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Abstract: Located in northwestern Niger, the Tim Mersoi Basin (TMB) is an important mining region
in the scale of West Africa. Groundwater is considered the main source of fresh water in the basin,
especially for mining activities. It, therefore, appears essential to monitor their responses to these
activities. However, no study has been carried out in the Tim Mersoi Basin. This study aims to
evaluate the groundwater storage changes (GWSC) of the TMB and to analyze the spatio-temporal
evolution of the Tarat aquifer under the effect of mining activities in the Arlit region. For this
purpose, Gravity Recovery And Climate Experiment (GRACE), Global Land Data Assimilation
System (GLDAS), and in-situ data were used. The results show a variation of the GWS from 2002 to
2019 of about —0.1310 cm/year on the scale of the basin and —0.0109 cm/year in the Arlit mining
area. The GWSC at the basin scale and the one at the Arlit region scale were shown to be linked with
an RMSE between the two datasets of 0.79. This shows the potential of GRACE for contextualizing
studies in small areas. The study also highlighted that the groundwater flow direction was highly
modified; the drawdown of the Tarat water table was more than 50 m in the areas heavily impacted
by mining activities, with an increasing intensity from the northwest to the southeast of Arlit.

Keywords: aquifer depletion; Tim Mersoi Basin; mining; GRACE; GLDAS

1. Introduction

Mining activities are an important part of the Nigerien economy. Uranium is the
flagship of the country’s mining sector, which places Niger among the world’s leading
uranium producers. Combined with the other activities of the secondary sector, the
contribution of the mining sector to the national gross domestic product (GDP) is around
16.6% in 2020. The Tim Mersoi Basin (TMB), located in the northern part of Niger, is well
known because it contains all of Niger’s known uranium mineralization. For more than
50 years, the TMB has been the ultimate mining area in Niger. Its most famous part is the
Arlit region, being the longest-exploited mining region (1968-2020). In this region, as in the
other arid and semi-arid regions of the world, surface water resources are highly scarce.
Thus, groundwater is considered the only perennial source of fresh water and must be
managed sparingly [1].

Globally, stresses on groundwater resources due to urban, agricultural, and industrial
water demands have increased under continual population growth and climatic variability.
Impacts of industrial and agricultural activities on groundwater resources have been widely
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reported [2-10]. Mining activities highly modify the stability of the groundwater scheme,
having, therefore, an impact on the hydrology of the surrounding areas [11]. These impacts
include groundwater pollution, water level drops, etc. [12-16].

The Tarat aquifer is the main water supply aquifer for both industrial activities and
drinking-water supply in the Arlit region. Groundwater from the Tarat aquifer has been
used since 1968 for industrial installations, ore treatment, mine dewatering, drinking,
and agricultural water supply. However, studies carried out on the Tarat aquifer were
mainly focused on determining the aquifer characteristics, including hydrodynamic and
hydrogeochemical properties, aquifer geometry and extension, and groundwater recharge,
but also on optimization of open pit and galleries dewatering for the mining activities
needs [17-22].

Since the early 1960s, mining activities in the TMB have generated significant economic
interest both nationally and internationally. Numerous mining companies have been
interested in the area, and exploration and exploitation missions have been carried out.
The Arlit region is the area where the first mining companies settled. Today, in this region,
mining is reaching its end, and the mining companies are reducing their operations, and
for some of them, closure is inevitable. It is, therefore, time to take a look at the impacts
of mining activities on the aquifers of the TMB. However, the TMB is a difficult area to
study. It is a difficult area to access due to its vast expanse, hostile climate, and lack of data.
A good starting point would be to consider the Tarat aquifer as a pilot and test impact
assessment methodologies in the context of a data-scarce area. In this context, global remote
sensing data are extremely useful [23-26].

The Gravity Recovery And Climate Experiment (GRACE), was used in many recent
studies in different regions of the world for analyzing changes in groundwater. This
includes the USA (High Plains Aquifer, Mississippi Bbasin, Central Valley) [27-29], the
Middle East [30-32], Asia [33-35], and Africa [36-38]. A study carried out by [39] shows the
potential of GRACE for monitoring groundwater storage changes in a mining environment.

