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Abstract

:

In Burkina Faso, the basement aquifers represent a major asset in terms of quantity and quality, for both drinking and irrigation purposes for rural populations. They provide water resources that can guarantee the long-term needs of the populations, provided that a sustainable management policy for these resources is adopted. Yet, any groundwater resource management policy is necessarily linked to a better knowledge of aquifer recharge mechanisms, which is yet to be fully assessed in the Sahelian basement area. The objective of this study was to characterize the recharge mechanism within the experimental site of Sanon, located in the basement zone in Burkina Faso, using a coupling of hydrodynamic and chemical approaches. The hydrodynamic approach consisted of monitoring the spatial and temporal distribution of the piezometric levels of the aquifers along a north–south and east–west transect and determining soil infiltration capacity. The hydrochemical characterization of the aquifers was carried out through an analysis of groundwater samples from the concerned aquifers and daily tracing of the electrical conductivity of the aquifer water. The cross-analysis from the results of the implemented approaches shows a direct recharge mechanism through rainwater infiltration in the central valley, an indirect recharge mechanism in the lowlands, and a recharge mechanism by lateral transfers in the peripheral aquifers of the Sanon experimental catchment. The existence of a piezometric dome reveals in the central valley a zone of preferential recharge and water movement. The water of the central valley is the least mineralized with electrical conductivities below 100 µS/cm. This mineralization follows the direction of the water flow.
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1. Introduction


Groundwater is widely used by the population in Sahelian countries as an alternative to intermittent surface water [1]. In Burkina Faso, about 70% of the population depends on groundwater to meet their domestic needs [2]. However, in terms of geology, basement rocks cover almost 80% of the country [3]. The aquifers in this area contain a well-distributed water resource with little dependence on surface water [4]. Although the volume of water stored in these aquifers is not as substantial, they contribute to the socioeconomic wellbeing of both rural and urban populations [5,6]. However, the rapid population growth, the improvement of living conditions, and the increase in water use due to economic activities contribute to increasing pressure on groundwater resources [7]. In addition, the development of sectors of activity with higher pollution potential (mining industries, agriculture) constitutes threats to the quality of groundwater resources [8,9,10]. Given the importance of groundwater resources for Burkina Faso, it is critical to develop informed and sustainable management policies for these resources. However, the implementation of such management policies requires beforehand a quantification of groundwater renewable rate linked mainly in such a context to groundwater recharge [11,12,13,14].



According to the state of art, several methods have been developed for estimating aquifer recharge rates. These methods include empirical [15,16,17], physical [15,18,19], and chemical methods [12,20,21,22], as well as hydrogeological modeling [17,23,24,25,26,27]. Since each method carries its own uncertainties, some authors [17,18,28,29] have recommended a combination of several methods to estimate a robust range for the amount of groundwater recharge. The selection of specific methods depends on several factors such as the objective of the study, the consideration given to spatial and temporal scales and variability of the considered processes, the characteristics of the aquifer, and the availability of hydro-climatic data [15,30]. However, a reliable characterization of the aquifer recharge mechanism might help in developing a robust conceptualization of the recharge process [17,18,31,32] and support the development of aquifer protection policies [33,34].



Regarding the Burkina Faso basement complex, studies related to the characterization of groundwater recharge mechanism are almost nonexistent. A handful of previous attempts have mainly focused on quantifying groundwater recharge [7,35,36,37]. However, most of these studies did not consider the pathways followed by the water throughout the soil layers to the aquifer, which might lead to uncertainties in the amount of recharge estimates [17,31,32]. Second, there is still a lack of knowledge of the aquifer’s vulnerability zones [38]. Previous studies mainly focused on isotopic tracing to characterize the groundwater recharge mechanism [39,40,41,42,43,44]. In the Sahelian region of West Africa, however, few studies have explored this approach, probably because of the relatively high cost and expertise required for isotopic analyses. The characterization studies that exist were carried out in Niger and concluded that the indirect recharge process is highly influenced by the size of the drainage network [45,46]. For Abdou et al. [47], temporary streams and endorheic ponds constituted preferential recharge zones in arid or semiarid basement zones. Given the extremely complex nature of the processes involved in the occurrence of recharge and their variability across a catchment, the use of a single method to characterize the recharge mechanism may obscure the plurality of recharge types that may coexist within a site and conclude that the recharge mechanism is unique. The use of a multidisciplinary approaches could allow a better characterization of the different types of recharge that occur within a catchment.



