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Abstract: Groundwater is a vital water supply for local populations and ecosystems globally. With
the continuous population growth, the anthropic pressure on groundwater is ever increasing, thus
reducing the amount of available water resource. Yet, estimating the impact of anthropogenic
activities on aquifer recharge is still a significant challenge for research, especially in basement
aquifers. This study aims to improve the actual knowledge of deep drainage and deep aquifer
recharge pathways and dynamics in the basement as affected by land use/land cover (LULC).
The methodology used in this study accounted for hydraulic processes in soil layers within both
unsaturated and saturated zones in an integrated approach. An experimental setup consisting of
three (3) experimental plots, respectively under natural vegetation (NV), cropped millet (CM) and
cropped groundnut (CG) on which deep drainage was monitored during the years 2020 and 2021. The
results show significant differences between the LULC types after two years of implementation. Deep
drainage is improved under CM and CG plots located in the central valley, as compared to the NV
plot located in the ridge zone. Deep drainage is estimated at 8%, 24% and 25% of the annual rainfall,
respectively for NV, CM and CG. The ratio between the recharge value obtained by the water table
fluctuation (WTF) method and the deep drainage tends to 1 for the CM and CG plots, highlighting
a rapid water transfer between unsaturated and saturated zones. The central valley, which seems
to be a preferential recharge pathway, provides promising insights under specific conditions for the
implementation of artificial recharge infrastructures.

Keywords: aquifer recharge; water balance; land use/land cover; soils layers; deep drainage

1. Introduction

Groundwater is an essential water supply to meet the domestic, industrial and agri-
cultural needs for many people around the world [1]. It is estimated that about 50% of the
world’s agricultural production relies on groundwater [2]. It also meets the domestic water
needs for almost half the world’s population [1,2]. In sub-Saharan Africa, about 75% of
the population in some countries depend on groundwater for domestic supply [3,4]. The
continuous global population growth will heighten people’s dependence on groundwater,
more precisely in arid or semi-arid areas where surface water resources are relatively more
sensitive to climate change and human activities [1,5,6]. The amount of available ground-
water and its distribution worldwide is greatly affected by human activities [7]. Therefore,
estimating the impact of such activities on groundwater is of the utmost importance [8,9].

Land use/land cover (LULC) change is already known to be affecting the spatial
variability of hydraulic properties of soils, especially in the unsaturated zone [7,10,11]. This,
in turn, further impacts recharge pathways and processes [12,13]. A better understanding of
the impact of LULC changes on deep drainage and groundwater recharge can help with the
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development of well-informed policies and decision support strategies to ensure sustainable
water supply for populations living in arid and semi-arid areas [14–16]. Some evidence of
the impact of LULC on surface water resources is already well established [17,18], especially
for the case of West African Sahelian hydrosystems [11]; however, the impact of LULC on
groundwater recharge is still poorly studied [10,19] and even less so in the Sahelian context.

Previous studies used chemical or isotopic tracers to highlight that the conversion of
natural vegetation areas to agricultural land increases groundwater recharge rates [15,19–23].
The analysis of soil water profiles has highlighted the impact of cropping practices on deep
drainage [15,20,24]. Further, modeling studies helped in assessing the impact of LULC on
groundwater recharge, especially through similar land conversion narratives [15,20,24–29].
Additionally, the increase in urban built-up areas as opposed to the decreasing forest
cover has shown to be causing a decrease in groundwater recharge [30–32]. However,
the restriction of the assessment of the recharge process to only the unsaturated zone
appears as a serious limitation to the majority of these studies, regarding the conceptual
hydrogeological model in hard rock aquifers [33–35].

The use of LULC change models coupled to hydrological models, in order to assess
water balance components such as actual evapotranspiration, surface runoff and infiltration
increases the uncertainties not only on deep drainage but also on recharge [11,36]. As an
alternative, monitoring specific key components of the water balance and further using
these values as inputs to an integrated hydrogeological conceptual model (integrating both
the unsaturated and saturated zones) sounds a promising alternative. This study aims
at contributing to improve the understanding of deep drainage and recharge pathways
and dynamics in the basement zone as affected by LULC, through an integrated approach
considering various hydraulic processes at play in the soil layer and in both unsaturated and
saturated zones. This approach is implemented in the experimental site of Sanon (14 km2)
located in the Central region of Burkina Faso (in West Africa). The area belongs to the
granitic and granite–gneissic zone, which is typically representative of the basement hard
rocks in West Africa. Moreover, long-term monitoring data (since 1989) is available, while
its location in the Sahelian zone is hardly affected by climate change and variability, making
the Sanon experimental watershed an interesting case in the framework of this study.

2. Materials and Methods
2.1. Study Area
2.1.1. Location and Physical Setting

The experimental site of Sanon is located in the Central region in Burkina Faso, an
inland country within West Africa. The watershed lies at about 40 km northwest of
Ouagadougou, the capital city (Figure 1b). It lies between 12◦26′10′′ and 12◦28′11” North
in latitude and 1◦48′35” and 1◦43′72” West in longitude. The Sanon watershed covers an
area of 14 km2 and belongs to the hydrological unit of the Red Volta (Nazinon). The relief
of Sanon is relatively flat, with lateritic crust outcrops in the ridge area (350–370 masl), a
flat central valley (average altitude of 340 masl) and a westward slope (Figure 1d). The
hydrographic network in the central valley is poorly developed, consisting of anephemeral
streams. The soils are deep, indurated, tropical ferruginous leached, with a predominantly
clay–loam surface texture [37]. The catchment features three major LULC categories:
agricultural areas, natural vegetation, and flooding zones (Figure 1c). The agricultural
areas consist of rainfed and dry season vegetable crops. The flooding zone at the outlet of
the lowland is used for rice cultivation [38,39].
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2021 period [41]. The rainfall regime in Sanon watershed is unimodal, with a short rainy 

season extending from June to October and a dry season from November to May, pre-

sented in Figure 2. For all the months (except July and August) a water deficit (rainfall 

below potential evapotranspiration) is clearly visible, hence highlighting the aridity of the 

context (Figure 2). 

