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Abstract. Hydrological processes are rapidly changing in semi-arid areas under the double constraint of cli-
mate change and anthropization. Such changes were investigated at different scales of time and space in the
Trarza aquifer (SW Mauritania), a flat region of about 40 000 km? with a low rainfall (100 to 250 mma~!). All
old sources of hydrogeological information were exploited in complement with the more recent surveys. The
geochemical information shows the importance of Quaternary eustatic variations in the present groundwater
mineralization. In spite of very great variations of rainfall, the piezometric stability over the last 50 years shows
that infiltration (about 4 mma~") did not vary significantly. Since 1989, the big Diama dam has raised the mean
level of the Senegal River, which brings an additional inflow to the alluvium and to the Trarza aquifer (about
34hm3 a~!). Groundwater recharge from the river and rainfall infiltration over the whole area have the same
order of magnitude. In the Nouakchott area, the new supply of water to the capital (45hm>a~!) has led to a
significant groundwater rise and the submersion of several urban districts.

Keywords. UPH3; UPH13; Panta Rhei; Field observation; Mau-
ritania; Groundwater recharge; Surface-groundwater interaction;
Temporal changes

1 Introduction

The climate change is often evoked as a major threat on wa-
ter resources in the next decades, especially in semi-arid ar-
eas. In fact, most of these regions are already exposed to
multiple human activities that deeply modify the water cy-
cle and these changes undermine the fragile balance between
resources and uses that has existed for centuries (e.g. Scanlon
et al., 2006; Leduc et al., 2017).

In Africa, the Sahelian region was marked by the catas-
trophic droughts of the 1970s and 1980s (e.g. Balme et al.,
2006). In contrast with this violent phenomenon, the ever in-
creasing demographic pressure and its heavy consequences
on land use and land cover is an even more important driver

of change, but it has acted continuously and progressively
over the long term (e.g. Leblanc et al., 2008). In the same
time, the multiplication of large and small hydraulic works,
linked to the development of irrigation and the greater control
of floods, modifies the flow and storage of both surface wa-
ter and groundwater. Research on the evolution of water re-
sources must therefore be carried out at multiple spatial and
temporal scales. In the Sahel, wide areas with little infras-
tructure, a small amount of heterogeneous and sparse data do
not represent the most favourable context. The Trarza aquifer
in south-western Mauritania is emblematic of these difficul-
ties where multiple influences must be unravelled among an-
thropization and climatic fluctuations of the last few decades,
but also older paleo-environmental changes. These different
drivers have considerably impacted the groundwater quan-
tity and quality. The analysis of all the available data, recent
and old, shows that beyond the apparent regional stability of
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the water table, water flows have changed considerably since
50 years.

2 The study area

The Trarza region extends over 40 000 km? in SW Maurita-
nia and is limited by the Senegal River, the Atlantic Ocean
and the Mauritanides metamorphic range (Fig. 1). In this
very flat region, the succession of Quaternary dunes and in-
terdune depressions is the main relief figure. The short rainy
season (June to September) and the long dry season are typi-
cal of the Sahelian climate, as well as the S-N rainfall gradi-
ent (about 250 mma~! in the Senegal River valley and only
100mma~! in Nouakchott). Like everywhere in semi-arid
areas, rainfall is very irregular in space and over time: the
annual average may fall in one or two rainy events (as in
the case of Rosso in 2010) and, at another scale of time,
the whole Sahelian region was marked by a long and se-
vere drought in the 1970s and 1980s. The phreatic aquifer is
the highest in a multi-layered aquifer system of the Senegal-
Mauritania sedimentary basin. Its Tertiary and Quaternary
sediments are alternating lacustrine, eolian and marine de-
posits. The rural population is less than 300 000 inhabitants,
to be compared with more one million people living now
in Nouakchott, the capital city that was created from nearly
nothing at the end of the 1950s. Until 2011, the water supply
for Nouakchott was taken from the Trarza aquifer by pump-
ing in the Idini area. Water for the city is now transferred
from the Senegal River by a 180 km pipe.