The objective of this study was to characterize the recharge mechanism in basement rock area. In this scope, the Sanon experimental catchment (14 km2) was used as a case study. The location of the catchment area in a granitic and granitic–gneissic basement zone, representative of a large part of West Africa basement formations [48], the degradation of the landscape of the catchment area, its belonging to the Sahelian climatic zone (subject to the effects of climate change), and its long-term monitoring (since 1989) make the catchment area a very interesting observatory for this study. The main approach developed in this study focuses on the characterization of the soil–aquifer continuum using several types of data: hydraulic parameters of the soils and hydrodynamic and hydrogeochemical parameters of the aquifers.




2. Materials and Methods


2.1. Study Site


The Sanon experimental site is located in central Burkina Faso about 40 km northwest Ouagadougou, the capital city of Burkina Faso (Figure 1). It lies between latitudes 12°26′10″ and 12°28′11″ north and longitudes 1°48′35″ and 1°43′72″ west. The study area is a rural catchment with a relatively flat central valley (average elevation is about 340 masl). The site aspect is characterized by a dominant westward slope. The soils are deep indurated tropical ferruginous leached soils with a predominantly clay–loam surface texture [49].



The Sanon catchment covers an area of 14 km2, and it is surrounded by thick lateritic iron crust hills composed of relic dismantled erosional surface at an altitude between 350 and 370 [48,50]. In the valley, the hydrographic network consists of small streams.



The climate of Sanon is semiarid [52], with a long dry season (November to June) and a short rainy season from July to October. The average annual rainfall from 1961 to 2020 was 768.6 mm with a unimodal regime in August. The average monthly temperatures vary between 25 °C in January and 33 °C in March. The annual values of potential evapotranspiration can reach 2064 mm (1980–2014). The catchment features three land-use/land-cover categories: agricultural areas, natural vegetation, and flooding zones (Figure 1b). The agricultural areas include both rainfed and dry season vegetable crops. The flooding zone at the outlet of the lowland is used for rice cultivation.



The geology of Burkina Faso is made up of rocks belonging to the West African craton consisting of the Reguibat Ridge and the Leo Ridge. These two ridges are separated by sedimentary formations that constitute the Taoudéni basin. The Leo Ridge occurs in nine West African countries, namely, Burkina Faso, Côte d’Ivoire, Ghana, Guinea, Liberia, Mali, Niger, Senegal, and Togo [53]. Depending on the era of the formations, it is possible to subdivide the Leo Ridge into two domains: (i) the Archean domain or Kénéma-Man domain characterized by two orogenic cycles: the Leonian dated 3500 to 2900 mya and the Liberian dated 3000 to 2600 mya [54]; (ii) the Proterozoic domain or Baoulé-Mossi domain where geological formations of Paleoproterozoic age (2250 to 2000 mya) are encountered. These formations are also called Birimian formations and are cut by calc-alkaline and alkaline granite plutons. They were affected by the Eburnian orogeny which refers to all the tectonic, metamorphic, and plutonic events that affected the Birimian terrains [54,55]. On a local scale, the geology of the Sanon site is composed of rocks representative of the hard rocks of West Africa. They were emplaced during the Eburnian orogeny. They are made up of antebirrimian rocks with a dominance of granitic–gneissic or even migmatic rocks within which green rocks (amphibolites) are interspersed [48,50]. The geophysical characterization carried out [56] using a 2D cross-section of weathering profiles PSAG and PS1 (Figure 1a) proposed a 2D conceptual geological model composed of a superficial reservoir of alterites and a fractured/cracked aquifer overlaid on the bedrock (Figure 2). The thickness of these alterites varies from 30 to 50 m in the valley [50]. Attempts to quantify the recharge have estimated it at a maximum of 10% of the rainfall [48,50].



The Sanon experimental site is equipped with 16 functional observation wells (Figure 1a), seven of which (S1CNP, S2, S2BIS, S3, SA, S18, and S19) capture only the alterites (shallow reservoirs), whereas five (S1CN, S1, S5, S11, and S11P) capture only the fractured layers (deep reservoirs), and four (S1Bis, S8, S16, SaG) capture both reservoirs. The objective of having well observations that capture only shallow weathering aquifers, fractured aquifers, or both is to understand the hydrodynamic and geochemical processes that take place within each type of reservoir and the dynamics of exchanges between the surface and deep reservoirs. Hydrologically, the site is provided with experimental plots (Figure 1a) that allow the estimation of the components of the water balance depending on the soil surface aspect (barren land and cultivated land) and according to the hydrographic network. Four rain gauges, P1 to P4 (Figure 1a), three of which are located close to the experimental plots, allow the evaluation of rainfall amounts within the site. Groundwater abstraction within the Sanon experimental site is not intensive, about 0.42 mm/year [57]. This quantity of groundwater is provided by hand pumps for the domestic consumption of the village inhabitants. This water abstraction also includes some water used for irrigation of six hectares on the site.




