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Abstract. West Africa is subject to climatic variability with a long period of drought during the 1970s—
1990s whose impact on groundwater remains poorly studied. This work focuses on the Kou basin
in Burkina Faso, which holds a large groundwater resource resulting in exceptional springs. This
resource shows signs of depletion that raise a critical question: What is the share of climate and that
of withdrawals in the depletion of the resource? To answer this question, we used a hydrogeological
model calibrated in steady state and in transient regime (monthly time step 1995-2014; annual time
step 1961-2014). The results showed that pumping has a significant impact on the resource, especially
in the vicinity of the pumping areas, and caused approximately 30% of the observed decrease in
spring discharge. Drought periods and consecutive years without recharge also led to a decrease in
groundwater levels. Thus, precipitation deficits and variability, combined with increasing pumping,
have endangered the resource.
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1. Introduction

Population growth leading to increased agricultural
production [de Marsily, 2008, 2020] and demand for
drinking water [He et al., 2021] combined with cli-
mate change and variability poses a real threat to
the availability of water resources worldwide and in
Africa in particular [UN-WWDR, 2021, Sylla et al,,
2018, for West Africa]. Despite major disparities re-
lated to differences in physical environments and
the climatic mosaic of the continent, the decline of
a quality water resource is a reality and a threat in
the most vulnerable arid to sub-humid areas, where
more than 40% of the population lives.

West Africa is one of the regions most affected
by climate variability and change. During the 20th
century, the West African region experienced a suc-
cession of wet and dry periods marked by signif-
icant rainfall deficits of varying intensity depend-
ing on the sub-region, particularly since the 1970s
[Nicholson, 1978, Servat et al., 1997, Paturel et al.,
1997, 2002, Lebel and Ali, 2009, De Longueville et al.,
2016, Nicholson et al., 2018]. There is a contrast-
ing response of hydrological systems to this vari-
ability in rainfall between the Sahel region (annual
rainfall < 700 mm) and the Sudanian region (an-
nual rainfall > 700 mm) [Descroix et al., 2009, Nka
et al, 2015]. In the Sahel region, an increase in
runoff in most small and medium-sized watersheds
is noted [Albergel, 1987, Descroix et al., 2009, Amogu
et al., 2010]. In the Sudanian region, there has been
a clearly greater decrease in runoff than in rainfall
[Mahé, 2009, Descroix et al., 2015]. The increase in
runoff in the Sahelian zone is linked to a change in
land use that has also caused an increase in the water
table in endoreic basins such as those in southwest
Niger [Leduc et al., 2001, Favreau et al., 2009]. In the
Sudanian area, the significant decrease in river dis-
charge is related to a decline in base flow caused by
the drop in the water table [Mahé, 2009, Tirogo et al.,
2016].

However, in West Africa, little is known about
the response of groundwater to climate-induced
variations. Studies that have addressed this issue
have shown that the relationships between pre-
cipitation and water table recharge are complex
to determine because they are highly variable in
space and dependent on several factors [Tirogo
et al., 2016, Cuthbert et al., 2019, Ascott et al., 2020].

These factors include anthropogenic influence (dam
construction, changes in land use, increased water
withdrawals) and natural factors such as the surface
water drainage network as well as the spatial distri-
bution of hydraulic properties and geometry of the
aquifer. In addition to this variability in the evolu-
tion of the water table, there is also uncertainty in
the estimation of the future climate of the area [e.g.,
Monerie et al., 2020]. In a context where the demand
for water continues to grow, groundwater resources,
which are of paramount importance for water sup-
ply to populations, socio-economic activities and
vital ecosystems [Calow and MacDonald, 2009, US-
AID, 2014], warrant better control for sustainable
management.

In the present study, we focus on the groundwater
resource of the Kou basin (1860 km?) in the western
sedimentary basin of Burkina Faso. This groundwa-
ter is a major socio-economic asset, at the origin of
important springs such as those of Nasso/Guinguette
(three main springs), which have an exceptional dis-
charge compared to that of the region (=1.5 m3/s for
the Guinguette spring during the low-flow period in
2011). The groundwater resource is used for irriga-
tion, but also by various industries and for the sup-
ply of drinking water to many communities, includ-
ing the country’s second largest city, Bobo-Dioulasso.
Water needs at the basin level are constantly increas-
ing while the groundwater level is dropping (ca. 0.5 m
between 1990 and 2015) as is the discharge rate of
springs. Through geochemical and isotopic analy-
ses, Dakouré [2003] and Huneau et al. [2011] showed
there is a predominance of ancient waters in the
southeast part of the much larger Taoudeni sedimen-
tary basin with a low renewal rate. In a more re-
cent geochemical study, Kouanda [2019] neverthe-
less reported on the existence of significant ongo-
ing recharge in the same area. In this context where
the water table is influenced by the rainfall variabil-
ity and by strong demand, the question arises as to
what would be the cause of the decline in the dis-
charge of springs. Analysis of the response of the wa-
ter table to climatic variations based on groundwa-
ter level records has proved to be limited by the spa-
tial heterogeneity of its behaviour and the factors that
influence it [Tirogo et al., 2016]. Therefore, hydro-
geological modelling was recommended to study the
behaviour of the water table with respect to climate
and to pumping. In this area, several hydrogeological
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models run in steady state [Sogreah Ingénierie, 1994,
Dakouré, 2003, Derouane, 2008, Sauret, 2008] and
aimed at understanding the hydrodynamic function-
ing of the aquifer system have not provided answers
to the question.

Here, we propose to study the behaviour of the
aquifer system using a hydrogeological model in both
steady and transient states. Indeed, the response of
aquifers to various demands is a dynamic and spa-
tially variable process that can be effectively anal-
ysed by modelling [e.g., Bredehoeft, 2002, Dong et al.,
2012, Condon et al., 2021]. Transient modelling en-
able the simulation of temporal and spatial variations
in water table [Howard and Griffith, 2009] and hence
the study of its behaviour in response to past or
future climate change and anthropogenic activities
[e.g., Scibek and Allen, 2006, Knowling et al., 2015,
de Graaf et al., 2019]. The analysis of the combined
impact of pumping and climate provides a better ap-
praisal of groundwater dynamics subject to tempo-
ral trends (rainfall and pumping variability) in a con-
text of spatial heterogeneity (drainage, aquifer geom-
etry, hydrodynamic parameter distribution, etc.). In
this article, we first present the hydrological, geologi-
cal and hydrogeological framework of the study area,
with particular emphasis on the discharges of the hy-
drosystem, at springs and as a result of withdrawals
(Section 2). The results of the hydrogeological mod-
elling, the development of which is described in Sec-
tion 3, are presented in three main parts, namely, the
calculation of the input data of the model, the cali-
bration of the model in steady and transient states,
and the evaluation of the impact of climate change
and pumping (Section 4), before they are discussed
(Section 5).

2. Study area
2.1. General information

The study area covers approximately 3600 km? in
southwest Burkina Faso between longitudes 4°00" W
and 4°49' W and latitudes 10°56’ N and 11°31' N
(Figure 1). The Kou hydrological basin (1860 km?)
is located in the administrative area of the Hauts-
Bassins region and is home to the country’s second
largest city, Bobo-Dioulasso [904,920 inhabitants ac-
cording to the results of the Fifth General Census
of Population and Housing in 2019, i.e. approxi-
mately 92% of the population is urban in the Kou

basin, INSD, 2022]. It is in a Sudanian zone (800-
1200 mm annual rainfall) characterized by two alter-
nating seasons (dry season from November to April
and rainy season from May to October). The average
annual rainfall recorded between 1961 and 2014 at
the Bobo-Dioulasso rainfall station is approximately
1025 mm and the monthly average temperatures
range between 25 °C and 31 °C during the same pe-
riod. Monthly potential evapotranspiration is highest
in March (202 mm) and lowest in August (116 mm)
[Tirogo et al., 2016].