The mean depth to the water table is about 30 m, but it
varies between a few metres close to the sea and the Sene-
gal River and more than 70 m in the north-eastern part. The
thickness of the saturated zone varies between 10 and 50 m,
with a mean of 20m. The volume of water stored in the
aquifer is estimated at 100 km?>.

3 Data and methods

All available hydrogeological data since the first measure-
ments in 1959 were collected and exploited. This data set is
very heterogeneous, with a few big campaigns like in 1959
(Paloc, 1962), 1973 (unpublished) and 2011 (unpublished),
and many sparse and discontinuous point observations. In a
few sites, a specific survey provides a much denser infor-
mation in space and/or over time. The richest example is the
Idini area where the national water company SNDE has accu-
mulated about 1000 measurements since 1972 in the 30 km?
of the pumping site.

These different measurements consist mostly of ground-
water levels and, secondarily, electrical conductivity of
groundwater. Analyses of major ions and isotopes and es-
timations of hydrodynamic characteristics are much rarer.

In spite of its heterogeneity, this data set enables the differ-
entiation of the multiple drivers acting on the Trarza phreatic
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aquifer at various scales in space and over time, from the lo-
cal pumping to the climatic variations and marine transgres-
sions of the Quaternary.

4 Results

4.1 Long-term regional stability

The comparison of measurements over 60 years requires that
wells are indisputably identified and not exposed to signifi-
cant perturbations like a local pumping or a distant big hy-
draulic work. Depending on the data subsets that are com-
pared, the number of common points varies between 13 and
97. The main result is the absence of a clear trend over
decades. For instance, in the most copious comparison (1973
vs. 2011), rising wells are as numerous as decreasing wells
and their geographical distribution has no visible pattern.
This overall stability is a significant help: isolated measure-
ments can be used for complementing the major field cam-
paigns and their merging provides a very robust piezometric
map (Fig. 1).

4.2 Rainfall infiltration in the interdune depressions

After clearing of possible disturbances by local pumping, a
seasonal fluctuation of the groundwater level is frequently
observed in interdune depressions during the rainy season
(between 0.2 and 1 m in most cases).The continuous mea-
surement in the Nkek village (Fig. 2) illustrates the phe-
nomenon, in complete coherence with other continuous ob-
servations and measurements taken before and after the rainy
season in 36 wells in 2010 and 49 wells in 2015.

In spite of the low annual rainfall, this recharge seems
present over the whole aquifer. Nine measurements of “C
(Mohamed, 2012) and 17 measurements of H (IAEA, 2011,
2017) revealed highly variable mixing of recent and older
waters (0-6TU; 0-9ka) and confirmed the existence of a
modern contribution everywhere in the aquifer.

Using the water table fluctuation method (WTF) and as-
suming an effective porosity of 8 %, the median value of
recharge was estimated at 1.5 % of the total rainfall in the
north of the study area, and 2.1 % in the south, which repre-

sents a regional recharge by rainfall of about 4 mma~".

4.3 Recharge from the Senegal River

In the whole Trarza region, the highest groundwater levels
are met along the Senegal River. Before the construction of
the Diama dam, at 23 km from the river mouth, and the Man-
antali dam, in Mali, at the end of the 1980s, the annual flood
of the river was very variable in duration and amplitude. Ex-
changes between the river and alluvium reversed seasonally
(Illy, 1973). In the low flow period, sea water could reach
250 km up the valley, which obviously impacted the ground-
water quality. Since the construction of the two dams, the
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Figure 1. Extent of the Trarza phreatic aquifer and its piezometric contour lines drawn from the 2010-2020 survey.