2.2. Hydrodynamic Approach


This hydrodynamic approach aims to identify areas favorable for recharge and determine the groundwater flow direction. During the 2020 rainy season (1 July to 31 October), groundwater level was monitored daily at 16 locations through observation wells (Figure 1a). To determine potential areas for surface water infiltration, soil infiltration tests were carried out on the experimental site. The double-ring infiltrometer method [58] was used to determine the saturated soil hydraulic conductivity. Nine infiltration measurements were carried out close to the observation wells, using a 9 m × 9 m grid centered around each observation well. The infiltration test was carried out over 4 h with a constant water head of 3 cm maintained on the soil surface until the constant infiltration rate was reached. Darcy’s law was applied to porous media and restricted to the vertical dimension to determine the saturated soil hydraulic conductivity (Ksat) [59,60]. For a better understanding of the spatial evolution of the groundwater levels in the catchment area, two transects, north–south direction (T1) and west–east direction (T2) (Figure 1a), were considered for the study of the distribution of groundwater levels during low- and high-water periods, as well as that of the aptitude of the soils to infiltration. Plotting groundwater-level distribution and the saturated hydraulic conductivity along the two transects helped in determining the direction of groundwater flow and to locate potential groundwater recharge areas.




2.3. Hydrochemical Approach


The recharge mechanism of Sanon aquifers was also deduced through spatiotemporal evolution of electrical conductivity and a series of major ions of the groundwater. Two water sampling campaigns were carried out from 15 observation wells and their major cation (i.e., Ca2+, Mg2+, K+, and Na+) and anion (HCO3−, Cl−, SO42−, and NO3−) concentrations were determined. The first campaign was carried out during the low-water period (July) and the second was carried out during the high-headwater period (September). Physical parameters such as temperature (T), pH, and electrical conductivity (EC) were measured in situ using a portable multiparameter HI 9828 (T: ±0.15 °C; pH: ±0.02; EC: ±1 μS/cm). The concentrations of Ca2+, Mg2+, Cl−, and HCO3− ions were obtained by volumetric analysis. A DR3900 molecular absorption spectrophotometer (HACH Lange) was used to analyze NO3− and SO42− concentrations, whereas a flame emission spectrophotometer was used to determine Na+ and K+ concentrations.



In addition, groundwater EC of nine observation wells was also monitored on a daily basis from July to October 2020, using WTW Cond 3110 SET1 (±5% EC and ±0.1 °C). Descriptive statistics of the groundwater physicochemical parameters, including the Spearman correlation study at the 5% significance level between electrical conductivity and major ions, were determined using the XLSTAT software. To assess the direction of water mineralization and its relationship with the recharge mechanism, the spatial distribution of electrical conductivity values, as well as major ions with significant and strong correlation to conductivity, were plotted along the two defined transects T1 and T2 (Figure 1a).



A hierarchical clustering analysis (HCA) was used to group the groundwater samples into clusters on the basis of similarities and dissimilarities in their physicochemical parameters. A principal component analysis (PCA) was used to search for relationships between chemical variables and to group together those that show similar behavior in order to get an idea of the evolution of the chemism of the waters of the Sanon aquifers. The hierarchical clustering analysis (HCA) method is done using Ward’s criterion and the Euclidean distance. The HCA and PCA were carried out using the XLSTAT software package (Addinsoft, Paris, France). The determination of the water facies and the calculation of ionic ratios were carried out through the DIAGRAMMES software, developed by the Hydrogeology Laboratory of Avignon, France [61].



In addition, the plotting of the daily evolution of groundwater levels, as well as the EC of nine observation wells uniformly distributed over the catchment, was used to assess spatial groundwater recharge mechanism in the Sanon catchment.





3. Results


3.1. Hydrodynamic Approach


The spatial distribution of the piezometric levels along the two transects (Figure 3) showed the existence of a piezometric dome in the central valley, where the groundwater moves toward the ends of the catchment area. The largest variations were located in the central valley where the piezometric amplitudes are around 7 m (Figure 3a). The same observation can be made on the west–east transect (Figure 3b).



During low-water periods, the majority of the hydraulic gradients are positive and oriented from the central valley (position of S1) toward the extremities of the catchment area except the hydraulic gradient of the piezometers S1CN and S1 (−0.07%) (Table 1). The low-water flow is directed from the central valley toward the southern, western, and eastern ends of the catchment area, except for the S1CN–S1 section where the water flow is directed toward the central valley. During high water, the hydraulic gradient values are relatively larger, all positive, and directed toward the ends of the site. The highest gradients are established (in low and high water) between the valley aquifers (where S1 is located) and those of the southern ridge (where S11 is located). The high values of these gradients could reflect rapid transfer flows between S1 and S11.