The Kou basin is home to an important groundwa-
ter resource that is the source of exceptional springs
at the scale of the West African region. This resource
is of primary socio-economic importance for Burk-
ina Faso, in particular for the city of Bobo-Dioulasso
and its surroundings. It is used for irrigation, indus-
trial activities, and for drinking water supply. Wa-
ter needs at the basin level are growing at the same
rate as the population (growth rate of 3.1% per year)
and as the development of irrigated agriculture (to-
tal irrigated area nearly 2000 ha in 2014). From
about 2300 m3/day in 1960, the total amount of
water withdrawn at the scale of the basin has in-
creased to more than 75,000 m3/ day in 2014 [Tirogo,
2016].

2.2. Hydrology

The Kou basin contains the perennial Kou River,
its tributaries, and the Nasso/Guinguette springs.
The Kou River (ca. 70 km long) is the first major
right-bank tributary of the Mouhoun River, formerly
the Black Volta [Moniod et al., 1977]. The source
of the river is in the locality of Péni at an altitude
of approximately 500 masl. The Kou River is fed by
several springs, the most important of which are the
Nasso/Guinguette and Pesso/Desso springs (Fig-
ure 1). The springs constitute most of the base flow
of the Kou River (about 2.1 m?/s of 2.5 m3/s between
1992 and 1997) and contribute to the downstream
supply of important hydro-agricultural develop-
ments, notably the irrigated areas of the Kou Valley.
The main tributaries of the Kou River are mostly tem-
porary streams. At the confluence with the Kou River
(286 masl altitude), the Mouhoun is approximately
147 km long and drains a watershed of 6647 km?. The
average flow of the Kou (at the confluence of Niamé-
Baoulé) and of the Mouhoun (at Samendéni) over a
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Figure 1. (a) Study area location in Burkina Faso; (b) study area description and measurement stations
(river, meteorology, and piezometers); (c) Nasso/Guinguette springs area.

common period from 1985 to 1994 was 3.9 m®/s and
14.9 m3/s, respectively (Figure 2).

2.3. Geology and hydrogeology

The study area is part of the southeastern edge of the
Taoudeni sedimentary basin (Figure 3a) [Trompette,
1973, Bronner et al., 1980]. This Burkinabe part of
the Taoudeni basin (45,000 km?2) consists of nine
sandstone-dominated formations [Ouédraogo, 1983,
2006] with a monoclinal structure and a slight dip
of 2° to the NW (Figure 4). It is limited to the east
by the contact with the basement rocks (Figure 3b).
From a hydrogeological point of view, the limits of
the Kou watershed do not correspond to those of its
hydrological basin. Indeed, based on the potentio-
metric surface map of the whole area, lateral ground-
water flows would come from upstream of the basin
and continue downstream to the Gondo Depression
[Dakouré, 2003, Derouane, 2008, ANTEA, 2012].

The Kou basin has five outcrop formations, pre-
dominantly sandstone of terminal Precambrian (In-
fracambrian), with a total thickness that could reach

2000 m deep in its western part. These forma-
tions constitute its main aquifers separated locally by
discontinuous layers of mudstone that make them
locally confined (Figure 3c). From the oldest to
the most recent level, it is made up of: Kawara-
Sindou sandstone aquifer (GKS), glauconitic fine
sandstone aquifer (Gfg), quartz granular sandstone
aquifer (Ggq), Guéna-Sourkoudinga silty clay and
carbonate aquifer (SAC1), and pink fine sandstone
aquifer (Gfr). The GKS multi-layered aquifer is made
of sandstone. The upper part of the Gfg aquifer is
very productive while the lower clayey part is not very
permeable and more or less sandstone-like. The Ggq
aquifer is made up of two confined aquifers (lower
Ggq and upper Ggq) separated by a layer of fine,
highly consolidated sandstone. The base of the SAC1
aquifer consists of sandstone and the top consists of
dolomitic limestone and clay. The Gfr aquifer, less
known than the first four aquifers, contains a thin
and shallow water table [Sogreah Ingénierie, 1994,
Gombert, 1998]. All along the Kou River, the afore-
mentioned formations are covered by alluvial de-
posits whose lateral extension is estimated at 350—
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Figure 2. Average monthly flow of the Kou (a)
and Mouhoun (b) rivers from 1985 to 1994 and
average monthly rainfall of Kou and Mouhoun
catchments during the same period.

750 m on each side of the river. Consisting of clay,
sandy-clay, and altered sandstone deposits, from a
few metres to nearly 40 m thick, the alluvial plain
functions as a capacitive reservoir [Sauret, 2013].
Thus, from the basement to the base of the SACI,
sandstone layers overlap over approximately 1000 m
[Gombert, 1998], only separated by discontinuous
layers of mudstone at the base of the Gfg in the east-
ern edge of the basin, which makes the GKS locally
confined. Within the SAC1, the presence of thick lay-
ers of locally impermeable claystone suggests a com-
partmentalization of this aquifer. Also, dolerites out-
crop abundantly at the western and northern ends
of the Kou basin and occur as roughly concordant
sills, dykes (veins), and necks [Sogreah Ingénierie,
1994, Gombert, 1998]. Their presence in the study
area could also constitute real screens impermeable

to groundwater flow. However, their vertical and
even horizontal extension remains poorly known. At
the scale of the study area, according to the current
state of knowledge, the existing data are insufficient
to define the extension of these heterogeneities as
well as their role in the functioning of the aquifer
system.

In general, the outcrop formations are fractured.
There are several major faults, generally oriented
SSE-NNW, which promote the circulation of water
at depth and create important hydraulic connections
between the different aquifers [Sogreah Ingénierie,
1994]. These are also areas favourable to the recharge
of the water table and to the ascent of deep and older
waters [Huneau et al., 2011]. They are considered to
be the main causes of resurgence of water from the
Nasso/Guinguette springs [e.g., Talbaoui, 2009, Fig-
ure 4].

2.4. Discharge of the aquifer system by springs

The aquifer system is drained by numerous springs.
Apart from the Nasso/Guinguette springs already
mentioned, there are about 30 other springs in the
area with discharge varying between 1 m®/h and
500 m3/h according to a survey conducted in 1996.
From this inventory to today, some of these springs
have dried up and others have experienced a signifi-
cant decrease in their discharge rates. Unfortunately,
there is no recent inventory of all the springs with
measurements of discharge. Only the Guinguette
spring allows us to appreciate the evolution of the
discharge over the long term thanks to sporadic mea-
surements of the discharge rate realized between
1959 and 2011 [Sogreah Ingénierie, 1994, Sauret,
2013]. The discharge rate has decreased by approx-
imately 1 m3/s in 50 years, from ca. 2.4 m3/s in 1959
to ca. 1.6 m®/s in 2011 (Figure 5), with low seasonal
variation (less than 15% of the average annual flow in
1992). The two springs of Nasso, operated by the Na-
tional Office of Water and Sanitation (ONEA), whose
discharge was estimated at approximately 0.5 m3/s
in 1993 [Sogreah Ingénierie, 1994], could not supply
more than 0.33 m3/s in 2012. Apart from the two
Nasso springs, which are used to supply drinking wa-
ter to the city of Bobo-Dioulasso, most of the other
springs, including the Guinguette, discharge into the
river system where the water is used for irrigation in
the downstream part of the basin.
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Figure 5. Evolution of the low-flow discharge
rate of the Guinguette spring between 1959 and
2011.

2.5. Discharge of the aquifer system by with-
drawals

The groundwater resources of the Kou watershed are
exploited by many users (water supply, industry, agri-
culture). As stated in Section 2.1, water withdrawals
have increased since the first drilling in the 1950s.
Indeed, at that time, water abstractions were made
only from springs and from a few traditional wells
[Palausi, 1957].