The present study aims to evaluate groundwater storage changes and induced aquifer
depletion in the TMB and assess the magnitude of Tarat aquifer depletion at a local scale.
To achieve these objectives, groundwater storage changes over the TMB were estimated by
removing soil water acquired from the Global Land Data Assimilation System (GLDAS)
from total water storage changes observed from GRACE. From the three types of solutions
of GRACE data available, the mascon solutions were used, based on previous studies [39].
Then, in-situ data from 95 monitoring wells were used in the Arlit mining area to analyze
the spatiotemporal evolution of the Tarat aquifer.

2. Materials and Methods
2.1. Study Area

The TMB is the northeastern extension of the Tullemenden basin (671,000 km?) and
covers approximately 100,000 km? (Figure 1). From the digital elevation model of the area,
the land-surface elevation ranges from 850 m in the eastern part to less than 307 m in the
central to the western part of the basin.

Based on data obtained from the National Meteorological Office of Niger from 1960
to 2019, the TMB has an arid /semi-arid continental climate with annual average temper-
atures ranging from 7.6 °C to 43.7 °C. In this region, the average annual precipitation is
approximately 101.83 mm, decreasing from south (136.57 mm) to north (59.88 mm), and
rainfall occurs mainly from July to September. The potential evapotranspiration in the
basin goes up to 2650 mm/an, which is ten times greater than the annual precipitation [40].

The ephemeral streams that flow during the rainy season are the only surface water
resource in the basin.

The Tarat aquifer is essentially formed of terrigenous detrital rocks ranging from
coarse sandstones and even micro-conglomerates to clayey siltstones. It is a confined
aquifer with an average thickness ranging between 30 and 50 m.
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Figure 1. Location of the study area within the west African context (a). Distribution of the mining areas (U, uranium; C,

coal), including the Arlit mining area within it; the elevations in this area are color-coded (b). The geological setting of the
Arlit region and the spatial repartition of the monitoring wells are presented (c). A hydrogeological cross-section of the

Tarat aquifer is presented with the groundwater heads measured in December 2019 (d).
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2.2. Datasets and Methodology

In this study, GRACE data were used with Global Land Data Assimilation System
(GLDAS) and in-situ data. Our objective is to use the regional context to analyze the
evolution of an aquifer at a local scale. The timeframe of the GRACE data goes from April
2002 to December 2019 on a monthly resolution, and the spatial resolution is 0.25° x 0.25°.
The total water storage is equivalent to any form of water on or below the earth’s surface.
The vertically integrated total water storage changes estimated by the GRACE datasets
consist of changes in soil water, snow water equivalent, surface water reservoir storage,
and groundwater [41] and can be expressed as:

ATWS = ASWRS + AGWS + ASW + ASWE 1)

where ATWS refers to the variation of the total water storage, ASWRS to the surface water
reservoir storage variation, AGWS to the groundwater storage variation, ASW to the soil
water changes, and ASWE to the snow water equivalent changes. In the context of our
study, area (1) becomes:

ATWS = AGIWS + ASW ()

From (2), we compute the variation in groundwater storage as:
AGWS = ATWS — ASW 3)

2.2.1. GRACE Data

Launched in March 2002, GRACE twin satellites are used to measure the Earth’s
gravity field change and provide data to investigate changes in water resources [42]. The
month-to-month changes in the Earth’s gravity field can be used to detect the vertically
integrated terrestrial water storage changes according to the relationship between gravity
field changes and mass changes at the Earth’s surface [35]. Note that GRACE can only
deliver variations in water storage, not the total water storage itself. Besides, the lower
bound on its resolution means that GRACE cannot also determine precisely where the
mass change within the region is coming from. Even though the recommended area when
using GRACE is 200,000 km?, studies, such as [9], showed the efficiency of GRACE-derived
data in smaller catchments.