The observation of the temporal evolution of the hydraulic gradients revealed an evolution under the influence of precipitation (Figure 4). Initially constant, the hydraulic gradients undergo a progressive increase at the beginning of precipitation until mid-September and then decrease with the precipitation decreasing. The hydraulic gradient between S1CN and S1, which was previously negative at the beginning of July, changes sign with the onset of the first rains due to the consequent rise in the piezometric level of S1. The temporal evolution of the hydraulic gradient of the aquifers of piezometers S1 and S19 shows an atypical behavior. Falls in the S1–S19 hydraulic gradient are observed during drought periods. The shallow groundwater plays a buffering role during drought periods. The stagnant water continues to increase the piezometric level of S19, but the S1 aquifer, which is very sensitive to drought, shows a drop in piezometric level, resulting in the temporal drops in hydraulic gradients.



The distribution of hydraulic conductivities at saturation suggests relatively high infiltration capacities of the soils in the eastern, northern, and central parts of the experimental site with hydraulic conductivities at saturation values higher than 89 cm/day (Figure 5). These soils correspond to gravelly soils in the northern part and to sandy soils in the central and eastern valley of the experimental site. The soils of the southern ridge are characterized by low infiltration capacities with Ksat values below 41 cm/day. These low hydraulic conductivity values are also found in the western parts of the catchment and S16. All of these soils with low infiltration capacities are clay-textured soils. The outlet of the catchment is used as a lowland rice field due to the low permeability of its soils.




3.2. Hydrochemical Approach


3.2.1. Electrical Conductivity and Major Ions


The electrical conductivity (EC) of the water in the piezometers varies from 61 to 300 µS/cm in low water periods and from 53.0 to 219.7 µS/cm in high water periods (Table S1 of Supplementary Materials). These electrical conductivity values are not high and reflect the low mineralization of the Sanon aquifer. The lowest values of electrical conductivity are found in the central valley (S1Bis, S2, S1, and SA) at both high and low water. The mean electrical conductivity value of alterites is lower than that of the fractured aquifers (Table 2).



Major anion concentrations were in the following order: HCO3− > Cl− > NO3− > SO4−, and major cation concentrations were in the following order: Ca2+ > Na+ > K+ > Mg2+ (Figure 6a). This type of anion classification has already been observed in the groundwater of Ouagadougou [62]. Figure 6b shows a highly variable distribution of the majority of the ions with medians below the mean, characteristic of a distribution elongated toward high values. These concern Cl− during the high-water period in the central valley (SA) and at the catchment outlet (S19), sulfates exclusively at the catchment outlet (S18, S19, and S8), and K+ at northern ridge (S1CN and S1CNBis). A low atypical concentration of ions is also found at different places: Cl− at the northern ridge (S1CN) and upstream of the outlet (S5). A high atypical value for nitrate is found in SA.




3.2.2. Spatial Tracing of Electrical Conductivity and Major Ions


The spatial distribution of the electrical conductivity along the north–south and west–east transects reveals that the low values are found in the central valley where the piezometric dome appears (Figure 7). Electrical conductivity decreases from the piezometric dome location toward the ends of the transects, where there is a progressive increase in electrical conductivity values. The mineralization of the groundwater would, therefore, follow the direction of the groundwater flow. The central valley corresponding to the piezometric dome zone with lower electrical conductivity values is the zone of preferential recharge (direct recharge) of the aquifers. Nitrates, elements of external origin to the aquifer system, have high concentrations in this zone. The presence of nitrate elements brought by the infiltration water corroborates the hypothesis of direct recharge of the aquifers in this zone.



According to [63,64], the Na/Cl molar ratio can be an indicator of the origin of Cl− in groundwater. A Na/Cl ratio equal to unity indicates that Na+ and Cl− ions originate from the dissolution of evaporites. A molar ratio of 0.85 indicates that the ions have a marine origin, and a Na/Cl ratio of less than 0.85 indicates the case of certain pollutions. The distribution of the Na/Cl ratio according to the transects shows values well below 0.85 in the central valley for the piezometers S2, S1Bis, and S1 on the north–south transect (Figure 8a), as well as from SA toward the outlet on the west–east transect (Figure 8b). This ratio is well above unity on the north and west ridge, reflecting ion-exchange phenomena [64].