ONEA’s pumping system for supplying drinking
water to urban areas including the city of Bobo-
Dioulasso is the most important and best monitored.
The quantities of water withdrawn by ONEA have
evolved from ca. 2300 m3/ day in 1956 [Palausi, 1957]
to ca. 40,000 m3/day in 2014 (Figure 6) [Tirogo, 2016].
Between 2000 and 2014, ONEA’s set-up evolved with
the construction of two boreholes of approximately
250 m3/h each in 2000, followed by two others of
250 m3/h in 2014, all located within a radius of less
than 2 km. Their depths vary between 200 and 300 m.
In rural areas, drinking water is drawn from shallower
boreholes (generally between 40 and 80 m) with flow
rates varying between 0.5 m3/h and 20 m3/h. Most of
them are equipped with manual pumps. The num-
ber of boreholes has grown since the first one in 1976
to a total of 346 in 2014. The withdrawals in 2014
were evaluated at approximately 10,000 m3/day to
the nearest 20%, based on well flow rates and es-
timated pumping hours per day [Tirogo, 2016]. In
addition, there are agricultural withdrawals, mainly
located in the alluvial plain downstream of the Kou

50000
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Rural water supply pumping 0.5
— 40000 4 e Industrial withdrawals .
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g .-' 04 .E
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Figure 6. Evolution of total drinking water pro-
duction for the city of Bobo-Dioulasso (from
springs and boreholes), rural drinking water
supply withdrawals, as well as industrial and
agricultural withdrawals.

basin, estimated at approximately 22,900 m3/ day in
2011 during the irrigation period (November—April)
[Sauret, 2013]. Groundwater is used by many indus-
tries located in the Bobo-Dioulasso area, whose with-
drawals are ca. 2500 m3/day according to an estimate
made in 2014 [Tirogo, 2016].

In 2014, total pumping by all users was approx-
imately 75,000 m3/day on average. Taking into ac-
count seasonal variations, the total volume with-
drawn for the year 2014 was estimated to be approxi-
mately 84,000 m3/day in the dry season (low-flow pe-
riods) and approximately 44,000 m3/day in the rainy
season (high flow periods).

3. Materials and methods
3.1. Numerical code

The code chosen for the modelling is Modflow-2005
[Harbaugh, 2005], with its Visual Modflow© inter-
face. Modflow-2005 solves the groundwater flow
equation using the finite difference method for both
confined and unconfined aquifers.

3.2. Geological model and discretization

The geological model is built in three dimensions
considering the five aquifers. The basement on
which the GKS aquifer rests is considered as the lower
impermeable boundary of the domain. The top of the
aquifer system is the topographic surface, based on
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30 m SRTM data. The geometry of the multi-layered
aquifer system was developed using data from six ge-
ological sections [Ouédraogo, 2006, Derouane, 2008]
and about 60 borehole logs, with depths not exceed-
ing 300 m. Beyond this depth, the vertical position
of contacts between deep horizons was extrapolated
from the observed average dip. The total thickness of
the modelled domain is 1050 m in its deepest part to
the NW of the basin where it is distributed as follows:
350 m of GKS, 150 m of Gfg, 200 m of Ggq, 250 m of
SAC]1, and 100 m of Gfr (Figure 7b).

The study area was discretised into regular 500 m
x 500 m grid cells according to the six layers gen-
erated from the 3D geological model, for a total of
78,732 active grid cells (Figure 7). The GKS formation
was divided into two layers to represent the semi-
permeable layer that separates the GKS unit from the
Gfg unit, as its impact on groundwater flow was es-
tablished in the southeast of the basin. Other vertical
heterogeneities were not represented in the model
because they are unknown at the scale of the area.
They are indirectly accounted for in the five aquifer
horizons of the model by an equivalent hydraulic
conductivity value generally lower than the one es-
timated from pumping tests.

3.3. Hydrodynamic parameters

The modelled domain is represented as a continu-
ous porous medium in which the heterogeneities are
taken into account through the variations of the val-
ues of the hydrodynamic parameters. The a priori
values of horizontal hydraulic conductivity are esti-
mated from ca. 20 long-term pumping tests. We de-
duced an average value for each layer: 2.4 x 10~ m/s
for GKS, 9 x 107® m/s for Gfg, 2.1 x 10~ m/s for Ggq,
3.6 x 107> m/s for SACI, and for Gfr, 1.3 x 107 m/s.
The hydraulic conductivity in the direction parallel to
the layers (K = Kj) is assumed to be 10 times higher
than the conductivity in the perpendicular direction
(K2) for all layers. The major faults are implicitly con-
sidered in the model using a horizontal anisotropy
factor ranging from 1 to 2 orders of magnitude. The
a priori values of the storage coeflicient are based on
five values, available for GKS (1.5 x 107%; 3.8 x 1079),
Gfg (3.8 x 1073), and Ggq (5.5 x 1074; 2.3 x 1073). The
specific yield of the aquifers (outcrop parts) was ini-
tially considered to be between 2% and 5% according
to their lithology.

3.4. Boundary conditions

Since the hydrological boundaries of the Kou water-
shed do not match those of the hydrogeological basin
(Section 2.3), the model domain was chosen in such
a way that boundary conditions could be more eas-
ily defined (Figure 7). They were extended mainly to
the west and east of the basin in order to find natu-
ral boundaries, which are, respectively, the Mouhoun
River and the limit of the sedimentary basin (Bobo-
Dioulasso cliff).

The eastern boundary of the sedimentary basin is
prescribed as a no-flow boundary condition, assum-
ing very limited exchanges between the basement
and the sedimentary basin. On the Mouhoun River,
which is a perennial river, a specified head boundary
condition is assigned based on river heights. Daily
water level and discharge data, provided by the Gen-
eral Directorate of Water Resources, are available for
stations on the Kou and Mouhoun rivers for various
periods between 1961 and 2014, ranging from 9 to 54
years. The data selected according to a data qual-
ity criterion from four stations on the Kou (Koumi,
Nasso-milieu, Badara, Confluence Niamé-Baoulé)
and three stations on the Mouhoun (Guéna, Ban-
zon, Samendéni) were used to define these bound-
ary conditions (water levels) (Figure 1). On the north-
ern and southern limits of the area, specified steady
state head boundaries are defined from the observed
groundwater levels and the values are extracted from
the reference potentiometric map. Groundwater
level data from 100 observation points (87 piezome-
ters and boreholes intersecting the phreatic aquifer,
and 13 springs) for the period 1995-1999 were used to
draw this reference potentiometric map for the low-
flow period of this time interval.

Streams in the Kou basin are represented using a
Robin boundary condition, i.e. a head-dependent
flux condition. In the sections of the Kou River as-
sumed to be in equilibrium with the water table,
the river hydraulic head is derived from hydromet-
ric data. Its tributaries, mostly temporary, are rep-
resented with a drain boundary condition and the
drain elevation is equal to the topographic level. Ac-
cording to the classic approach proposed in Mod-
flow, the amount of flux exchanged is regulated by the
value of the conductance C (L2-T™!) of the river bed,
which is written as:

C=K;-1-Lle, 1
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south, north, and east boundaries; (b) SE-NW cross-section with altitude in metres above mean sea level.
Hydrogeological units are referred to by their abbreviated names (see Section 2.3).

with K, the vertical hydraulic conductivity of the
river bed materials (L-T™!), I the width of the river
within the mesh (L), L the length of the river within
the mesh (L), and e the thickness of the river bed
(L). The main springs in the area are also represented
with a drain boundary condition.

All the pumping boreholes listed in the area
were taken into account in the model by consid-
ering their exact position, except for boreholes
equipped with manual pumps. The latter have
low pumping rates (ca. 0.7 m?3/h), and were there-
fore grouped by village by summing the pumped
rates, which reduced the number of wells from
346 to 91.