While comparing the groundwater storage changes (GWSC) results from different
GRACE solutions and the in-situ GWSC, [39] showed the GWSC from mascon solutions
match best with in-situ GWSC in a similar arid area. Therefore, the Release 6 (RLO6)
GRACE/GRACE-FO mascon of the Jet Propulsion Laboratory (JPL/NASA) made avail-
able (http:/ /grace jpl.nasa.gov, accessed on 25 September 2020) data asequivalent water
heights [43]. Some preprocessing was used for the mascon solutions, including replacing
the second degree and 0 order coefficients, adding the first-degree coefficients, and correct-
ing the glacial isostatic adjustments. Missing data in the time series were chosen to leave
blank, so the interpolation often used in this case [44,45] will not increase the uncertainty
relative to the resolution of the GRACE measurements.

2.2.2. GLDAS Data

Global Land Data Assimilation System (GLDAS) provides datasets of hydrological
variables in high spatial and temporal resolution. It is considered to be a better performer
than other land-surface models [39,45]. Therefore, it has been widely used for numerous
previous hydrological studies [46—49].

The NOAH land surface model of GLDAS is used in our study to acquire the soil-
water data. The NOAH model is separated into 4 soil layers and corresponds to a 2 m
depth. Then, the soil-water data is obtained by adding the soil water values from the four
layers. Due to a compliance issue, the missing months in the GRACE time series have also
been eliminated in the GLDAS dataset.
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2.2.3. Groundwater-Monitoring Wells in the Arlit Mining Area

Without ground data covering the TMB, it is impossible to make a comparison between
GRACE data and ground measurements, which does not correspond to any of the objectives
of this study. This issue has been widely discussed in the literature, and the majority of the
authors find a good match between GRACE and in-situ measurements [9,31,50-52].

For that purpose, the monthly groundwater level data from 95 monitoring wells were
obtained in the Arlit region, all located in the Tarat aquifer (Figure 1) from 1977 to 2020.
The water table evolution was analyzed on the whole timeline, and the data from April
2002 to December 2019 were used for assessing the GWSC in the area. For the second
analysis, the well water levels were converted into GWSC using Equation (4) [39,45]:

N N
AGWS =} §;CiAh;+ ) G )
J J

where N refers to the number of subareas or zones divided in the study region; S; are the
specific yield values of the unconfined aquifers; C; are the sizes of subareas; and Ah; refer
to the mean values of the well water-level variations in each subarea. Considering the size
of our area (the Arlit area) and the small variation of the hydrodynamic parameters of our
aquifer in the zone, Equation (4) can be expressed as:

AGWS, = S x Ahy, )
where 7 is the month index.

3. Results
3.1. Analysis of GWSC with Time in the TMB

The monthly time series of the total water storage changes (TWSC) (blue line) for
which related uncertainties are shown in Figure 2b, soil water changes (SWC) (grey line),
GWSC (red dots), and the precipitation data (orange bars) over the TMB from 2002 to 2019
are shown in Figure 2a. The rainy season in the basin goes from June to September, leaving
the rest of the year dry. Correspondingly, TWSC, SWC, and GWSC show increases in the
rainy season and decrease the rest of the year. This pattern indicates that rainfall plays an
important role in the seasonal variation of the GWS. Also, considering the rainfall variability
from 1960 to 2019, represented in Figure 3 our study period is a wet season. Within this wet
season, there are three major positive trends in 2007, 2015, and 2019 representing increases
of more than 50 mm in rainfall records, where all the variables showed obvious increases.
While the negative rainfall index represents decreases in rainfall records in 2008 and 2014
of more than 100 mm, the variables TWSC, SWC, and GWSC have shown an increase.

Other disagreements between the variables were also detected while analyzing the
variation trends of the four-time series in Table 1. First, the annual variation trends of
the TWSC, SWC, GWSC, and precipitation time series from 2002 to 2019, with SWC and
precipitation show increasing trends, respectively, of 0.0069 cm/year and 0.51 cm/year,
while the TWSC and GWSC show decreasing trends, respectively, of —0.1235 cm/year and
—0.1310 cm/year. Second, these trends for TWSC, SWC, and GWSC indicate that GWSC
and TWSC trends are very close, but GWSC decreased more in the third period, and the
SWC is lower than the other variables and shows the opposite trend in the third period.
Therefore, we can conclude that rainfall greatly influences the soil water but is not the main
reason for groundwater consumption in the TMB; thus, anthropogenic activities may play
an important role in groundwater consumption.
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Table 1. Trends of TWSC, SWC, and GWSC.
Variables 04/2002-12/2007 01/2008-12/2013 01/2014-12/2019 04/2002-12/2019
TWSC-trend 0.22 —0.30 —0.3597 —0.1235
SWC-trend 0.0080 —0.0018 0.0146 0.0069
GWSC-trend 0.23 —-0.29 —0.3998 —0.1310