3.2.3. Groundwater Classification


During low-water periods, EC is strongly correlated with HCO3− (r = 0.80) and Ca2+ (r = 0.87) (Figure 8a). The mineralization is more related to HCO3− ions and Ca2+ ions than to the other elements, and this mineralization follows the direction of the water flow (Figure 9). A good correlation exits between Ca2+ and HCO3− (r = 0.71), between Na+ and SO4− (r = 0.61). The correlations between these elements would reflect their common origin, i.e., coming from former times, reflecting a long residence time.



In the high-water period, EC is strongly correlated with HCO3− (r = 0.96), Ca2+ (r = 0.81), and to a lesser extent Na+ (r = 0.65) and K+ (r = 0.65) (Figure 8b). These elements significantly contribute to the increase in water salinity. Moreover, Ca2+, Na+, and K+ are positively correlated and would indicate a common origin.



In periods of low and high water, Cl− and NO3− ions do not show any consistent positive correlation with other ions specific to the underground system such as Na+ and Ca2+, which could reflect an external origin. Furthermore, Na+ and SO42− ions, which are correlated (r = 0.61) in low water, do not present a consequent correlation coefficient in high water (r = 0.43) and translate an enrichment of the underground medium in Na+ in high water in the deep aquifers.



The dendrogram of variables, from the hierarchical clustering analysis (HCA) method, allowed separation into three homogeneous groups (Figure 10). Group 1, characterized by high EC, HCO3−, and Ca2+, is formed by piezometers S11, S11P, and SaG, located in the eastern and southern ridge (Table S2 in Supplementary Materials). Group 2, characterized by low EC values and relatively high NO3− concentrations, consists of piezometers S1, S1Bis, S2, and SA, located in the central valley. Group 3 contains relatively high Na+ and Mg+ with EC values intermediate between those of Group 1 and Group 2. It contains the piezometers S1CN and S1CNP of the northern ridge and S5, S8, S18, and S19 of the watershed outlet. During high-water periods, the S5 piezometer joins Group 2, while the S1CN and S1CNP piezometers join Group 1, following the increase in EC for the first two and the decrease in electrical conductivity for the latter.



During low-water periods, the PCA presenting the correlation between the chemical parameters of the aquifer water allowed retaining the two main axes since they presented more than 59.35% of the total variance (Figure 11a). The F1 axis which presents 32.63% of this variance is strongly correlated on the positive side with EC (0.73), Ca2+ (0.85), and Cl− (0.74) and negatively correlated with Mg2+ (−0.705), K+ (−0.41), and NO3− (−0.41) (Table S3 in Supplementary Materials). This set of variables associated with F1 suggests that salinization is the main process controlling hydrochemical variability, and that the significant contribution of these ions to groundwater mineralization would come from the water–rock interaction process. The positive part of F1 corresponds to cluster I, while the negative part refers to cluster II, influenced by anthropogenic elements. The F2 axis (26.72% of the variance) is positively correlated to Na+ (0.86), HCO3− (0.81), and K+ (0.59). These variables are due to water–rock interactions (i.e., chemical weathering of silicate minerals), which results in relatively long residence times and potentially high EC. This axis corresponds to cluster III.



In high-water periods (Figure 11b), the F1 axis, which presents 44.31%, is positively correlated with EC (0.94), HCO3− (0.97), Ca2+ (0.75), K+ (0.73), and Na+ (0.72) and negatively correlated with nitrates (−0.69), potentially arising from the use of fertilizers for agricultural production. This grouping is an indicator of the dissolution of silicate minerals. The F2 axis is positively correlated with Mg2+ (0.68) and negatively correlated with S042− (−0.52) and Cl− (−0.59). On F2, the clustering reflects the anthropic influence on the groundwater mineralization. The three clusters are still differentiated. However, the electrical conductivity played a major role in the reclassification of these clusters concerning the high-water period by bringing S1CN and S1CNP into cluster 1 and S5 into cluster 2.




3.2.4. Groundwater Hydrochemical Facies


During low-water periods, the piper diagram (Figure 12a) shows that the waters of cluster I are exclusively magnesian calcic bicarbonate. Cluster II presents chloride and sulfate–calcium–magnesium facies and calcium–magnesium bicarbonate facies. The first facies is the most abundant, reflecting waters under the anthropic influence. Cluster III is shared almost equally between calcium–magnesium bicarbonate and sodium–potassium bicarbonate. From low water to high water (Figure 12b), the existence of the three facies is noted, although there is a migration of facies from the sodium–potassium bicarbonate to the calcium–magnesium bicarbonate due to the increase in calcium ions in the water of many observation wells (S1CN, S18) and a tendency for water from piezometer S1 to join the calcium–magnesium chloride facies, under anthropogenic influence.