3.5. Natural groundwater recharge assessment

The recharge values introduced into the model are
derived from the Thornthwaite balance [Thornth-
waite, 1948]:

P=AET+R+I1+AS, (2)

with P the total rainfall, AET the actual evapotran-
spiration, R the runoff, I the infiltration, and AS the
water stock variation in the available water content
(AWC), all terms of dimension (L-T71). Infiltration
is considered as diffuse groundwater recharge. The
water balance is calculated on a monthly basis. For
a given month j, the infiltration is calculated as
follows:
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AWC; = min(max(AWC;_1 + Pj — ETP;,0), AWCpax)
@3)

and
I; =max(AWC;_; + Pj —ETP; —AWCpay, 0) — Rj, (4)

where AWCax is the soil maximum available water
capacity. Climate data are made available through
permanent monitoring carried out by the techni-
cal services of the National Agency of Meteorology.
Daily climate data from the Bobo-Dioulasso mete-
orological station (rainfall, temperature, Penman-
Monteith potential evapotranspiration; 1961-2014)
and monthly rainfall data from five other rainfall
stations (Nasso, Farakoba, Vallée du Kou, Orodara,
and Samoroguan; variable periods between 1961 and
2014) were used. The latter were completed using
Bobo-Dioulasso time series with which they are cor-
related at over 0.8 (R?) [Tirogo et al., 2016]. These
data were used to assess groundwater recharge dur-
ing the period 1961-2014 for both steady state and
transient modelling. The infiltration was evaluated
from the average basin rainfall of the whole modelled
area calculated from the Thiessen polygon method
and the data from the above-mentioned stations.
A time-varying runoff coefficient in the range of
3%-9% is derived from the hydrometric data of the
Kou River for the period 1961-2014. The maximum
available water content of the soil ranges from 10
to 240 mm, with more than 80% of the basin in the
100-200 mm range [Wellens et al., 2007]. In this work,
we considered values between 100 and 200 mm with
an average of 130 mm for the whole area.

3.6. Steady state and transient simulation con-
figurations

A two-stage trial-and-error calibration procedure
was used. The model was first calibrated in steady
state using data from 1995 to 1999. It was then cali-
brated in transient state at a monthly time step dur-
ing the period 1995-2014 and applied to estimate the
different flows that transit in the domain. The choice
of these periods for the history matching was driven
by data availability [Tirogo et al., 2016]. Finally, the
model was used over the period 1961-2014 in order
to analyse the effect of climate variability on the
water table and in particular the impact of the great
drought of the 1970s and 1980s.

For the transient simulation over the period 1995-
2014, the boundary conditions are of the same type

as those defined in steady state (Section 3.4) but
evolving with time, based on the observed water level
in the rivers and on water table fluctuations in the
piezometers near the boundaries. All other time-
varying data (recharge, pumping) were also intro-
duced into the model at a monthly time step. Initial
conditions were obtained from the steady state solu-
tion for the period 1995-1999.

The 1961-2014 transient simulation was run at an
annual time step. No groundwater-level time series
was available for this period, preventing the use of
specified head boundary conditions along the north-
ern and southern limits. The evolution of the simu-
lated inflow and outflow through the specified head
boundaries in response to changes in recharge rate
over the period 1995-2014 (decrease of ca. 20 mm be-
tween 1995-1999 and 2014) was analysed. It served as
a basis for prescribing their temporal evolution as a
Neumann specified-flux boundary condition, based
on the estimated change in recharge from 1961 to
2014. With these boundary conditions, a steady state
simulation was performed for the year 1961 and used
as initial conditions for the 1961-2014 transient run.

3.7. Model calibration

Considering the availability of data, the steady state
model is calibrated under low-flow conditions, using
data from 68 observation points between 1995 and
1999. The discharge data of the main springs of the
area and river flow were also used to calibrate the
model. The input parameters for the steady state cal-
ibration were recharge, hydraulic conductivity, and
river and drain conductances. The steady state cal-
ibration consisted in adjusting these parameters to
reproduce the observed groundwater level and the
flows of the Kou River, the drains (temporary tribu-
taries), and the springs.

The a priori and uniform value of the recharge
was adjusted following a sensitivity analysis, per-
formed with a range of recharge values calculated us-
ing maximum available water contents between 100
and 200 mm and runoff coeflicient values from 3%
to 9%. These tests led to the definition of higher
recharge values in the high-altitude areas of the do-
main than in the rest of the modelled area.

After setting the values of the recharge, the hydro-
dynamic parameters were calibrated, starting from
a priori average hydraulic conductivity values from
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the pumping tests (Table 1). The single hydraulic
conductivity value applied to each layer was subse-
quently modified, especially in the outcrop areas, to
reproduce the observed groundwater levels. In the
absence of measured hydraulic conductivity values
and groundwater level data in the deep levels (more
than 300 m), the initial K values were not modified
outside the outcrop areas, except in the upper GKS
layer in the eastern part of the domain. In this area,
the reproduction of the observed groundwater lev-
els within the GKS and Gfg layers required the in-
clusion of a semi-permeable level that plays an im-
portant role in the hydrodynamic functioning of the
aquifer system. The faults also play an important role
in simulating the observed water table and flow rates
and were progressively introduced in the calibration
procedure. Finally, the conductance values were ad-
justed to reproduce the flows of 10 springs and those
of the Kou and Mouhoun rivers.

Under transient conditions, the model was cali-
brated using the 20-year groundwater level time se-
ries of 30 observation points from April 1995 to De-
cember 2014 at a monthly time step, based on their
detailed analysis by Tirogo et al. [2016]. Only the stor-
age coeflicient and the specific yield values were ad-
justed in this second calibration step, starting from
the a priori values presented in Section 3.3. Partic-
ular attention was paid to reproducing the hetero-
geneous behaviour of the aquifer system after 2005
between the upstream and downstream parts of the
basin, as described by Tirogo et al. [2016]. Indeed,
it has been shown that, despite a slight increase in
recharge after 2005, the water table still decreases up-
stream of the Nasso/Guinguette springs while it in-
creases downstream of the basin. This led to the de-
lineation of new recharge zones upstream and down-
stream of the Nasso/Guinguette springs. This revised
spatial distribution of recharge was then taken into
account in the entire steady state calibration proce-
dure and in the design of the resulting transient sim-
ulations.

4. Results

4.1. Observed groundwater level map (1995-
1999)

From groundwater level data, a reference average po-
tentiometric map was drawn for the 1995-1999 low-
flow period (Figure 8). A single map can be drawn

consistently over the entire study area, regardless of
the outcrop aquifer. The assumption of a single wa-
ter table was the basis for previous modelling works
[Dakouré, 2003, Derouane, 2008, Sauret, 2008], given
the absence of data on deep levels (beyond 300 m) or
data that would make it possible to distinguish dif-
ferences in heads between aquifers. In general, the
observation points capture the first aquifer encoun-
tered and the static levels are shallow. The depth of
the measured static levels is generally less than 10 m,
but in a few rare places, it can reach 40-60 m. The di-
rection of groundwater flow generally follows the to-
pography. The highest groundwater levels are found
in the south and east of the basin, in the topographic
heights. On the potentiometric map for the period
1995-1999, groundwater levels range from 499 masl
in the south to 286 masl in the north with a gradient
of 3%.

4.2. Recharge of the aquifer system

The monthly recharge was calculated during the pe-
riod 1961-2014 using the Thornthwaite balance. The
results show that recharge is highly variable from year
to year and represents on average 12% of the rainfall
(Figure 9). Over this period, on an annual scale, the
balance terms are distributed as follows:

e Inmm, P (1010) =AET (812)+R (75)+1 (123),

e In percent, P (100%) = AET (81%) + R (7%) +

I (12%).

The proportion of rain that infiltrates, estimated by
several authors [e.g., Gombert, 1998, Dakouré, 2003]
at different periods between 1950 and 2000, is in
the same order of magnitude (10-15%). The value
of the annual recharge could thus reach 240 mm in
the 1950s when rainfall was abundant [Sogreah In-
génierie, 1994] whereas in the recent period, it is less
than 120 mm/year [Dakouré, 2003, Derouane, 2008].
There is a decreasing trend in recharge from 1961,
which was attributed not only to a decrease in rain-
fall but also to a slight increase in evapotranspira-
tion [Tirogo et al., 2016]. This decline is also re-
flected in the presence of years without recharge af-
ter 1980. For the 1995-1999 steady state regime, the
mean recharge value determined from these results is
95 mm/year but can vary between 60 mm/year and
150 mm/year. It is in this range of values that the
sensitivity analysis of the model to recharge was per-
formed.
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metres above mean sea level.