 

Figure 1. (a) Location of Burkina Faso in West Africa. (b) Geologic map of Burkina Faso. (c) LULC
map of Sanon watershed. (d) Relief, hydrography and monitoring equipment. Such equipment
include piezometers, rain gauges (P1 to P4) and 2D cross sections of the PSaG and PS1 weathering
profile [39,40]. The Figure is adapted with permission from [39].

2.1.2. Rainfall Regime and Climate Evolution

The Sanon experimental watershed is under a semi-arid climate, with an average
aridity index (ratio of annual rainfall over potential evaporation) of 0.38 over the 1961–2021
period [41]. The rainfall regime in Sanon watershed is unimodal, with a short rainy season
extending from June to October and a dry season from November to May, presented
in Figure 2. For all the months (except July and August) a water deficit (rainfall below
potential evapotranspiration) is clearly visible, hence highlighting the aridity of the context
(Figure 2).
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The annual rainfall ranges from 571 mm to 1183 mm, with an average of 786 mm,
while daily average temperature varies between 25 ◦C in January and 33 ◦C in March.

2.1.3. Geological Setting

The geology of Burkina Faso is part of the West African craton, which is composed of
the Reguibat Ridge and the Leo Ridge, separated in Burkina Faso by sedimentary rocks
which constitutes the Taoudéni basin. The Leo Ridge can be subdivided into two domains,
according to the formation era: (i) the Archean domain or Kénéma-Man domain, which
includes two orogenic cycles: the Leonian (from 3500 to 2900 million years (Myr)) and the
Liberian (from 3000 to 2600 Myr); (ii) the Proterozoic domain or Baoulé-Mossi domain,
which consists of geological formations dating from the Paleoproterozoic age of 2250 to
2000 Myr [43]. These formations, also called birimian formations, were affected by the
Eburnian orogeny, which designates the set of tectonic, metamorphic, and plutonic events
that affected the birimian terrains [44].

At the local scale, the geology of the Sanon site is made up of antebirrimian rocks,
predominantly granitic–gneissic or even migmatic, with green rocks (amphibolites) interca-
lated within them [45,46]. It is representative of the hard rocks of West Africa that were
set up during the Eburnian orogeny [46]. In Burkina Faso, basement rocks (Figure 1b)
occupy 80% of the country’s area [47]. Geophysical characterization studies were under-
taken by Soro et al. [39] on two cross-sections (PSAG and PS1) of the weathering profile
(Figure 1d). The 2D geological model consisting of an alterite reservoir and an underlying
fractured/cracked reservoir (Figure 3) has been adopted. These two reservoirs overlie the
unweathered rock. The thicknesses of the alterites are relatively significantly thicker in the
central valley (30 to 50 m) and progressively decrease towards the catchment ridges [45].
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Figure 3. The 2D geologic model of Sanon watershed with associated resistivity values (modified
from Soro [48] and Soro et al. [39]). S1CN, S1CNP, S1, S2, S11, and SaG are observation wells. The
Figure is adapted with permission from [39].

The fractured/fissured aquifers have an average thickness of about ten meters located
between the fresh rock and the saprolite. The Sanon experimental site is equipped with
16 functional observation wells (Figure 1d), 7 of which (S1CNP, S2, S2BIS, S3, SA, S18,
S19) capture only the saprolite (shallow reservoirs), 5 (S1CN, S1, S5, S11, S11P) capture
only the fractured layers (deep reservoirs), and 4 (S1Bis, S8, S16, SaG) both reservoirs. The
deepest piezometers are about 70 m deep. The purpose of having observation wells that
capture only shallow saprolite aquifers, fractured aquifers, or both is to understand the
hydrodynamic and geochemical processes that occur in each type of reservoir and the
dynamics of exchange between surface and deep reservoirs.
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2.2. Field Investigations and Data Collection
2.2.1. The Experimental Setup

The objective of the experiment was to study the effect of land use on surface wa-
ter processes, deep drainage and groundwater recharge. The Sanon experimental setup
consisted of three plots placed according to the land use/land cover and the drainage
network (Figure 4). The first plot (NV) was located in the northern ridge zone, where
natural vegetation is found. The second plot (CM) was in the central valley where millet
is grown. The third plot (CG) was located midway between the outlet and the central
valley, where the dominant crop is groundnut. Over the CM and CG plots, the cultivation
practices are flat plowing perpendicular to the slope (to retain surface runoff). Such practice
is predominant in the entire watershed [48]. The observed differences could be due to both
the effect of land use and location on the hydrographic network. However, under these
experimental conditions we assumed that the effect of plot location on the river system may
be negligible compared to the effect of land use due to the small size of the plots according
to the findings of Mounirou [49] and Mounirou et al. [50,51].
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Figure 4. LULC map of Sanon watershed along with the location of the toposequence observation
transects. SD1, S2, SM3, S4, and SA5 refers to soil pits.