3.3. Time Tracing of Electrical Conductivity and Water Levels


3.3.1. At the Northern Ridge of the Catchment


At the northern ridge of the catchment, the evolution of groundwater levels seems to be uncorrelated to rainfall events. A detailed observation of groundwater hydrographs of the observation wells S1CN and S1CNP (less than 2 m apart), drilled in fractured and alterite reservoirs, respectively, reveals that the water table continuously rises before the beginning of the rainy season and continues to rise despite the end of the rainy season in mid-October (Figure 13). Therefore, the groundwater hydrographs show a delayed reaction for alterites compared to fractured reservoirs. This observation is reinforced by the evolution of the electrical conductivity in the two aquifers, marked by a premature drop in electrical conductivity in fractured reservoirs due to the arrival of weakly mineralized water. In contrast, the electrical conductivity in the alterite reservoir remains almost constant at the beginning of the season, followed by a slight decrease toward the end of August. This phase of decrease is due to the arrival of relatively less mineralized water in the aquifer. However, an increase in electrical conductivity is observed in early September and stabilizes until the end of the rainy season.




3.3.2. In the Central Valley and toward the Catchment Outlet


In the central valley and toward the catchment outlet, analysis of the groundwater hydrographs from observation wells S1 and S1Bis located in the central valley and SA located near the catchment outlet reveals an almost instantaneous response of the water table to rainfall events (Figure 14). The most important rainfall events resulted in significant jumps in the water table. The start of the rainy season caused a dilution effect around mid-August. The 10 day dry period from 15 to 25 August caused an increase in electrical conductivity in the alteration and fractured reservoirs. In piezometer S1Bis, it is relatively stable. From 30 August, an increase in electrical conductivity was observed in piezometers S1Bis and SA. The electrical conductivity of the water in piezometer S1 remains relatively stable. Indeed, piezometer S1 captures both shallow (weathering) and deep (fractured) reservoirs. The other two piezometers only capture shallow reservoirs. The electrical conductivities of the shallow and deep reservoirs in the central valley remain low throughout the wet period and remain below 100 µS/cm.




3.3.3. At the Southern Ridge of the Catchment


On the southern ridge of the catchment area, the evolution of groundwater levels does not seem to be correlated with rainfall events. A detailed observation of the groundwater hydrographs of the observation wells S11 and S11P (less than 100 m apart), which tap the fractured and altered reservoirs, reveals that they reacted globally to the rainy season in a staggered manner (Figure 15). The trend in the piezometric levels of both piezometers changed on the same day, i.e., on 4 August, 19 days after the start of the rainfall. The simultaneous response of the two aquifers indicates a high degree of connectivity between the shallow and deep reservoirs. The lag time is confirmed by the evolution of the electrical conductivity of the piezometer water, which is relatively constant at the beginning of the season until the beginning of August. The increase in the piezometric level is accompanied by a decrease in electrical conductivity until the end of September. The decrease in electrical conductivity is due to the mixing of the aquifer water with a low mineral load. From the end of September onward, an increase in electrical conductivity was observed despite the continuous increase in the piezometric level.




3.3.4. At the Outlet of the Catchment


At the outlet of the catchment, the evolution of groundwater levels does not seem to be correlated with rainfall events. Groundwater hydrographs from observation wells S5 and S19 (less than 50 m apart) drilled into the fractured and altered reservoirs show an increase in piezometric levels independent of the magnitude of the rainfall event (but of the rainy season as a whole) due to the buffering role played by the lowlands (Figure 16). Both aquifers are located in lowlands developed for rice cultivation. The growth of the piezometric level is more important in the alterites captured by S19 than in the fractured reservoir captured by S5. The first four rainfall events (15–26 July) did not affect the piezometric level of the fractured reservoir. The piezometric level increased at the end of the rainy season despite a significant drop in rainfall. This can be explained by the fact that a rainfall event can result in flooding of the area for several days or weeks. In S19, a decrease in electrical conductivity was observed at the beginning of the rainy season. This decrease in electrical conductivity is due to the mixing of the aquifer water with low mineralized water. From the beginning of August, the electrical conductivity increases until September. The electrical conductivity of the deep basal aquifer water collected by piezometer S5 decreased continuously from the beginning of the rainy season until mid-September when its value remained almost static until the end of the season. This behavior is thought to be due to intensive leaching induced by a large influx of water with a low chemical load.