3.2. GWSC in the Arlit Mining Area

As demonstrated by [39], mining operations may have a different impact on the GWS
estimates, for instance, (i) by the changes caused by mining that may directly affect the
estimations of groundwater from GRACE data and (ii) by destroying the aquifer, which
causes serious groundwater losses, etc. In our study area, the mass changes due to uranium
mining are neglected because the actual loss of mass is equivalent to a few thousand
tons. Thus, the main cause of groundwater consumption in the study area is supposed
to be water withdrawals from mines and mining drainage. Since no specific amount of
groundwater loss can be acquired for the whole basin, the Arlit mining region being the
oldest exploited area in the basin is considered in this study.

At the end of 2019, water production records indicated that more than 400 billion m3
had been extracted from Tarat since 1968. An analysis of the evolution of GWSC in Figure 4
shows two periods: (i) from April 2002 to January 2010, the GWS varies with a greater
amplitude, which translates into a trend of —0.014, and then (ii) declines from February
2010 to December 2019 with a trend of —0.0063. This is the opposite for the GWSC from
GRACE as presented in Section 3.1 and with a coefficient of 0.08, which shows no linear
correlation between the two datasets. The comparison of ground-based GWS anomalies in
the Arlit area and those based on GRACE in the whole basin was made in terms of RMSE.
The RMSE value of 0.79 shows a good fit between the GRACE and those obtained in situ,
despite the difference in scale.
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Figure 4. GWSC from monitoring wells in the Arlit mining area.

3.3. Tarat Water Table Flow Pattern Disturbance

In the context of an over-exploited aquifer, the contour lines configuration and the
circulation mode are strongly modified (Figure 5). The initial conditions (prior mining
activities) of the Tarat aquifer are not well known. Some interpretations resulting from
some measures taken in the 1960s would indicate a general regular flow headed from the
southeast to the northwest [19]. Since these measurements are unreliable, and there is not
enough data to map the aquifer’s configuration in the 1960s, the present study will use
1977 as the base year.
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The water level contourmap (Figure 5a) based on measurements from 19 wells taken
in 1977 shows flow direction headed from the northeast to the southwest. The hydraulic
heads decrease southwest toward a depression cone. The lowest measured water level
is 290 m and occurred at the center of this latter, and the highest measured water levels
occurred in the north-northwest part. The 1999 map (Figure 5b), with an overall similar
look to the 1970 version, shows a widening of the depression cone previously observed.
The 2019 map (Figure 5c) is based on water-level measurements in more than 100 wells.
The circulation model after more than 50 years is strongly modified. The flow direction is
no more one-way. The depression cone from the 1970s (Figure 5a) shifted to the south and
still recorded the lowest water level at 230.22 m. Besides, three new depression cones were
formed in the north and the center. On a global note, the water level measurements values
are still highest in the northern part.

A general look at the Tarat water table variation shows a general drawdown on differ-
ent scales (Figures 6 and 7). Figure 6 shows the evolution of the difference in hydraulic
heads of 17 piezometers from 1977 to 2009. Most of these piezometers have been destroyed
by the expansion of mining activity or are no longer monitored, making it impossible to
continue the surveys until 2019. For the period from 1977 to 2009, the Tarat water table
decreased drastically from the southeast (up to 46 m) to northwest (12 m) (Figure 6d).
From 1979, a more pronounced collapse was observed in the southern part. This depres-
sion remained over time and extends to the southeast, south-west, and deepens in the
central part.