01/05/2013  01/08/2013  01/11/2013  31/01/2014
640 T T T

(2]
(=2}
o

[*2]
[«]
o

Depth to the water table (cm)
3
o

760 -

Figure 2. Fluctuation of the groundwater level in a well at the foot
of a dune: seasonal recharge by rain infiltration and daily perturba-
tion by pumping.

river level is kept much higher (in Rosso, the minimum river
level has risen by 2m). The river control induces a perma-
nent recharge to the Trarza phreatic aquifer, and the rise of
groundwater levels on both banks of the river is up to 1 m
(Mohamed et al., 2014; Ngom et al., 2016). This recharge
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flow is estimated at about 110 hm?® a~', a hydraulic gradient
of 1%o and a median transmissivity of 5.5 x 1073 m?s~! in
the neighbouring aquifer. Uncertainty is still large but inde-
pendent calculations in surface water and groundwater con-
verge.

4.4 Urban recharge in Nouakchott

In its natural state, groundwater of the Nouakchott area was
naturally brackish and not used for human consumption. It
was, and still is, very close to the ground surface and hy-
draulically constrained by the sea and the strong evaporation
uptake. Population in the capital city changed from 5000 in-
habitants in 1960 to more than one million. Most of domes-
tic waste water is discharged in individual septic tanks and
recharges the phreatic aquifer. Since 2011, the water sup-
ply provided from the Senegal River has tripled the quan-
tity of water distributed in the capital (about 0.12hm?3 d~!
presently). Increased leaks from the water distribution net-
work and increased waste water release have increased the
aquifer recharge and the water table has risen by up to 0.6 m
(Mohamed et al., 2017). Large urban districts are now sub-
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merged and the phenomenon is limited only by a constant
pumping in multiple sites of the city (Fig. 3).

4.5 Intense pumping in Idini

After 40 years of progressive increase of pumping, the max-
imum drawdown observed in the piezometers spread over
the 30 km? of the Idini pumping site was 7.7 m. Because of
the strong reduction in pumping since 2011, the groundwa-
ter level has partially recovered (up to 3 m). The volume of
dewatered aquifer was about 16 hm? in 2011, which is very
small in comparison with the total of pumped volumes over
four decades (0.4 km?). This limited drawdown is consistent
with the local hydrodynamic characteristics (median trans-
missivity of 5.5 x 1073 m?s™1).

Whatever the pumping rate, there has been no overall
degradation of the groundwater quality in Idini over time.
Only three boreholes among the 46 wells in operation have
experienced a significant change in mineralization since
1972 (from 300 to 1210 mg L~! for the most important vari-
ation) while in all others, no fluctuations exceeded 10 % in
50 years.

5 Discussion

5.1 Regional groundwater flows

The uneven distribution of information, with a smaller den-
sity in the north and east of the Trarza aquifer, is a difficulty
but not an obstacle to the understanding of regional hydroge-
ology.

The highest groundwater levels are observed close to the
coast and in the Senegal River valley, and the water table pro-
gressively decreases to the northeast. This reminds the nat-
ural piezometric closed depressions that are frequently ob-
served in the Sahelian region (e.g. Favreau et al., 2002). The
singularity of a dissymmetrical shape can be explained by
the contact with the impervious metamorphic Mauritanides
rocks.

5.2 Long-term stability and recharge

Like all other Sahelian regions, Trarza was subject to the very
severe droughts of the 1970s and 1980s and to rapid demo-
graphic changes but, surprisingly, there is no obvious trace
of these major events in groundwater while many other Sa-
helian aquifers experimented important changes (e.g. Leduc
et al., 2001). The stability of the water table over 60 years
is an indicator of a low renewal rate. Out of the Nouakchott
area, recharge is due to rainfall infiltration and inflow from
the Senegal River, estimated at about 0.16 and 0.11 km3a~!
respectively. Even if uncertainty remains large on the two fig-
ures, the order of magnitude is certain. Their sum is less than
3 %o of the water stored in the Trarza aquifer, which is coher-
ent with the small impact of recent events. The net recharge
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is probably even smaller than 3 %o as a significant part of this
inflow may go back to the atmosphere by evapotranspiration
in the first months after infiltration.