Each single observation plot was insulated with a 60 cm high corrugated iron sheet,
the lower part of which was vertically embedded into the ground (at 30 cm depth) with
concrete, to fully isolate each plot and prevent any lateral water exchange with the outside).
The plots size were 4 m width and 20 m along the surface runoff slope, as shown of Figure 5.
The observation well S1CN in the vicinity of the NV plot was 55 m deep and captured the
fissured/fractured layer. The observation well S1 in the vicinity of the CM plot was 76.5 m
deep and captured both the saprolite and fractured/fractured aquifer. The observation
well SA located near the CG plot had a depth of 37 m and captured only the saprolite.
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2.2.2. Monitoring and Data Collection

The surface runoff water was collected and measured on a rainfall event basis for the
years 2020 and 2021. A direct-reading rain gauge was placed near each plot at the height of
1.5 m above the ground level for the continuous monitoring of rainfall. The outlet of the
natural vegetation (NV) plot was equipped with a 100 cm diameter and 30 cm high metal
pan serving as a surface runoff partitioning device (Figure 6a). The pan had 40 holes (30 mm
diameter each) regularly spread around its circumference at its base. A single of these holes
was connected to a calibrated barrel (of 250 L) buried into the ground from which the runoff
volume was measured (Sheet S1 in the Supplementary Materials). The total water runoff
volume considered for each event was calculated as the sum of the volume left in the tank
and amount collected in the buried barrel times the number of orifices in the partitioning
device. At the outlet of the millet (CM) and groundnut (CG) plots, two watertight retention
basins were arranged in series (Figure 6b). The first retention basin was 150 cm deep and
40 cm wide, extending across the total width of the plot (Figure 6b) and communicated
(through an orifice) with a second basin of dimensions 150 cm width by 150 cm large. This
second retention basin was intended to collect the runoff excess water from the retention
basin upstream. Each basin was equipped with a staff gauge for water volume monitoring.

At the center of each experimental plot, 5 tensiometer rods were installed at depths of
20, 40, 60, 80, and 120 cm to monitor the amount of drained below the root zone, similarly
to Zouré et al. (2019) [24]. The pressure load was measured using an electronic tensiometer
(SMS 2500S, SDEC France). Near the tensiometer rods, a 120 cm deep moisture access tube
allowed the monitoring of the soil moisture every 10 cm depth using a TDR moisture sensor
(TRIME-PICO T3/IPH44, SDEC France, Reignac-sur-Indre, France). In addition, each plot
was equipped with a piezometer buried more than 30 m deep to monitor the variation of
water levels in the aquifer. Piezometric, potentiometric, and soil moisture measurements
were read from the piezometer daily at 6 am in the morning.
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Figure 6. Field photographs of runoff collection and monitoring equipments: (a) at the outlet of the
natural vegetation (NV) plot and (b) at the outlet of the millet (CM) and groundnut (CG) plots.

It should be acknowledged that the experimental setup does not claim to be represen-
tative of the entire watershed, as monitoring was local. However, through the estimation of
water balance components, this study seeks to understand the relationship between surface
water and fluctuations of piezometric levels at each piezometer according to various LULC
and soil surface condition types.

2.2.3. Determination of the Physical and Hydraulic Parameters of Soils

A north-west transect was investigated to analyze the toposequence and characterize
the succession of the different soil surface and LULC conditions and define the soil pit
locations (Figure 5). Five deep pits (1.20 m depth) along this transect were excavated
and soil profile readings were carried out in the pits. Three pits (SD1, SM3, SA5), located
in Figure 4, were sampled at each soil horizon level to determine grain size distribution
and soil dry bulk density near the experimental plots. Apparent densities were further
evaluated using soil samples collected using cylinders (5cm × 5cm) dried into an oven
at 105 ◦C during 24 h. These analyses helped in determining the physical parameters to
assess the subsurface infiltration process and determine the hydraulic parameters through
pedotransfer functions [52].

Saturated hydraulic conductivities (Ksat) were evaluated using a double-ring infil-
trometer [24,53] through 12 measurements at each plot (36 measurements in total).

2.3. Calculation of Water Balance Components

The water balance equation is given as in Equation (1):

P − (R + D + ETa) = ∆S (1)

where P is the rainfall volume (mm), R is the surface runoff volume (mm), D is the drainage
amount (mm), Eta is the actual evapotranspiration (mm) and ∆S is the soil water storage
variation (mm).

2.3.1. Rainfall (P) and Runoff (R) Analysis

Rainfall and surface runoff data collected on daily event basis during the years 2020
and 2021 were analyzed using descriptive statistics to determine the number of rainfall
events, annual cumulative rainfall, dry spells, annual runoff volume and runoff coefficients.
A dry spell is defined as the number of consecutive days without significant rainfall event
(p < 2 mm). A graphical method opposing rainfall to surface runoff in a scatterplot was
used to estimate the minimum rainfall amount triggering surface runoff according to the
LULC and soil surface conditions.
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2.3.2. Deep Drainage

Deep drainage was calculated using Darcy’s law which relates the hydrodynamic
characteristics of the soil medium to the flow through it [54], as shown in the Equation (2):

q = −k(h)
dH
dZ

(2)

where q is the water flux (m/day), dH/dZ is the hydraulic gradient (m/m), with
H = h − Z defined as the hydraulic head (m). The depth axis was positively oriented
downwards, considering the surface as the reference. The k(h) function was determined
using pedotransfer functions (PTF) implemented in the Hydrus 1D software [52]. These
PTF were used to obtain Ksat values, along with the Van Genuchten parameters α, n, and
m [55] using the grain size class and bulk densities of the soil samples collected from the
soil pits. Measurements from the tensiometers helped in determining the daily pressure
head at depths 80 and 120 cm. The reference depth for calculating the drained water level
was set at 100 cm, considering the evolution of the crop roots and the maximum rooting
depth of the natural vegetation in the area [37].