4. Discussion


The distribution of hydraulic conductivity values shows relatively high values in the central valley (S1, S1Bis, S2, and SA). Analysis of the hydrographs of the aquifers in the area shows an almost instantaneous response of the aquifers to major rainfall events (Figure 13). This is the result of good hydraulic continuity between the permeable soils and the saturated zone of the area. Pumping tests conducted by [48,65] suggested a higher permeability in the central valley than outside the central valley (a factor of 10 difference) due to the presence of a large thickness of sandy alteration, confirmed by [37,56]. Pumping tests conducted by [65] showed storage coefficients in the order of 10−2 and hypothesized the unconfined nature of the aquifers in the central valley area. The central valley, where the piezometric dome appears (Figure 3), is a preferential direct recharge area. The description of groundwater flows at the Sanon site as being from the central valley where a dome is observed toward the ridges can be partly explained by the geometry and structure of the weathering profile described by [56] (Figure 2) in the Sahelian climate zones. This geological model provides a good explanation for the behavior of the Sanon hydrogeological catchment. Indeed, the presence of an iron crust (iron crust is in extensive and compact blocks which resist the dismantling) on the ridges facilitates the runoff of rainwater toward the central valley, which becomes the preferred groundwater recharge zone facilitated by its sandy surface structure and a gentle slope, when this is insufficient to promote erosion of the valley, and this would favor deep weathering by allowing water to persist for longer periods of time. Water accumulates within the valley and infiltrates below the surface, leading to direct recharge of the aquifers.



The authors of [56] added that this configuration is contrary to that observed in humid conditions, where the weathering profile is more complete and thicker on the ridges covered by an iron crust. The weathering profile of the Sahelian area is characterized by a low thickness of saprolite at the ridges and much greater in the valley. The iron crust is in extensive and compact blocks which resist the dismantling. However, in wet areas, the iron crust is often dislocated (existence of some residual blocks) or even completely dismantled following a lowering of the base level and a period of wetter climate.



According to the same author, from the hydrogeological point of view, the consequence of this difference in the behavior is that the topographical and hydrogeological watersheds of Sahelian areas are not superposed. In other words, the ridges do not coincide with the groundwater divides. The geochemical results support this hypothesis, firstly, by the low values of electrical conductivity found in the area (Figure 7 and Figure 13). The low mineralization of the waters can also be explained by the fact that they constitute altered environments perpetually leached by the beating of the water table seasonally renewed by rainwater [66]. Furthermore, the waters of the piezometers in the valley aquifers show the same similarities, grouped under cluster II (low EC) with chloride and sulfate–magnesium facies characteristic of the waters of the majority of piezometers. These facies are an indicator of the contribution of anthropogenic elements (nitrates and chlorides) through rainwater infiltration. The relatively high nitrate values of the water in these aquifers are shown in Figure 7. Furthermore, the low Na/Cl ratio (Figure 8) of the piezometers in the central valley confirms the external input of chlorides to the groundwater through rainwater infiltration. The recharge mechanism in the central valley is direct recharge by rainwater infiltration. It would be the place where water is moved in all directions in the basin due to the highest hydraulic load.



High values of surface hydraulic conductivity are also found in the northern and eastern ridge. However, the analysis of the hydrographs of the aquifers of the northern ridge shows the independence of the evolution of the levels concerning the rainfall. This lack of correlation suggests the existence of a hydraulic brake between the permeable soils and the saturated zone. Indeed, the geophysical characterization studies carried out by [56] revealed, on the northern ridge and discreetly on the eastern ridge, the presence of a clayey zone covered by several tens of meters of iron crust. The iron crust acts as impermeable strata preventing water percolation [67] and could justify the existence of an impermeable interface between the permeable soils and the saturated zone. Furthermore, the results of pumping tests carried out [37,65] have led to the hypothesis of a confined aquifer at this location. This hypothesis is supported by the analysis of the evolution of EC over time, which showed an early response of the deep-aquifer-captured S1CN compared to the alterites reservoir. This early response of the deep aquifer suggests a horizontal rather than a vertical transfer process. Furthermore, the waters of the S1CN, S1CNBis, and SaG piezometers show Na/Cl molar ratios greater than 1. This excess of sodium ions is due to a cation exchange phenomenon where sodium ions, adsorbed on the geological materials constituting the subsoil, are desorbed in the water to the detriment of calcium ions which substitute them [64,68,69]. The abundance of sodium ions in the fractured reservoirs would, therefore, reflect a relatively high residence time of the peripheral aquifers allowing a long contact time with the rocks favored by the low transmissivity values of the order of 10−6 m2/s [37], thus leading to an increase in conductivity. The aquifers of the northern ridge are fed by lateral transfer following a process of recharge distribution from the aquifers of the valley, where the piezometric dome is located.