The low value of rain infiltration, between 1 % and 5 %
of annual rainfall, agrees with other estimates of recharge in
semi-arid areas. Under the natural conditions that previously
existed in south-western Niger, Le Gal La Salle et al. (2001)
proposed a value of 5Smma~! (i.e., 1 % of annual rainfall of
about 560 mm). The same ratio was also calculated by Leduc
et al. (2000) in the drier north-western Lake Chad basin. Be-
yond the Sahelian belt, the proposed value also agrees with
the wide compilation of studies in semi-arid regions by Scan-
lon et al. (2006), who concluded that recharge usually varies
between 0.1 % and 5 % of annual rainfall.

A first independent confirmation of the low renewal rate
comes from the stability of the piezometric closed depres-
sion. In continental areas, the only acceptable explanation
for such shapes is evapotranspiration uptake, which is nec-
essarily very low when groundwater lies at some tens of me-
tres below the ground surface. An important recharge would
rapidly erase the depression.

Another confirmation comes from the presence of seawa-
ter in the aquifer, at tens of kilometres of the present coastline
(Mohamed et al., 2014). These relicts of the last transgression
episodes of Quaternary would have disappeared by dilution
in case of an important annual recharge.

5.3 Groundwater memory

Transgression episodes have been essential drivers of
groundwater dynamics in the past (Elouard et al., 1972;
Miskovsky et al., 1991). They covered a very large extent and
lasted a long time and their impact is still visible locally in
the aquifer mineralization (high salinity, Br / Cl ratio close
to the marine ratio), even very far from the present coast-
line (Fig. 4). Traces of more local and/or shorter hydrological
events of the past are identified with greater difficulty.

In 1950, an exceptional flood of the Senegal River spread
floodwater throughout the Aftout es Sahili, a long topo-
graphic depression parallel to the coastline, at a distance of
1 to 3km from the sea. It brought water from the Senegal
River right up to Nouakchott, 190 km north of the river delta.
There was no hydrogeological measurements at that time but
the presence of modern fresh water in the coastal brackish
groundwater is a good indicator of an exceptional recharge
(Mohamed, 2012). This fresh water may result from the 1950
flood only or from the accumulation of several similar older
floods that occurred a very few times per century. Their im-
pact was limited to a narrow coastal strip but the amount of
water entering the aquifer may have been as important locally
as the rain infiltration for 30 or 50 years.

Further into the past, the bed of the Senegal River has
moved significantly over time. A former river bed is still vis-
ible farther north in Mauritania in the form of Lake Aleg and
Lake R’kiz, then farther south in Senegal with Lake Guiers
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Figure 4. Groundwater salinity in the Trarza aquifer (Mohamed,
2012; complemented with the data set of the present study). The
black dashed line limits the maximum of Quaternary transgressions.
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(Fig. 1). The maximum distance to the north from the present
bed is about 70km. Each year Lake R’kiz is filled up by a
distributary of the Senegal River, which follows the ancient
bed and recharges the surrounding aquifer with a preferential
flow along the former bed.

The long history of the Trarza aquifer implies that the
contemporary observations have to be interpreted in connec-
tion with present drivers and also in reference to much older
events.

5.4 Anthropogenic perturbations in Nouakchott

Increasing groundwater recharge in Nouakchott obviously
has considerable social, sanitary and geotechnical conse-
quences. The process started 10 years ago and will probably
continue over the next decades. Even partially polluted by
domestic uses, this artificial recharge will gradually reduce
the groundwater salinity, which was originally very high in
this area.

As a counterpoint to the geochemical improvement, this
artificial recharge is compensated by a permanent pumping
to limit the extension of flooded areas. Part of this water is
discharged into the sea, the rest is discharged over the ground
surface away from the city, which only shifts the problem.
In this very flat city, partly below sea level and with a very
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insufficient wastewater collection system, a more sustainable
alternative is still to be found.