For an overview of the drawdown since the beginning of mining activities (1968 to
2019), the evolution of the water table from a few representative piezometers of the whole
area is presented by the hydrographs of Figure 7.

. Localities
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Uranium mining areas

Control curve
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[ eeeee—
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Figure 6. Spatiotemporal drawdown of Tarat water table from (a) 1977 to 1979, (b) 1977 to 1989, (c) 1977 to 1999, and

(d) 1977 to 2009.
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(b) Industrial area:
Figure 7. Hydrographs for selected piezometers. See Figure 5 for the piezometers’ location.

In the northern (ARLI_277_bis) part, the Tarat depletion goes around 7 m from 1968 to
2010. The same trend was observed in the western part (Arni_3044) until 2010, when the
drawdown reached 18m. On the other hand, the piezometers ARLI_182 (1971-2019) and
COMI_10 (1979-2019) showed a decrease of, respectively, 52 and 30 m. The latter two were
located in the industrial zone.

4. Discussion

Groundwater storage analyses using GRACE-based and in-situ GWS estimates are
performed worldwide. In most of the analysis, aquifers located in arid /semi-arid areas
showed large depletion rates resulting from an excess of water extraction due to intensive
pumping when compared with the natural recharge from infiltration [53]. The literature
review shows the potential of the GRACE-based approach for GWS analysis for regional
groundwater assessments in data-lacking regions of the world [35,54-56]. Taking the
African context, increased groundwater abstraction is important to economic development
and the achievement of many sustainable development goals. There, groundwater as-
sessment is extremely important, but there is little information on long-term or seasonal
groundwater trends due to a lack of in-situ monitoring, which makes the use of global
remote sensing tools such as GRACE essential [57,58]. An investigation of long-term
changes in TWS of the Niger River basin was provided by [59]. For the whole Niger basin
(2,118,000 km?), a rise in groundwater stocks was estimated to be 93 £ 61 km3 between
January 2003 and December 2013. Small, consistent, increasing trends in estimated GWSC
in the Tullemenden basin (eastern part of the Niger basin, 671,000 km?) from 2002 to 2016
were indicated by [57]. These results show a general increase in GWS in the area, while
the results of the present study indicate a general decrease in GWS. This can be explained
by the hostile arid and semiarid climate conditions of the TMB, the low groundwater
recharge rate, and high rate of groundwater abstraction for mining activities, agriculture,
and drinking water supply.

As shown by [57], the Iullemenden Sahelian aquifer basin presents a strong water
storage seasonal response compared to the southern African basins. A range of 30 to 75% of
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the TWSC found there can be explained by the seasonal response. This seasonal behavior
matches well with estimates of groundwater recharge in the Iullemenden basin [60,61].
However, the estimated seasonal GWS trend does not appear plausible for the hyper-
arid basins, where seasonal groundwater recharge has been estimated to be negligible
using environmental tracers [62]. However, regular seasonal groundwater recharge is
detected through GRACE [63-66]. Studies such as [67] highlighted the uncertainty of
groundwater seasonal behavior while comparing GRACE to groundwater level variations
in southern and eastern Africa. It should be noted that the GRACE output variables are not
directly impacted by point rainfall anomalies. It is long-term analyses that allow a strong
link between these parameters to be defined. In the present study, the average monthly
trends depict a clear seasonality of storage in the study area (Figure 8). Also, the seasonal
variation confirms a general water storage loss trend in the TMB. Concerning the recharge
of the aquifers, the water storage evolves according to the rainfall. Indeed, considering
the average annual trend over the study period, we note that the GWSC increases to
a maximum in September—October (end of the rainy season) and begins to decrease in
October-November (beginning of the dry season) until its maximum in May. It can be
assumed that recharge takes place two months after the rainy season, which is consistent
with the results of [68] in the southwestern part of the Iullemenden basin. It should be
noted that even if groundwater recharge can be explained by the seasonality of rainfall, this
is not the only factor to be taken into account. Indeed, vegetation in Sahelian zones is scarce
and diminishes over the years, which favors infiltration and runoff [69]. Locally, in the
Arlit area, the fracturing system has also been shown to play a key role in the groundwater
recharge process and the hydrodynamic functioning of the aquifers [19,21].
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Figure 8. Annual distributions of water storage variations in terms of equivalent water thickness
(cm) and precipitation (cm) on the TMB by the means of monthly averages from August 2002 to
December 2019.