Furthermore, deep drainage values were recorded to compare the drained water
levels with the piezometric fluctuations according to each LULC type. Therefore, the
daily monitoring of deep drainage in relation to the observed rainfall and the fluctua-
tions of piezometric levels according to the soil depths were used together to assess the
recharge process.

2.3.3. Water Storage Variation

The water storage content S (mm) in a soil layer at a given time between two depths,
Z1 and Z2, can be calculated using Equation (3) [56,57].

S =
∫ Z2

Z1

θ(z).dz (3)

In our study, the water content was measured every 10 cm to a depth of 120 cm.
For a total soil profile depth of 1000 mm, the water storage can be determined through
Equation (4).

S = 100.θ100 + 100.θ200 + 100.θ300 + . . . + 100.θ1000 (4)

where S is the water storage content (mm), and θ(z) is the water content at a given depth
z (mm).

Daily moisture measurements of the water content in the soil using the TDR moisture
sensor at varying depths were used to estimate the daily water storage.

2.3.4. Water Balance and Aquifer Recharge

Equation (1) was used to calculate actual evapotranspiration (Eta) as a residual term in
the water balance. These ETa values determined in our study were compared with potential
crop evapotranspiration (ETc = Kc.ETo). The crop coefficients (Kc) were taken from Allen
et al. [58] and the daily values of potential evapotranspiration (ETo) from the Ouaga-Aero
weather station. ETo is given by the following Equation (5) [58]:

ET0 =
0.408∆(Rn −G) + γ 900

T+273 U2(es − ea)

∆ + γ(1 + 0.34u2)
(5)

where ET0: reference evapotranspiration (mm day−1); Rn: net radiation at the crop surface
(MJm2day−1); G: soil heat flux density (MJm−2day−1), T: mean daily air temperature at
2 m height (◦C); u2: wind speed at 2 m height (m s−1), es: saturation vapor pressure (kPa),
ea: actual vapor pressure (kPa), es−ea: saturation vapor pressure deficit (kPa), ∆: slope
vapor pressure curve (kPa ◦C−1), and γ: psychrometric constant (kPa ◦C−1).
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In addition, the calculation of recharge using the piezometric fluctuation method
according to Equation (6) [59] allowed us to assess the variability of the recharge process as
a function of LULC and therefore, to establish a relationship between recharge and deep
drainage values. The value of the ratio between recharge and deep drainage (calculated
from two physically based formulas) helped in understanding the dynamics of water
transfer between the saturated and unsaturated zones.

Re = Sy.∆h (6)

where Re is the groundwater recharge (m), Sy is the drainage porosity (%), and ∆h is the
aquifer water level fluctuation (m) over time. Sy values were taken from Compaoré [46],
Vouillamoz [60], Soro [48], and Koïta et al. [61].

3. Results
3.1. Physical and Hydraulic Soil Parameters

The analysis of the soil profiles revealed a significant proportion of clay on the ex-
perimental plots (Figure 7). The texture of the soil surface was silty–sandy for natural
vegetation (NV) and millet (CM) plots and sandy–loamy for the groundnut (CG) plot. At
higher depths (about 77 cm), the texture transitioned to sandy–clay for the NV plot and to
sandy–loamy–clay for the CM and CG plots. The average bulk density of the soils sample
was estimated at 2 g/cm3 for the NV plot, 1.80 g/cm3 for the CM plot and 1.79 g/cm3 for
the CG plot. The apparent density values for each LULC condition showed an increasing
gradient with the depth and seemed to follow the evolution of clay content (Figure 7). All
these soils are classified “heavy soils” according to their average bulk density, which is
higher than 1.55 g/cm3 [62]. These values were relatively higher in the degraded zone,
reaching 2.08 g/cm3 at 77–120 cm in depth (Figure 8). High bulk density values have been
found at other experimental sites in Burkina Faso on leached tropical ferruginous soils
similar to the Sanon site: at Saria, in the central-western part of the country, Dembele &
Some [63] reported a value of 1.9 g/cm3; at Kamboinsé, in the central part of the country,
Nsanzimfura et al. [64] reported a value of 2.26 g/cm3; at Oula, in the northern part of
the country, Savadogo et al. [65] reported a value of 1.91 g/cm3 at Tougou, in northern
Burkina Faso, Mounirou et al. [61] reported bulk densities of 1.88–1.94 g/cm3. Several
authors suggested that bulk density is affected by factors such as sand percentage, or-
ganic matter content, and porosity [66–68]. This hypothesis does not seem to hold true
in the case of the Sanon site, where the values of bulk density according to the soil depth
was not proportional to the change in sand content, which decreased with the soil depth.
Page-Dumroese et al. [69], Chalhoub et al. [70] and Keller and Håkansson [71] found that
the content of coarse elements affects the soil bulk density; therefore, soils with a high
percentage of coarse elements would have higher bulk densities. This finding might explain
the relationship between soil content in coarse elements and its bulk density in the Sanon
watershed. Indeed, coarse element in this study varied from 10% (on groundnut and millet
plots) to 60% on the natural vegetation plot, and increased progressively with depth. The
high proportion of coarse elements likely explains the higher bulk density values observed
in the study area, especially in natural vegetation areas where their content reached 60% of
the soil samples.