Another important issue in the Nouakchott area is the
weakening of the coastal dune bar by uncontrolled sand ex-
traction and by harbour dykes modifying the littoral sedi-
ment transport (Mohamed et al., 2017). The rise of the sea
level and the increased number of storms expected as a con-
sequence of the global warming will lead to more frequent
intrusion of seawater in the coastal area. The same threat con-
cerns two other sites of new big harbours along the Maurita-
nian coast.

5.5 Anthropogenic perturbations in the Senegal River
valley

Thirty years after Diama dam was built, groundwater can be
considered as having reached a new equilibrium with the
raised base level of the river. Our present estimate of an-
nual inflow from the Senegal River of about 110hm? is a
net recharge to the Trarza aquifer, lower than the total sum of
fluxes exchanged each year in both directions during the an-
nual flood and the following recession. It is consistent with
the hydrological surveys of the Senegal River (e.g. Dieng,
1999). In the most recent synthesis, Bader (2015) estimated
the river loss between Bakel (630 km upstream of Diama)
and Diama at a mean value of 725 hm3 a~!, to be divided into
direct evaporation, evapotranspiration in the riparian vegeta-
tion and groundwater recharge through the two banks.

The Senegal delta area downstream of Diama is very frag-
ile hydraulically and sedimentarily, depending on oceanic
and continental conditions (e.g. Barusseau et al., 1998) and
human interventions could significantly impact it. A dramatic
example is the artificial breach that was opened in October
2003 in the Langue de Barbarie, which is a narrow strip
of land between the Senegal River and the Atlantic Ocean,
downstream of Diama. The breach was dug to prevent a
disastrous flood of the Senegal River, with an initial width
of a few metres that rapidly reached 5 km and changed the
freshwater-salt water balance in the whole area. In a less vi-
olent evolution, irrigation expands along the Senegal valley
(34700 ha in 2015) and will even increase with the construc-
tion of a new canal to the Aftout es Sahili coastal depres-
sion, transferring water from the Senegal River (55 km north-
wards) to a new 16 000 ha irrigated area. These new hydraulic
conditions will progressively modify both the level and qual-
ity of groundwater, northwards and eastwards respectively, as
already observed ion the southern bank of the Senegal River
(e.g. Diaw et al., 2019).

6 Conclusion

Like many other semi-arid areas, South-west Mauritania de-
pends on groundwater for supplying water to rural commu-
nities, but hydrogeological information is still scarce. This
may be easily explained by the size of the country, the small
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and poor population, and the sparse hydraulic infrastructure.
The lack of any information before the 1950s and the lim-
ited amount of data acquired since could limit the identifi-
cation of major physical processes. In fact, the large extent
of the aquifer and the small renewal rate give it a great iner-
tia, which makes possible to concatenate heterogeneous data
sets. This inertia allows scientists to go back into the past
and find traces of exceptional events that took place a few
decades, centuries or thousands of years ago.

In contrast with many other semi-arid aquifers, the Trarza
aquifer does not appear exposed to high risks in the near fu-
ture. In quantitative terms, the water supply to Nouakchott
from the Senegal River has considerably reduced the volume
of water pumped from the aquifer and the higher river level in
the Senegal River has increased the recharge from the river.
In qualitative terms, the control of the Senegal River now
avoids the marine intrusion that used to come up every year
and brings an additional input of freshwater to the aquifer.
At the local scale of Nouakchott, the massive introduction of
fresh water in the aquifer reduces the groundwater salinity.

Numerous decisions concerning water management in
Mauritania are now taken without a clear idea of the hy-
drological context and their possible consequences. The rela-
tive groundwater inertia and the absence of an immediate big
threat cannot justify that observation networks are not seen
as a necessity by authorities while they undertake new large-
scale hydraulic infrastructures.
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