption
by surface complexation onto ferrihydrite in competition with the
aqueous ternary Ca,UO5(CO3)5 2™ complexes also took into account
the ternary surface complexation of the UOg(COg);M“) species (Fox
et al.,, 2006). Stewart et al. (2010) demonstrated that ternary Cay.
UOg(C03)§4'2“)' complexes were unreactive with the mineral surface but
free ion, hydroxo-uranyl, and carbonato-uranyl surface species were
required to correctly describe uranium adsorption on to synthetic and
natural sediments. Wang et al. (2013) investigated U(VI) sorption on
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manganese oxides by X-ray absorption spectroscopy and surface
complexation modeling. Their surface complexation model included
inner-sphere monodentate and bidentate surface complexes and one
uranyl-carbonate surface complex, which was consistent with their
EXAFS analysis.

To conclude, the reality and importance of sorption by surface
complexation of uranyl-carbonate species onto different types of min-
erals is still a matter of debate in the scientific community. The present
modeling study was mainly based on UO5(CO3)@ 2™ sorption, especially
the neutral UO5(CO3) complex, onto a tosudite surface. As a matter of
fact, although not yet proven, the initial state seems to be better modeled
under this assumption. The sensitivity analysis indicated that U(VI)
sorbed concentration and the calculated Kd values would be at least 10
times lower if these surface complexes were not included in the model.

5.5.2. U(VD Kd values of natural rocks containing clay phases

With respect to clayey rocks, Baeyens et al. (2014) studied sorption
onto Opalinus clay containing 40 wt% of clay phases (illite and inter-
stratified illite/smectite) and a solution of pH 8.0, Ca®* and HCO3 total
concentration of 3 x 1072 M and 2 x 10~* M, respectively. The mean
measured Kd value was found to be around 100 L/kg for U(VI) con-
centrations below 0.5 mg/L (this Kd would become 15 L/kg if it was
normalized to the 5 wt% clay-content of the Teloua sandstone). Tour-
nassat et al. (2018) made U(VI) sorption experiments on pure Na-
montmorillonite at Ca>* and HCO3 total concentration of 2 x 10~ M
and 5 x 10~* M, respectively. The measured Kd values were about 1000
L/kg at pH 7.5 and 100 L/kg at pH 8.5 (corresponding to 50 and 5 L/kg,
respectively, when normalized to the Teloua clay content). Montavon
et al. (2022) reported that the retention of U(VI) on the Callovo-
Oxfordian (COx) claystone was lower (Kd < 5 L/kg) due to the forma-
tion of soluble ternary CanUoz(CO3)§4'2“)' complexes in the synthetic
COx porewater.

With respect to carbonate rocks, Baeyens et al. (2014) studied the
sorption of uranyl ions on Effingen limestone in lab tests. The bedrock
contained 7 wt% of clay phases (illite and interstratified illite/smectite)
in contact with a solution of pH 8.0, Ca and HCO3 total concentration of
6 x 10~2M and 10~* M, respectively. The proportion of clay is similar to
the Teloua bedrock and the water chemistry is intermediate between the
natural Teloua water and the moderately contaminated water (moderate
ST). The mean measured Kd value was found to be around 10 L/kg for U
(VD) concentration below 5 mg/L, and 4 L/kg at a U concentration of 25
mg/L.

With respect to sandstone, (Yang et al., 2023) studied the U(VI)
sorption capacity of sandstone samples from an aquifer located down-
stream from a mining area in China. A higher content of clay was
associated with a higher U-adsorption capacity of the sandstones. Under
the same experimental conditions (NapSO4 solution in contact with at-
mospheric CO,, pH 8), U(VI) Kd was 50 % lower for the column ex-
periments (0.07 L/g, i.e. 70 L/kg) than that obtained from the batch
sorption experiments (0.14 L/g, i.e. 140 L/kg).

The calculated U(VI) Kd of the pristine Teloua aquifer of 80 L/kg is
within the right order of magnitude of these published Kd values (from
10 to 50 L/kg when the clay content is normalized to the Teloua one,
except that those of Yang et al. (2023) seem to be lower). Both in the
literature and the present modeling study, the Kd will significantly drop
when the aqueous chemistry becomes more concentrated in Ca-HCO3
and/or the pH become slightly more alkaline.

6. Conclusion

Sandstone-hosted uranium deposits are mined in the Sahel regions.
As in most sub-Saharan aquifers, the local groundwater presents a strong
oxidizing signature and very low water recharge. Determining the
baseline of any anthropogenic activity for uranium, which is usually
considered as immobile in most aquifers worldwide, is a key issue in
such aquifers. This study offers new and complementary insights that are
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relevant for the still poorly known environmental chemistry of uranium
in aquifers from semi-arid and arid regions on Earth. Firstly one provides
rare in-situ sampling of both contaminated and pristine groundwater at
the COMINAK mine in Niger: the major as well as several trace elements
were analyzed. Secondly, based on mineralogical and petrophysical
parameters acquired previously from the bedrock, a realistic model has
been developed, progressing from a batch geochemical model to a 1D
reactive transport model with different contamination scenarios. The
variability of sorption efficiency was addressed via a sensitivity analysis
to uranyl complex speciation and translated in terms of Kd distribution
coefficients.

In both the natural and the locally-impacted zones of the Teloua
aquifer, uranium is present in its most oxidized redox state U(VI), as
uranyl cations that can be strongly stabilized in solution as Cajp.
U04,(CO3)$"?™" complexes. The literature and present modeling also
indicate that the sorption of UO2(CO3)¥2™ onto clay phases of the
natural rock can play a key role in the immobilization of U(VI). In this
context, the current study highlights the importance of integrating water
chemistry and sorption processes to effectively model the speciation and
migration of uranium within the Teloua aquifer, which has been
partially impacted by mining activities. In particular, the modeled
amount of sorbed U could drop by two or three orders of magnitude in
altered water chemistry, due to the formation of CanUOZ(C03)§4'2")'
complexes that are clearly demonstrated by TRLFS acquisition on the
sampled porewater. Confirmation of the sorption properties of the
Teloua bedrock as a function of water chemistry could be obtained by
dedicated lab batch experiments, despite the inherent challenges and
time-consuming nature of such experimental investigations.

The mitigating factor for sulfate is gypsum precipitation close to the
source term and then dispersion/dilution within the aquifer, in which
SO3~ anions behaved like a perfect tracer. The propagation of the ura-
nium plume has revealed a dual process combining the propagation of
anthropogenic U(VI) from the mine to the process of natural U(VI)
desorption due to the propagation of the Ca — HCO3 plume deeper in the
aquifer. The mitigating factors for U(VI) are sorption on the tosudite clay
phase as well as the dispersion/dilution of the contaminated source
terms in the natural groundwater, in which the strong CanUOQ(C03)§4'
2n)- complexes are less important and, consequently, enable U(VI)
sorption. The calculated Kd values vary from 80 L/Kg for the natural
state to 1 and 0.3 L/kg for the moderate and high source terms,
respectively. Overall, there should be an efficient immobilization of
fixed uranium by natural attenuation once the contaminant source term
has become depleted.
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