In addition, the values of apparent densities increasing with the soil depth (at least equal
to 1.80 g/cm3) constitutes a limiting factor to the development of vegetation root [72,73].
The examination of the distribution of roots with soil depth in Sanon indicates a limited
development of roots between 80–90 cm depth in all soil pits [37].

The hydraulic conductivity values were similar in terms of order of magnitude for
the years 2020 and 2021 (Table 1). CG plot was relatively more permeable, followed by
the CM plot. The NV plot showed the lowest Ksat value on average. Such distribution of
Ksat values might be explained by the corresponding clay content, which was higher in the
NV plot, with an average value of 31% compared to 19.2% and 15.2% in CM and CG plots,
respectively (Table 1).
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Table 1. Average values and standard deviation of hydraulic conductivity at saturation (Ksat) and
clay content at each experimental plot for two successive campaigns.

Plot
Ksat (cm/h) Average Clay

Content (%)Dry Season Wet Season

NV 1.89 (±0.86) 1.62 (±0.40) 31.0 (±12.7)
CM 3.77 (±1.28) 3.30 (±0.79) 19.2 (±11.6)
CG 4.20 (±0.77) 4.60 (±0.72) 15.3 (±9.4)
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Figure 8 compares the boxplot distributions of Ksat values measured on experimental
plots during the dry and wet seasons. The analysis revealed that Ksat values on NV
were, in general, significantly lower than those in CM and CG plots, independently of the
season. Additionally, Ksat values in the CG plot were, in general, slightly higher than those
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observed in the CM plot, despite not being significantly different. Hydraulic conductivities
were higher in the central valley than in the lateritic ridge areas. It was also observed that in
both dry and wet seasons the Ksat values in all plots were of the same order of magnitude.
The difference was not significant.
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season; (b) Wet season.

The saturated hydraulic conductivities (Ksat) reported in tropical ferruginous soils
from other sites in Burkina Faso produced similar values: 2.3–45 mm/h in the Sahelian
zone [53], 2–33 mm/h [61,74], and 11–72 mm/h [24] in northern Burkina Faso.

3.2. Water Balance Components

During the monitoring period, the cumulative rainfall in the year 2020 was higher
than in the year 2021 (Table 2). The annual rainfall recorded in 2020 and 2021 were 724 mm
and 451.6 mm, respectively. In 2020, a total of 38 rainfall events were observed, 10 of which
had a rainfall over 30 mm. In 2021, 32 events were recorded, 2 of which showed a rainfall
over 30 mm. The longest dry spell reached 7 days in 2020 and 16 days in 2021.

Table 2. Rainfall and runoff characteristics from 2020 to 2021.

Parameters 2020 2021

Number of rainfall events 38 32

Cumulative rainfall (mm) 724 451.6

Number of events >30 mm 10 2

Longest dry spell (in days) 7 16

Cumulative runoff (mm)

NV 159.1 36

CM 254.4 153

CG 193.4 110.1

Surface rainfall/Runoff (R/P) (%)

NV 25.5 8.3

CM 36.12 34.90

CG 25.72 23.88
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From 2020 to 2021, the surface runoff/rainfall ratio showed a slight decrease in CG
(from 25.72% to 23.88%) and CM (from 36.12% to 34.90%) plots. In contrast, a significant
drop (from 25.5 to 8 %) in the surface runoff/rainfall ratio was observed in the NV plot.
These results do not seem consistent with average measured Ksat values. In fact, consider-
ing approximately the same rainfall amount, the highest surface runoff values were likely
to be found in the NV plot, where the soils were less permeable (Table 1, and see Sheet S2
in the Supplementary Material).

In this study, the correlation between soil infiltration capacity and plot surface runoff
was observed for millet and groundnut plots. The low values of average runoff coefficient
obtained in the natural vegetation plot could be explained by the higher vegetation cover
(Figure 9), which played a preponderant role in the reduction of infiltration and deep
drainage processes and even in the decrease in surface runoff [50,51,63]. The literature has
argued that shrub vegetation with high canopy cover decreases runoff [64,65]. Still, at the
plot occupied by natural vegetation, the decrease in the average annual runoff coefficient
(25.50% to 8.30% of annual rainfall in 2020 and 2021) could be explained by the lower
number of significant rainfall events in 2021 (2 and 10 in 2021 and 2020, respectively) and
the relatively high value of the minimum rainfall triggering surface runoff (30 mm). This
threshold depends on both rainfall characteristics and soil surface conditions (structural,
hydric, micro-topographic surface, and soil cover conditions) [50,66,67]. Furthermore, the
average surface runoff rates obtained in millet and groundnut plots were approximatively
of the same order of magnitude (less than 2% difference). In some previous studies, the
reported average runoff rates for groundnut range from 25% to 28% [68,69] and for millet
from 10 to 37% in Saria, Burkina Faso [70,71], from 25 to 55%, in Cinzana, Mali [72], from
20 to 45% and even higher for encrusted soils in Shaanxi Province, China [73].
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Figure 9. Determination of the minimum rainfall amount triggering surface (Rmr) runoff in the
experimental plots.