4.3. Model results

4.3.1. Steady state calibration results

Following the sensitivity analysis, two preferen-
tial recharge zones were delineated around the high-
altitude zones, to the south (around Péni) and to
the east (Bobo-Dioulasso area), with recharge val-
ues of 115 mm/year compared to 95 mm/year in the
other areas. This result is in agreement with the hy-
pothesis put forward by Dakouré [2003] from iso-
topic analysis results, according to which the high-
altitude zones are preferential recharge zones. The
calibrated hydraulic conductivity values are sum-
marized in Table 1. They are generally within the
range of values obtained from the long-term pump-
ing tests. In the outcrop areas, the calculated values
generally vary within the same layer by 1-2 orders of
magnitude. Lower values of hydraulic conductivity

(<1078 m/s) are predicted locally, reflecting the het-
erogeneous nature of the aquifer layers, which is also
supported by observations from short-term pumping
tests [Dakouré, 2003, Tirogo, 2016].

A total of 18 faults were introduced into the
model. Their role in the reproduction of the ob-
served groundwater levels proved important. As a re-
sult of the calibration, most of the faults were found
to be conductive, especially those connected with
the Nasso/Guinguette springs (K is on the order of
1072 m/s). Overall, their calculated hydraulic con-
ductivity values range from 10~ to 1072 m/s, gener-
ally 1-2 orders of magnitude higher than those of the
aquifer. Only a low-conductivity fault, intersecting
Gfg and GKS, was introduced (Figure 10). In these an-
cient sandstones separated in places by mudstones,
some faults could indeed be clogged and then con-
sidered of low permeability.
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Figure 9. Variation in annual recharge between 1961 and 2014 for the upstream and downstream parts
of the study area (with AWCpyax = 130 mm, see Section 3.5).

Table 1. Hydraulic conductivity values from measurements and from steady state calibration

Aquifer layer Measured values (m/s) Calibrated values (m/s)
Minimum Maximum Minimum Maximum

Gfr 1.3x107° 2.0x107°
SAC1 3.0x107° 56x107° 27x1077 5.0x107*
Ggq 9x107° 52x107* 2.0x107° 4.0x107*
Gfg 29x107% 33x107° 3.0x10% 2.0x107°
Impermeable layer 1.0x107% 50x1078
GKS 1.1x1075 36x107° 5.0x107% 2.0x107*

The flow rates of the springs were adjusted using
the drain conductance at the spring and the calcu-
lated values are of the order of 10~! m?/s. For the Kou
River and the drains (river tributaries), these values
are between 4 x 104 and 2 x 1073 m?/s.

The hydrodynamic parameters presented above
allowed us to reproduce the observed groundwater
levels in a satisfactory way. The mean absolute error
is 1.91 m for groundwater levels ranging between
286 m and 499 m. In addition, the root mean square
error (RMSE) of 2.35 m is lower than the uncertainty
in the topographic data, which could be as high as
4 m in some locations [Tirogo, 2016]. The general
groundwater flow is reproduced for the period 1995-
1999, with an overall direction of flow from south to

north. The horizontal hydraulic gradient is higher
upstream than downstream of the domain.

The global water balance of the model is pre-
sented in Table 2. The total flow in the domain
is estimated at 19.65 m®/s. Recharge represents
almost half of the water inflow to the aquifer
(9.55 m3/s or 49%). The rest of the inflow comes
from lateral flows and is estimated at 3.95 m®/s
from the south (20%), 4.43 m3/s from the south-
west via the Mouhoun (22%), and 1.77 m3/s from
the north (9%). The inflow from the Kou River is
low (0.05 m3/s or 0.4%). As mentioned earlier, the
study area is not a hydrogeological basin and the
Kou basin is fed upstream by groundwater flow
(=42% of total inflow). The main discharge point for
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Figure 10. Hydraulic conductivity at outcrop from steady state calibration during 1995-1999.

groundwater is the Mouhoun (52%). Discharge to
the northern boundary (downstream part of the
domain) is only half of that into the Mouhoun
(23%). Springs account for 13% of outflows, and
the Kou River and its main tributaries account for
11%. Pumping accounts for only 2% of total out-
flows.

The inflows from the southern and western lat-
eral boundaries would correspond to a recharge area
of nearly 1100 km?, which extends therefore be-
yond the limits of the study area, in the Orodara
area south of the study area, with a recharge as-
sumed to be higher than in the Kou catchment (ca.
170 mm/year).

Regarding aquifer-river exchanges in the Kou
basin, the model results indicate river losses up-
stream of Nasso, then mainly gaining from Nasso
to Diaradougou (0.06 m3/s), in the order of mag-
nitude of the flows calculated by Sauret [2013] on
this section (0.09 m3/s). From Diaradougou to the
confluence with the Mouhoun, exchanges are in one
direction only, from the aquifer to the river. In the al-
luvial plain, downstream of the Kou basin, the water

table is very close to the surface (0-5.3 m). Overall,
the Kou River drains the aquifer. The net flow from
the aquifer to the river is estimated at 0.67 m3/s,
including 0.36 m3/s upstream of the Niamé-Baoulé
confluence.

4.3.2. Transient calibration results

The calibrated distribution of specific storage (S;)
shows a high spatial variability, with values rang-
ing from 5 x 107 to 5 x 1073 m~!. The values of S;
can be considered reasonable when compared with
S, deduced from available field values (8 x 10~ to
1x107* m™!). The specific yield (S,) varies be-
tween 3 x 1072 and 5 x 1072, The differences between
the aquifers (GKS, Gfg, Ggq, SAC1), however, are
not very marked. Based on these values, the results
of the comparison between observed and simulated
groundwater level fluctuations are also considered
satisfactory, although the dynamics of each piezome-
ter could not always be reproduced (Figure 11), either
because of the presence of several piezometers with
different transient behaviour in the vicinity of each
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Figure 11. Selection of simulated vs. observed hydraulic heads (simulation with pumping and simula-
tion without pumping). In the background map, the steady state water table contour lines, 20 m apart,
from 300 to 480 m.

Table 2. Groundwater balance at steady state during the period 1995-1999

Inflow (m3/s) Outflow (m3/s)

South boundary 3.95 0.14

Specified hydraulic head  North boundary 1.77 4.43

Mouhoun 4.33 10.16

Pumping 0 0.35

Drains (tributaries) 0 1.29

Springs 2.56

River (Kou) 0.05 0.72
Recharge 9.55 0

Total 19.65 19.65
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Figure 12. The Guinguette spring observed
flow and simulated flow (simulation with
pumping and simulation without pumping).

other (e.g., Pz23), or because of local specificities that
could not be reproduced in the model (e.g., F4).

The components of the water balance are subject
to seasonal and long-term variation related to vari-
ations in recharge. Inflows are dominated by those
from the west with seasonal variations. In the down-
stream part of the study area, where the water ta-
ble has been rising since 2006, the inflow from the
Mouhoun River plays an important role in reproduc-
ing the evolution of the groundwater level. There-
fore, there would be an additional filter between the
rainfall signal and the water table response through
the Mouhoun River, and subsequently an indirect
recharge by this river.

The simulated discharge of the Guinguette
spring decreases by approximately 0.31 m?®/s, from
1.78 m3/s in 1995 to 1.47 m®/s in 2014 in the low-
flow period (Figure 12). For the Nasso springs, the
simulated discharge decreases by approximately
0.1 m3/s, from about 0.5 m3/s to 0.4 m3/s between
1995 and 2014. The simulated values are in the same
order of magnitude as the observed data, both in
terms of discharge decay (decrease by 0.36 m3/s for
the Guinguette spring and 0.14 m®/s for the Nasso
springs during the same period) and in absolute
values where available.