The study area has been mapped as a region with high groundwater storage but a
low recharge rate by [1]. In such areas, groundwater withdrawals lead to a considerable
groundwater drawdown and highly impact the groundwater flow pattern. The lowering
of the water table and groundwater flow pattern were identified by [70] as a significant
impact of mining activities on groundwater resources. Indeed, pumping is an integral part
of mining for preventing water inflow in open pits and galleries, creating a depression
cone in the groundwater table, thereby reducing the groundwater level [13]. In the Arlit
area, pumping for the needs of mining companies has led to a drop in level of about
50m and the formation and evolution of depression cones. Spatial analysis of the aquifer
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depletion also shows a greater decrease in the south-eastern part, which could correspond
to a groundwater recharge area.

Mapping and monitoring groundwater storage is expensive and, considering the high
spatial variability in aquifer systems’ hydraulic properties, unreliable. However, water
managers need practical information on the dynamics and the current status of groundwa-
ter storage for better planning of groundwater resources management in the framework of
sustainable development through the implementation of appropriate strategies and infras-
tructures. It is then essential to explore indirect and reliable methods for understanding the
impact of rainfall and pumping on groundwater storage changes. GRACE has been demon-
strated to be useful to develop insights into how groundwater storage varies [9,39,65,71,72].
In the present study, GRACE allowed more or less correct assessments of the dynamics
of TWS in the TMB, a semi-arid area with scarce data. However, the reliability of derived
groundwater storage changes from GRACE depends on the accuracy of the estimations of
the other water components of the TWS. Then, errors in groundwater storage estimates,
derived from this process, may stem from the summation of the errors in the GRACE total
water storage changes, the soil moisture values, and the surface water estimates [65]. The
efforts to minimize potential bias in this study were to use the mascon data product to
overcome the potential noises of the GRACE data [56], and since the scaling coefficients
were used in processing the data for the current study, adjustments to incorporate these
errors were already made to the data and, hence, no additional error analysis was needed.

5. Conclusions

In this study, GRACE, GLDAS, and in-situ data were used to evaluate the evolution
of the TMB GWSC and the spatiotemporal depletion of the Tarat water table in the Arlit
mining region. Based on previous work, GRACE mascon data were used.

Based on the GWS estimated from the mascon solutions, we analyzed the temporal
and spatial variations of the groundwater in the TMB. We found that the GWS shows
a strong seasonal variation, with increases in the rainy season and decreases in the dry
season. Then, the groundwater of the TMB showed serious depletion during 20142019,
and the annual variation trend was —0.3998 cm/year. Also, an analysis of the precipitation
data and GWSC data showed that rainfall is the main reason for the seasonal variations of
groundwater but is not the cause for the persistent consumption of groundwater, and that
groundwater loss is mainly due to anthropogenic activities.

The GWSC of the Tarat aquifer decreases from 2002 to 2010 with an annual variation
trend of —0.014 cm/year. This corresponds, according to mining operating data, to a period
of high mining activity and thus a period of high demand on the water table. Also, the
in-situ GWSC data fit rather well with the GWSC data from GRACE, with an RMSE of
0.79. The groundwater flow direction changed drastically, and the formation and evolution
of depression cones highlighted the fact that pumping from mines is heavily impacting
groundwater storage. Additionally, the temporal analysis of the evolution of the Tarat
water table level showed a significant drop from 1968 to 2019 of up to 50 m. Spatially, this
drop is mainly concentrated in the mining areas representing the main consuming activities
but also in the south-eastern part, which is supposed to be the aquifer recharge zone.

This study is a prelude to a more in-depth study of the TMB’s hydrogeological sys-
tem. In future studies, the complexity of hydrological processes in the TMB should be
addressed. This is indispensable for groundwater management and can provide deci-
sion support for the sustainable development of mining activities and the protection of
groundwater resources.
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