Figure 9 shows the minimum rainfall causing the onset of surface runoff (Rmr) graph-
ically determined for each experimental plot. This threshold was estimated at around
30 mm, 12 mm and 23 mm, respectively in NV, CM and CG plots. The slope of the linear
regression lines gives 0.78, 0.54 and 0.68 for NV, CM and CG plots, respectively and the
coefficients in the same order are 0.9, 0.81 and 0.74. The runoff threshold values were not
the same for the three land use types, thus it is difficult to compare them.

The Rmr value for NV confirms that despite the low average Ksat value in such LULC
conditions, the surface runoff production is minor. This finding suggests that in addition to
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the soil infiltration capacity, other factors are involved in surface runoff production [50,51].
Observations made on vegetation cover development on the three experimental plots
revealed a strong growth of the above-ground part of the natural vegetation constituting a
higher leaf cover compared to the other experimental plots (Figure 10), hence increasing
the initial abstraction amount and delaying the surface runoff onset.
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Figure 10. Field photographs showing the development of the vegetation cover in each experimental
plots: (a) Natural vegetation (NV) plot, (b) Millet (CM) plot, and (c) Groundnut (CG) plot (photograph
taken in September 2020).

The estimation of the water balance components allowed the assessment of the actual
evapotranspiration (ETa) at the experimental plot scale, presented in Table 3. The highest
ETa values were found in the NV plot (494 mm in 2020 and 375.55 mm in 2021), followed
by the CG plot (422.10 mm in 2020 and 228.5 mm in 2021). The ETa of the CM plot was the
lowest (279.6 mm in 2020 and 183.3 mm in 2021).

Table 3. Water balance components of the experimental plots for the 2020 and 2021 wet seasons.
P represents total rainfall, ETa is the actual evapotranspiration; Etad is the daily average of actual
evapotranspiration; R is the surface runoff, D is the deep drainage and ∆S is the seasonal change in
water storage.

Parameters
2020 2021

NV CM CG NV CM CG

P (mm) 715.3 704.5 752.1 448.3 438.3 461.2

R(mm) 159.1 254.4 193.4 36 153 110.1

D (mm) 57.9 176.3 186.7 2.85 92 109

∆S (mm) 3.6 −5.9 −50.1 33.9 10.3 13.6

ETa (mm) 494.7 279.7 422.1 375.55 183.3 228.5

Etad (mm/d) 4.0 2.4 3.7 3.4 1.70 2.1
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ETa is the water balance component which values were found to be the highest in all
experimental plots (Figure 11). It reached 65.9% and 83.77% of the rainfall in the NV plot
in 2020 and 2021, respectively. It was followed by surface runoff, which showed a higher
value in the CM plot: 36.10% in 2020 and 34.9% in 2021. in the NV plot, deep drainage
amounted to 8.10% and 0.64% of the rainfall in 2020 and 2021 in the, respectively. The deep
drainage values reached 21.6% and 21% of rainfall in the CM plot and 24.82% and 23.63%
in the CG plot in 2020 and 2021, respectively. CM and CG plots therefore presented similar
orders of magnitude in terms of deep drainage, higher in comparison to the NV plot. The
variation of water storage in 2020 for the NV, CM and CG plots was 3.6 mm, −5.9 mm
and −50.1 mm, respectively. The variation in the water stock followed the variation in
the clay content, the retention capacity of clay soils being much higher than that of sandy
soils. As the clay content of NV soils was higher, the amount of water retained in these
soils was higher than in CM and GC soils. The CG soils were relatively less clayey than
the others. However, the higher seasonal variation in 2021 (33.9 mm for NV; 10.3 mm
for CM; 13.6 mm for CG) compared to 2020 was due to the fact that the last rainy event
in 2021 occurred on 22 October with 21 mm compared to 5 mm of rainfall that occurred
on 16 October 2020 (Supplementary Materials Sheet S2). The occurrence of this late rainy
event in 2021 contributed to the increase in water stocks at the end of the season, for soils
that were mostly dry at the beginning of the season. The lowest term in the water balance
was the change in the soil water storage. The value of the water storage change was less in
absolute value than 8% of the rainfall for all plots and for the two consecutive years.

Deep drainage values of 22% and 10.21% were reported on millet plots in 1994 and
1995 in Niger by Akponikpe [74]. The difference between these values is related to the
high number of rainfall events registered in 1994 (37 events, including 7 rains over 40 mm),
which brought the cumulative annual rainfall to 721 mm. In the same study in 1995, the
number of rainfall events was estimated at 28, and only 2 important rainfall events were
observed, for a cumulative rainfall of 431 mm. The deep drainage rates reported from
Niger are similar to those obtained in the millet plot in Sanon. The deep drainage values
reported by Klaij & Vachaud [75] using different treatments (with and without organic
manure on groundnut plots) were 47.10% and 33.50%, respectively. This result indicates
that manure likely increases water withdrawal by the crops, reducing the amount of water
drained below the root zone. The similar effect of manure on deep drainage has also been
described by Cissé et al. [76], who reported deep drainage values of 37.12% (of rainfall) for
groundnut plots with manure treatment. The deep drainage rates found in this study were
slightly lower than those of Cissé et al. [76] and Klaij & Vachaud [75]. The difference is likely
due to the fact that both organic and mineral fertilization is carried out in the groundnut
growing areas in Sanon. The organic and chemical fertilizers improve the development of
the vegetative apparatus of the plants, resulting in increased water withdrawal compared
to the case without organic or mineral amendments. In addition, the higher deep drainage
values found by Klaij & Vachaud [75] might be related to the use of Darcy’s law with the
assumption of a permanent flow due to a deep drainage process controlled by the gravity
component of the soil water potential during the crop cycle. This assumption leads to an
overestimation of deep drainage. However, under natural conditions, the saturation of the
soil profile is not permanent but rather mostly follows the patterns of rainfall and potential
evapotranspiration parameters. The variability of deep drainage indicates that the process
is both affected by climate and pedological characteristics of the study area but also by the
crop or vegetation phenological development and cultivation practices.
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Figure 11. Relative percentage of water balance terms relative to rainfall in natural vegetation (NV),
millet (CM) and groundnut (CG) plots in 2020 and 2021. P represents the total rainfall; ETa is the
actual evapotranspiration; D is the deep drainage and ∆S is the seasonal change in water storage.