4.4. Response of the water table to pumping and
recharge fluctuations

To test separately the influence of pumping and
recharge variations on the water table, two simula-

tions were performed, each including only one of
these forcings. Thus, the influence of recharge was
evaluated in a transient simulation without pump-
ing, and then the impact of pumping was tested by
removing the fluctuations of recharge and keeping
the value that determines the initial conditions in
1995.

4.4.1. Response of the water table to recharge fluctua-
tions

The response of the water table to the varia-
tion in recharge is spatially variable both in sea-
sonal amplitude and in interannual variation (Fig-
ure 11). In general, the observed groundwater
level decreases during the period 1995-1999 (pe-
riod for which data are available). From the simu-
lated groundwater level, we note that this decreas-
ing trend continues until 2006. After the year 2006,
the simulated groundwater level indicates a gen-
eral trend toward stabilisation or a slight decrease
in the upstream part of the basin (e.g., Pz02 and
Pz18) while in the downstream part, there is an
increase in the water table (e.g., P03). This evo-
lution of the water table, both simulated and ob-
served, follows the same trend as the recharge that
drives it.

The simulated seasonal fluctuations vary between
0.2 and 2 m corresponding to the observed fluctua-
tions. The highest seasonal amplitudes are recorded
in the highest water level zone located in the Bobo-
Dioulasso area (up to 2 m at Pz02 and P03). This re-
flects the reactivity of the water table in this zone,
which is considered a preferential recharge zone. The
groundwater response seems to depend on the depth
to water table, which may reflect the variation of
the transmissivity with the thickness of the saturated
zone. Indeed, the seasonal fluctuations observed in
the same zone (e.g., Pz02, P35, P31 with equal K) are
more important where the water table is a few meters
deep (5 m in Pz02) compared to where the water ta-
ble is more than 10 m deep (P35 at 12 m, P31 at20 m
and more).

The simulations also illustrate how the discharge
of springs responds to variations in recharge. These
variations over the past 20 years would have re-
sulted in a decrease in the low-flow discharge of the
Guinguette and Nasso springs of about 0.16 m3/s
and 0.05 m®/s, respectively. The most significant de-
creases are linked to the successions of dry years over
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at least 2 years (1995-1998, 2001-2002, 2004-2005)
but it should also be noted that it only takes one wet
year (e.g., 2003) to return to the discharge levels of
1995 (Figure 12). From 2006 onwards, the annual
recharge, which has become more regular from year
to year, would contribute to stabilising the discharge
of the springs.

4.4.2. Response of the water table to pumping

The results of the model simulation without varia-
tion in recharge show that withdrawals, although rel-
atively low (ca. 2% of total flows), influence the wa-
ter table (Figure 13). Over the period 1995-2014, this
influence is reflected in a moderate drop in the wa-
ter table ranging over the entire area from a few cen-
timetres to approximately 1 m, depending on the dis-
tance to pumping (e.g., Pz23 within 200 m of ONEA
wells) and on the hydrodynamic parameters. In gen-
eral, the northern and eastern parts of the basin are
the most sensitive to pumping, related to their rela-
tively low hydraulic conductivity values compared to
the southern and western areas. For the same pe-
riod (1995-2014), in the Bobo-Dioulasso area where
there is a lot of industrial pumping and in Darsalamy
(F4, Figure 13), the simulated drop in the water ta-
ble is of the same order of magnitude (ca. 0.5 m)
as that of the ONEA pumping area. Yet pumping
in these areas (ca. 2500 rn3/day in 2014) is signif-
icantly lower than in the ONEA pumping area (ca.
40,000 m3/day in 2014). Indeed, ONEA boreholes tap
into the Ggq, which are a very good aquifer with a
hydraulic conductivity 10 times higher than that of
the Gfg in which the pumping in the Bobo-Dioulasso
area is done.

These simulations also allowed us to analyse the
flow variations between 1995 and 2014 in order to
evaluate the influence of the withdrawals on the
springs’ discharge. The same inflections observed
on the water table are present on the simulated flow
rate of the Nasso/Guinguette springs. The evolu-
tion of the springs’ flow is marked by three phases
(1995-2000, 2000-2014, from 2014), characterised by
an accelerated decrease in the discharge rate (Fig-
ure 14, Guinguette spring). In this simulation without
recharge variation, the discharge of the Guinguette
decreases by about 0.10 m3/s and that of Nasso by
about 0.04 m3/s under the effect of pumping, i.e., a
contribution of pumping to the total decrease in the

discharge of the Guinguette and Nasso springs be-
tween 1995 and 2014 (see Section 4.3.2) estimated at
around 30-40%.

4.4.3. Impact of climate on the water table from 1961
to 2014

The simulation over the period 1961-2014 at an-
nual time step allowed us to analyse the evolution of
the water table and the discharge of springs related
to the climate variability since the 1960s. The sim-
ulated groundwater levels are fairly well adjusted to
the observed levels during the period 1995-2014 (Fig-
ure 15), and the simulated spring discharges are in
agreement with the observed ones (Figure 16). The
simulated results show that the water table is sensi-
tive to interannual variations in recharge, which has
been on a long-term downward trend since 1979.

The magnitude of the groundwater level drop,
from 1 to 5 m between 1970 and 2014, is a function
of hydrodynamic parameters. The drop in the wa-
ter table has led to a decrease in the discharge of
springs (Figure 16). Indeed, the simulated flows of
the Guinguette and Nasso springs decrease, respec-
tively, from 2.3 m3/s to 1.42 m3/s and from 0.6 m®/s
to 0.37 m3/s between 1979 and 2014. The largest
decreases occur during periods of zero or very little
recharge (below 100 mm/year) over several consecu-
tive years (—0.38 m3/s during 1980-1984, —0.20 m3/s
during 1986-1990 for the Guinguette spring), and
since 1979, the decrease in the discharge is continu-
ous with occasional recoveries linked to relatively im-
portant recharge (over 100 mm/year).

As pumping was almost nil before the 1990s (Fig-
ure 6), the decrease in the springs’ discharge was
controlled by the decrease in recharge since the
1960s. Indeed, periods of drought (rainfall deficit)
are generally accompanied by prolonged periods
without recharge or with a low recharge (below
100 mm/year), resulting in a significant drop in the
water table. From the 2000s onward, the evolution
of the water table and of the discharge rate of the
springs is the result of the combined effect of pump-
ing (in the vicinity of the boreholes) and of a lower
recharge than in the 1960s. Therefore, it appears
that the combined effects of climate and pumping
are contributing to the observed deterioration in the
groundwater level and the discharge of springs.
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Figure 14. Simulated variation in the discharge
of the Guinguette spring under the influence of
pumping.

5. Discussion

The model run in steady state with Modflow was
used to establish the water balance of the extended
Kou catchment in the late 1990s. The simulation
has shown that half of the inflows in the area come
from the diffuse recharge of the aquifer and almost
half from the upstream part of the basin through
the Mouhoun and the upstream boundaries. The
springs, the Kou River and its tributaries drain about
a quarter of the flows, while pumping only accounts
for approximately 2%.