The daily average values of crop evapotranspiration (ETc) were determined from the
potential evapotranspiration estimated by the Pemann–Monteith formula (see Equation (5))
along with Kc crop coefficients [58]. The results, presented in Table 4, show that for the
year 2020 a relatively small difference between the daily averages of ETa and ETc were
due to the very wet nature of the 2020 wet season. However, the ETa values for all three
LULC conditions were well below the ETc in 2021. This difference is due to the water deficit
observed in 2021 compared to 2020.

Table 4. Comparison of the daily mean value of actual evapotranspiration (ETa) and the daily mean
value of crop evapotranspiration (ETc).

Plot
2020 2021

ETad (mm/d) ETc (mm/d) ETad (mm/d) ETc (mm/d)

NV 3.80 4.46 3.4 4.2

CM 2.3 3.37 1.70 3.1

CG 3.4 3.9 2.2 3.3
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3.3. Recharge and Transfer Mechanism in the Saturated Zone

A comparison of the daily evolution of water level in each observation well installed in
the vicinity of each plot and the deep drainage shows a relationship between the piezometric
levels of the aquifers and the quantities of water drained under the millet (CM) and
groundnut (CG) plots. The increase in piezometric levels in these plots was consecutive
to deep drainage episodes and significant antecedent rainfall (Figure 11). In 2020, heavy
rainfall events in July 26–31 (187.2 mm), August 10–30 (226 mm) and September 2–17
(171.3 mm) caused a significant increase in piezometric levels. During these periods, the
aquifer response under millet (CM) and groundnut (CG) plots to the rainfall events was
almost instantaneous. The recharge mechanism of the aquifer under CM and CG plots
appeared to be direct recharge through quasi-vertical infiltration. In 2021, the water level
rise which occurred mainly at the onset of the rainy season (in early June) until mid-August
was attributed to the relatively heavy rainfall. These rainfall events resulted in a significant
deep drainage process for millet (CM) and groundnut (CG) plots. After mid-August, the
rainfall cessation combined with the recurrent dry spells led to the early recession in water
table levels compared to 2020. The impact of significant rainfall on groundwater recharge
was more visible in 2020 than in 2021, as shown by the sudden increase in piezometric
levels for this year, which were also more contrasted under the CG plots (Figure 12).
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In the NV plot, the evolution of deep drainage and piezometric level showed no direct
dependence of the aquifer response to the rainfall events. In 2020, the piezometric level
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remained almost flat from the onset of the wet season until the end of August, despite
drainage which that occurred during this period. From August 26th to November 10th,
a gradual increase in the piezometric level was observed despite the cessation of deep
drainage on October 11th, probably due to the cessation of rainfall events. The piezometric
level continued to increase until the end of the wet season. In 2021, an increase in the
piezometric level was observed despite deep drainage. Such independence of the evolution
of the piezometric level in relation to the deep drainage suggests an absence of vertical
hydraulic connection between the subsurface zone and the deep aquifer.

Furthermore, the relationship between the recharge calculated by the water table
fluctuation (WTF) method and the drainage values obtained for each type of LULC yielded
the results presented in Table 5.

Table 5. Recharge and recharge to deep drainage ratios. Re refers to recharge; D is the deep drainage;
P is the rainfall; ∆H is the hydraulic head loss and Sy is the specific yield.