This water balance highlights the importance of
inflows from outside the study area. Imposed by
the prescribed hydraulic head boundary conditions,
themselves derived from the observed groundwater
levels, these inputs are indeed consistent with the ob-
served and simulated regional potentiometric map
of the south-eastern margin of the Taoudeni sedi-
mentary basin, according to which the Mouhoun,
in equilibrium with the main aquifer, is identified
as a general drainage axis oriented SW-NE [Dak-

ouré, 2003, Derouane, 2008]. At the upstream end
of the Kou watershed, the sedimentary structures
extend south to the outcrop limits of the Taoudeni
basin in Burkina Faso. Derouane [2008] places the
groundwater divide on the topographical ridges, in
line with the surface Mouhoun catchment, between
500 and 600 masl, upstream of Orodara and about
25 km from the boundary of the study area. This
is where the excellent Ggq aquifer outcrops. The
highlands of the Orodara region have been clearly
identified as the main recharge area of the regional
aquifer by previous geochemical studies in relation
to their young age [Dakouré, 2003, Kouanda, 2019],
which is also consistent with the regional water ta-
ble pattern. In addition, these topographical heights
are wetter than the Kou watershed (1140 mm/year
at the Orodara weather station versus 1025 mm/year
at the Bobo-Dioulasso station on average since the
1960s), with a clearer improvement in rainfall condi-
tions after 1990 [Tirogo et al., 2016]. With the rain-
fall recorded at the Orodara station, higher recharge
values of around 150 mm/year are calculated for the
study period (compared to 95 mm/year in the Kou
catchment), all other conditions being equal. How-
ever, these more favourable current recharge condi-
tions are still not sufficient to justify the inflow val-
ues upstream of the study area, given the surface
area involved (approximately 1100 km?). They un-
derline the high uncertainties associated with each
term of the water balance calculated with the model
(Table 2).

Indeed, the results of the model are highly de-
pendent on the assumptions made. Missing infor-
mation leads to non-unique solutions to the inverse
groundwater flow problem, where different recharge
and hydraulic conductivity patterns are possible to



Justine Tirogo et al. 457

348 600

Pz22 —— Calculated head
346 B Observed head

500

== Recharge

400

E
7 340 300
5}
T

Recharge (mm/year)

g 11 L i

1960 1970 1980 1990 2000 2010

336
]

378 600

376 | Pz19 —— Calculated head
B Observed head
500
374 == Recharge
372 )
- 400 g
E 370 €
= £
T 368 1 300
@ <
T 366 4 s
200 $
364 | K

362

=1L M\H Ll b

1960 1970 1980 1990 2000 2010

Figure 15. Overview of the evolution of hydraulic heads from 1961 to 2014.

3.0 600
Guinguette spring A— Caculated rate
254 ° @ Observedrate | f 500
Aa A =
_ NSRRIV AAA —= Recharge g
@ 204 AAA.M A Aa 400 2
E LG Banaas p E
g 15 2 agns, | 300 b
8 =
[5) ©
- =
210 200 S
4
5l H MH“HH | HHH M "
0.0 UL |'H ...... In H HHHH ﬂ|ﬂ I ” | HH o
1960 1970 1980 1990 2000 2010

Figure 16. Simulated discharge of the
Guinguette spring from 1961 to 2014.

reproduce the observations. This is evidenced, for
example, by the differences with the water bal-
ance from the numerical groundwater flow model of
Sauret [2008], which calculates 75% higher flows over
an area similar to the one considered here, 2/3 of
which come from the Mouhoun and Kou rivers, even
though the estimated direct recharge is divided by 3.
The possibility that the Mouhoun recharges the water
table upstream of the study area during the rainy sea-
son, when floods are often severe [Kouanda, 2019],
remains to be confirmed, as there are no observa-
tions of the exchange between the water table and
the river in the vicinity and the data series from the
Guéni hydrometric station are incomplete and some-
times questionable (see Figure 1). As for the Kou,
the direction of groundwater-river exchanges seems
to vary spatially from one section to another, accord-
ing to Sauret [2013], who studied them in the alluvial
plain downstream of the Nasso/Guinguette springs.
Modern recharge estimates using various meth-
ods (Thornthwaite balance, hydrological or hydro-

geological modelling) have not yet allowed a nar-
rower range of values to be proposed (from 26 to
170 mm/year) and show some disparity, both in mag-
nitude and in spatial distribution [Dakouré, 2003,
Derouane, 2008, Sauret, 2008, 2013, Kouanda, 2019].
In particular, recharge estimates are highly depen-
dent on the soil maximum available water capacity
used in the Thornthwaite method or the calculation
time step. It is therefore difficult to limit the adjust-
ment of the model parameters to hydrodynamic pa-
rameters only. A special case are the relief areas co-
inciding with the presence of groundwater mounds.
The relatively shallow depths to water table in these
areas were here explained by higher recharge follow-
ing the sensitivity analysis, given the range of possi-
ble recharge values and the observed response of the
water table to temporal variations in recharge, rather
than by lower hydraulic conductivities. However, to
the east of the study area, it was necessary to intro-
duce a low conductivity layer in order to maintain
sufficiently high groundwater levels while maintain-
ing hydraulic conductivities appropriate for a surface
aquifer and consistent with the results of pumping
tests. The presence of such low-permeability layers
locally dividing the multilayer reservoir is recognised,
particularly at the interface between the GKS and the
Gfg [e.g., Derouane, 2008].

A modern automatic parameter estimation
method, rather than the two-stage trial-and-error
calibration procedure used in this study, would also
help to quantify the degree of uncertainty associated
with a given prediction of the calibrated model. It
would provide valuable feedback on the strengths
and weaknesses of the input datasets, allowing fu-
ture data collection to be optimised. The lessons
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learnt from this modelling study will also be relevant
to the selection of an adequate level of complexity
for future models to be developed in the study area
[e.g. Lecca, 2005].

In this respect, although our model provides a
quantification of flows that is not possible from
groundwater level observations alone, but is consis-
tent with them, it is subject to strong assumptions
about the boundary conditions upstream of the do-
main that intersect with the flow lines. The mis-
match between the hydrological and hydrogeologi-
cal catchments of the Kou has already led us to ex-
tend the study area westwards, but it would also ben-
efit from being extended southwards to the bound-
aries of the Mouhoun catchment, on the aforemen-
tioned Orodara heights. Another solution would be
to include it in a regional model, such as those pre-
viously constructed, which cover the south-eastern
edge of the Taoudeni sedimentary basin. This would
make it possible to better represent the organisation
of groundwater flows, particularly at depth, and to
use the model to study scenarios relating to the ori-
gin of the water, particularly in the Nasso/Guinguette
springs area, and to question the results obtained
here concerning the relative influence of climatic
variability and abstraction.

Indeed, this exceptional site for the sub-region is
also recognised as being particularly vulnerable. It is
influenced by the four nearby 250 m3/h ONEA wells,
which in 2014 tapped the Ggq aquifer for about a
third of the study area’s water withdrawals. This is
evidenced by the significant decline in spring dis-
charge compared to the moderate drop in groundwa-
ter levels. In the absence of direct annual recharge,
the model also predicts a continuous decline in their
discharge, the preservation of which would there-
fore be partly contingent upon the annual recharge.
However, the catchment area of the springs also ex-
tends beyond the Kou to the Orodara heights [Dak-
ouré, 2003]. The springs are located along major
faults that bring the Ggq aquifer into contact with
the SAC1, as indicated by geophysical prospection,
and are believed to be fed by upward circulation
[Talbaoui, 2009]. Analyses of water and carbon iso-
topes also confirm the resurgence of a predomi-
nantly old water (between 300 and 500 years old)
[Dakouré, 2003], which is all the more fragile be-
cause of its low renewal rate [Dakouré, 2003, Huneau
et al., 2011]. Considering the size of the reservoir

(more than 1000 m thick), the renewable water re-
sources of the sedimentary aquifer in SW Burkina
are in fact only about 1% [Gombert, 1998]. The de-
cline in spring discharge could therefore also be due
to the depletion of a resource isolated from modern
recharge and palaeo-recharged during wetter peri-
ods, located in the deepest and most confined ar-
eas of the south-eastern margin of the Taoudeni sed-
imentary basin [Huneau et al., 2011]. However, it
is difficult to describe the organisation of the deep
groundwater flow, which may be separated from the
surface in places, as evidenced by the existence of nu-
merous artesian wells in the basin. Following Der-
ouane [2008], Tirogo [2016] or Kouanda [2019], we
can propose a nested flow system according to the
scheme of Toth [1963], with a combination of recent
superficial groundwater drained locally in the valleys
and ancient water following regional flow paths that
ensure the connection at the scale of the sedimen-
tary system between the recharge zones of Orodara
and its distant outlet in the Gondo depression [Der-
ouane, 2008], some of which rise locally thanks to the
large fault networks. Groundwater flow in this con-
text is then similar to that of large systems with a
wide range of water residence times [Maxwell et al.,
2016]. This hypothesis, which departs from the single
multilayer reservoir model, needs to be confirmed
by a better understanding of the basin’s deep circu-
lations and the properties of the aquifers that host
them, which have not yet been identified by drilling.
The development of local versus regional flow sys-
tems is sensitive to the exponential decay rate of hy-
draulic conductivity [Jiang et al., 2009], a sensitivity
that could be tested in our study case with the multi-
layer model extended to the southern recharge ar-
eas. By extending it also in time, back to the colder
recharge periods mentioned by geochemists [Dak-
ouré, 2003], one could also test the hypothesis of de-
pletion of a palaeo-recharged resource and a system
still in equilibrium with past boundary conditions.
However, this is not the case for permeable surper-
ficial sandstones and carbonates, for which short re-
sponse times can be estimated, as well as short-term
variability in groundwater levels, significant intra-
annual variability, but limited changes on decadal
scales [Ascott et al., 2020]. An average transmissivity
of 5x 107 m?/s and a storage coefficient of 107 for
30 km length gives a response time of about 5 years. A
slower response, associated with lower hydraulic dif-
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fusivity over longer distances, is possible at depth but
needs to be demonstrated. By drilling deep boreholes
through the sedimentary cover to the basement, it
would be possible not only to confirm the thickness
of the sedimentary cover, but also, by jointly estimat-
ing the storage coefficient, to determine the actual
volumes of water contained in the sedimentary reser-
voir and thus its renewal rate, thereby improving the
conceptual model of groundwater flow in the study
area in the context of global change and increasing
anthropogenic pressures.

6. Conclusion

Hydrogeological modelling has facilitated the anal-
ysis of the hydrodynamic functioning of the aquifer
system of the Kou catchment using three factors that
may influence it, namely, climate variability, anthro-
pogenic withdrawals, and the spatial variation of the
hydrodynamic parameters of the aquifer system. The
response of the aquifer system to climatic and an-
thropogenic forcing is indeed quite heterogeneous all
over the basin due to several factors, including the
hydrodynamic parameters of the aquifers, the depth
to the water table, or the exchanges with the drainage
network, particularly the Mouhoun River.

Over the last 20 years, the variations observed in
the water table, particularly through the decrease in
the discharge of springs, are a combined effect of
pumping and recharge evolution. Indeed, pump-
ing increased significantly since the 2000s and the
recharge of the last 20 years has often been marked
by a succession of deficit years. Simulation per-
formed since the 1960s indicates that these deficit
years, more frequent after 1979, caused a drop in
the water table, accompanied by a significant drop
in the discharge of springs. The wet years, which re-
mained isolated despite a slight increase in rainfall
after the 1990s, were not sufficient to raise the wa-
ter table, which is marked by a long-term downward
trend. The aquifer system is sensitive to the variabil-
ity of recharge, particularly to the cumulative deficit
over several years. Pumping has also an impact on
the water table and on the discharge of springs, even
if the quantities of water withdrawn appear negligi-
ble in view of their small contribution to the water
balance of the catchment. In particular, the concen-
tration of boreholes with high flow rates in the same
area significantly impacts the water table and could

in the long term cause a considerable decrease or
even a drying up of some springs. Pumping is esti-
mated to be responsible for up to 40% of the decline
in low flows in springs during the period 1995-2014.
Given the high contribution of the springs to the base
flow of the Kou River (80%), pumping would thus af-
fect their contribution to surface waters and could
accelerate the depletion of the water resource in gen-
eral [Sapriza-Azuri et al., 2015], especially consider-
ing that these waters are ancient and deep [Huneau
etal, 2011].

In this context in which pumping is constantly
increasing due to population growth, its impact on
groundwater levels, although moderate so far, could
be more important in the future if measures are not
taken now to ameliorate groundwater declines. Also,
although climate model projections of precipitation
for the West African region in the 21st century in-
dicate relatively small changes in the upstream part
of the Mouhoun basin [e.g., Biasutti, 2013, Monerie
etal., 2020], regionally heterogeneous changes in wa-
ter availability are expected [Sylla et al., 2018] and
there are large uncertainties in predicting the impact
of climate change on runoff [Roudier et al., 2014],
let alone groundwater recharge. Indeed, the trend
towards higher rainfall intensities accompanied by
lower frequency of rainfall events is likely to result
in more intense runoff and flooding events [Panthou
et al., 2018], which could deteriorate the recharge of
the aquifer system [Kouanda, 2019]. Given its sensi-
tivity to the high variability in recharge, as shown in
this study, further assessment of groundwater level
evolution in the context of climate change is also re-
quired.

Therefore, appropriate measures will have to be
taken for adequate quantitative management of the
water resource of the Kou River catchment to ensure
its long-term sustainability. It will be necessary to
turn to a more efficient use of the resource (Sustain-
able Development Goals — SDG 6.4) and to integrated
management (SDG 6.5). A key part of the water re-
source management system is the collection, stor-
age and analysis of the relevant groundwater data,
including water levels and abstraction data, which
must be continued over the long term and at the
catchment scale. Given the high variability of the wa-
ter table behaviour at the scale of the watershed, it
is important to develop and maintain a network of
well-distributed monitoring wells coupled with the
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present model. In addition, as this study is based
on data from shallow boreholes (less than 300 m),
it would be appropriate to carry out further investi-
gations over the entire sedimentary basin to gain a
better understanding of the different aquifer levels
at depth, their properties, and water potential. This
could be used to improve the model to better fulfil its
role as a resource management tool, and to identify
areas of high productivity with modern groundwa-
ter where future high-flow-rate pumping could take
place. Based on the results of the model, it ap-
pears indeed necessary to diversify the areas of with-
drawals in the future to ensure the sustainability of
the water resource, and to seek out the most produc-
tive and least vulnerable areas where pumping could
be operated at optimal rates with the least impact, as
far as the infrastructure allows. In this respect, the
distance between production and demand must also
be considered, depending on the different uses of the
water resource. It is particularly important to pre-
serve the area of springs on which the downstream
flow of the Kou River depends, as well as the irrigated
agriculture in its alluvial plain [Traoré, 2012, Wellens
et al.,, 2013]. Although the extent of managed aquifer
recharge practice is relatively limited in Africa, and
almost non-existent in West Africa [Ebrahim et al.,
2020], the potential for artificial recharge could be
explored for its possible benefits in stabilising stor-
age decline and mitigating the effects of inter-annual
variability in water availability. However, the sand-
stone aquifer system is vulnerable to anthropogenic
activity, particularly in highly-populated peri-urban
areas, where subsurface contaminant loads may not
meet the quality requirements for water used for
recharge [Huneau et al., 2011, Sako et al., 2020].

The efforts already made in the field of inte-
grated water resources management, such as the ir-
rigation schemes in the Kou Valley [Wellens et al.,
2013], should be continued and extended to the en-
tire catchment area. The modelling tool developed in
this study could be used appropriately as a manage-
ment tool to test scenarios for maintaining the coex-
istence of different water uses and defining allocation
rules. It can also be used to predict the evolution of
the water table under climate change and increased
water abstraction. The current modelling, combined
with alert thresholds for aquifer drawdown triggered
by a remote monitoring network, can help to sta-
bilise groundwater levels before they reach critical

levels, including when assessing new water project
proposals. Volumetric quotas can be proposed and
adjusted according to the state of resources at the
beginning of the dry season [e.g., Verley, 2020]. The
use of the model as an operational decision sup-
port tool to address issues raised by stakeholders
involved in groundwater development and resource
management will require further support and invest-
ment in applied problem-oriented research at the
sub-regional level. Key to the success of this ap-
proach is the training of local operators in the use of
the modelling tool, under the supervision of an ex-
perthydrogeologist and in closer association with the
academic sector.
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