Plot
2020

Sy (%) ∆H (m) Re (mm) P (mm) D (mm) Re/P (%) D/P (%) R = /D

NV - 1.87 715.3 57 7.97

CM 2.4 6.44 154.56 704.5 165.6 21.94 23.51 0.93

CG 1.91 8.17 156.05 752.1 186.7 20.75 24.82 0.84

Plot
2021

Sy (%) ∆H (m) R(mm) P (mm) D (mm) R/P (%) D/P (%) R/D

NV - 0.6 448.3 2.85 0.64

CM 2.4 3.68 88.25 438.3 95.00 20.13 21.67 0.93

CG 1.9 4.95 94.45 461.2 109 20.48 23.63 0.87

Due to the semi-captive nature of the aquifer at the location where the NV plot was
installed [48,77], the recharge could not be assessed by the WTF method. The recharge
values under CM plot varied between 154.56 mm (21.94% of rainfall) in 2020 to 88.25 mm
(20.13% of rainfall) in 2021. For the CG plot, the recharge was 156.05 mm (20.75% of rainfall)
in 2020 and 94 mm (20.48% of rainfall) in 2021. For the CM and CG plots, the recharge
to deep drainage ratio tended towards 0.9, which highlighted on one hand the highly
rapid water transfer under the CM and CG plots while, on the other hand, the shallowness
of the piezometric levels, which was less than 6 m dep during the high water period.
Compaoré [46] conducted hydrodynamic parameter tests on saprolite and showed that
the central valley area (cropped under millet and groundnut) had high porosity values
(around 2.10−2) and average permeability values of 5.10−5 m/s. Pumping tests conducted
by Compaoré [46], Vouillamoz [57], Soro (2017), and Koita et al. [62] further confirmed
the previous results obtained in the central valley aquifers. Hydraulic conductivity values
ranged from 7× 10−6 to 9.5× 10−6 m/s in the peripheral area of the catchment, whereas in
the central valley, this permeability was 10 times larger [48. The findings in these previous
studies support the hypothesis of rapid vertical water transfer under groundnut and millet
crops. Koïta et al. [58] estimated that recharge reaches 13% of rainfall in the central valley
area through the water table fluctuation method. The differences in the values reported in
this study (20% of rainfall) in the central valley area might be explained by the difference in
the relatively low hydraulic head observed in Koïta et al. [58] and the cumulative rainfall
of over 800 mm. The 800 mm rainfall found by Koïta et al. [61] is higher than the rainfall
amounts found in 2020 (724 mm) and 2020 (451.6 mm). In contrast, the Re/P ratio found in
2018 (13%) by Koïta et al. [61] in the central valley is lower than the ratios found in 2020
and 2021 (over 20%) for high rainfall. This shows that the relationship between recharge
and rainfall is not linear and that other factors such as soil moisture, rainfall intensities,
rainfall frequency should be considered to better understand the recharge process.
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In addition, the characterization of recharge mechanisms conducted in Kafando
et al. [38] through a multi-criteria approach confirmed that the central valley appears
to be the preferential recharge pathway due to its sandy texture. They concluded that the
recharge mechanism in the central valley is direct recharge through rainfall infiltration. The
aquifer in the northern ridge occupied by natural vegetation appears to be fed by lateral
transfer, following the process of redistribution of recharge according to the hydraulic
gradient. Although the high evapotranspiratory capacity of natural vegetation may help to
reduce drainage, the lack of hydraulic continuity between the unsaturated and saturated
zones may contribute to the suppression of the recharge process in the ridge areas occupied
by natural vegetation. A BRGM-Aquater [45] prospective study and Soro [48] geophysical
characterization revealed the presence of a lateritic layer of about 20 m in thickness located
in the ridge zone occupied by natural vegetation. The soil pits realized by BUNASOLS [37]
further located a crustal roof at 1.20 m in depth in the pit near the natural vegetation plot.

Geological and hydrogeological characterization studies undertaken by Soro et al. [39]
showed that in the Sanon experimental watershed, the thickness of the alterites is low near
the cuirassed ridges occupied by natural vegetation. The height reaches 30–50 m in the
central valley [45]. This configuration has been encountered in the majority of Sudano–
Sahelian watersheds. Our study showed that the ridges occupied by natural vegetation are
areas of low infiltration where actual evapotranspiration is the most dominant component
of the water cycle. In contrast, the relatively flat central valley area occupied by crops
tends to concentrate rainfall and runoff water favoring the preferential infiltration of
water due to the relatively very high infiltration capacity of the soils. In these areas, our
study showed that the transfer rates of water are rapid, hence the almost instantaneous
reaction of the aquifer in the central valley to significant rainfall events. In the Sudano–
Sahelian environment, the central valley zones are, in general, preferential locations for
the implementation of artificial recharge techniques to increase the groundwater stock.
However, the relatively quick water flow exchange between the soil and the saturated zone
makes these areas prone to a high risk of groundwater pollution. It is, therefore, critical to
set up monitoring strategies for such areas.

4. Conclusions

In this study, the analysis of aquifer recharge as a function of the soil surface condition
was carried out in the Sanon experimental watershed in the Central region in Burkina Faso
(in West Africa). The results of the field investigations indicated that the soil texture was
predominantly silty–sandy, except for the groundnut plot, which had a sandy–silty texture.
The average clay content of the soils was relatively high under the natural vegetation plot,
followed by the millet and groundnut plots. Conversely, the soils of the groundnut and
millet plots showed higher infiltration capacities than that of the soils under the natural
vegetation plot. The water balance analysis carried out in the experimental plots revealed
that the actual evapotranspiration was the dominant component. The amount of water
drained to the deep aquifer was low under the natural vegetation plot due to the high actual
evapotranspiration and interception capacity of the vegetation cover canopy. Comparison
of the evolution of the rainfall and deep drainage in relation to the piezometric level in the
natural vegetation zone revealed a hydraulic disconnection between the soil and the aquifer
systems. The response of the aquifer to the rainfall events under the groundnut and millet
plots was almost instantaneous. The recharge mechanism under these plots was therefore
likely to be direct recharge through rainfall infiltration. The recharge to deep drainage
ratio of 0.9 highlights the quick water transfer in the central valley, which in turn explains
the quasi-instantaneous response of the aquifer to significant rainfall events. However, in
the natural vegetation zone the recharge mechanism appeared to be controlled by lateral
transfer from other aquifers. The central valley, which seems to be a preferential recharge
pathway, under specific condition, provided promising insights for the implementation of
artificial recharge infrastructures.



Sustainability 2022, 14, 14687 19 of 22

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su142214687/s1, Sheet S1: Water depth (cm) to surface runoff
volume (L) rating curve of the buried barrel (NV plot); Sheet S2: Rainfall and runoff data collected at
each plot for the two wet campaigns (years 2020 and 2021).
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