Toward the southern ridge, in S11 and S11P, the low hydraulic conductivity values found reflect the presence of a less permeable clay layer (Ksat < 17 cm/day) resulting in long paths for infiltration water. Due to the relatively large thickness of the unsaturated zone (on average 14 m) and the possibility of evaporative recovery of the infiltrated water [70], the hypothesis of direct recharge in this zone is almost improbable, resulting in the relative independence of the piezometric levels from rainfall (Figure 14). Furthermore, the strong hydraulic gradients (1% at high water) between the aquifers of the central valley and those of the southern ridge, as well as the relatively high transmissivity values of 5 × 10−4 m2/s [37,65], could be at the origin of significant water flow exchanges between the valley and the southern ridge, leading to an increase in water level and a drop in hydraulic conductivity on the arrival of this weakly charged water (Figure 14). The rise in the levels of these aquifers would be due to the arrival of water from the piezometric dome zone following the direction of the hydraulic gradient according to a recharge redistribution process. Cluster I, which groups together the aquifers of piezometers S11, S11P, SaG, S1CNP, and S1CN at high water, represents the aquifers that are fed by the recharge redistribution process from the central valley.



However, for the low-permeability clay soils in the lowlands (east of the basin), flooding conditions increase the recharge rate of the aquifers. Authors have suggested that there is a quasi-linear relationship between the rate of increase in water table levels and the height of soil flooding [71,72,73]. This quasi-permanent submergence condition of the lowlands, especially in August and September, is believed to be the cause of appreciable fluctuations in the levels of the lowland aquifers compared to the ridge aquifers with soil permeability of the same order of magnitude (Ksat < 17 cm/day). These level fluctuations have an impact on the evolution of the electrical conductivity, which drops at times (Figure 15). The evolution of the electrical conductivity of the S5 aquifer shows a continuous decrease, due to intensive leaching, which causes the piezometer to evolve from Cluster III to Cluster II, characterized by low conductivity values. Furthermore, due to the existence of the hydraulic gradient between the central valley and the lowland area, a lateral supply could exist. For Cluster III, in high water, consisting of the aquifers of piezometers S8, S18, and S19, the recharge process is mixed: indirect recharge mechanism due to the presence of submergence water level and a mechanism via lateral transfers from the aquifers of the piezometric dome zone. Groundwater abstraction is not the primary discharge mechanism. Furthermore, there is no baseflow during dry season. The absence of baseflow and discharge zones caused by groundwater abstraction contributes to groundwater flows (under the effect of the hydraulic gradient) toward the ridges far from the preferential recharge zone. Even if the current investigations do not allow confirming the discharge area, one can suppose the following discharge mechanism: groundwater reaching the catchment ridges recirculates along the ridges to emerge at the outlet. In other words, the hydrogeological and hydrological outlets are superimposed. This assumption is supported by the existence of wetlands downstream at the catchment outlet.




5. Conclusions


This study incorporated several methods to characterize the hydraulic parameters of the soils, as well as the hydrodynamic and hydrogeochemical parameters of the aquifers, to identify the main recharge mechanisms in the Sanon experimental catchment. The hydraulic conductivity data obtained revealed that the most permeable soils are found in the central valley, at the northern and eastern crest of the catchment. The least permeable soils are located in the south and east of the catchment. The study of the piezometric levels showed the existence of a piezometric dome preferential zone and gradients oriented toward the extremities of the basin indicating the direction of groundwater flow. The hydrogeochemical characterization studies supported the hypothesis of preferential recharge in the central valley by revealing that the low electrical conductivities and high concentrations of nitrates and chlorides, elements of external origin, in the waters of the central valley aquifers. The daily tracing of the electrical conductivity and piezometric level of the aquifers, and the classification of the groundwater made it possible to identify three main groundwater recharge processes depending on the zone:



Group 1, characterized by high electrical conductivity, includes the aquifers of the northern, eastern, and southern ridge. These aquifers are fed by lateral transfer following the process of redistribution of the recharge according to the hydraulic gradient.



Group 2, characterized by low conductivity includes the aquifers of the central valley. The recharge mechanism is direct recharge by rainwater infiltration. Areas with high-permeability soils, low slopes, and thick sandy weathering layers, with a limited drainage network and aquifers with a high capacitive function, are areas of preferential direct recharge.



Group 3 is characterized by the aquifers of the outlet area. The recharge mechanism is mixed: indirect recharge from standing water and lateral transfer following the process of recharge redistribution according to the hydraulic gradient. The characterization of the recharge mechanism by calling on methods of characterization of the hydraulic parameters of the soils, as well as the hydrodynamic and hydrogeochemical parameters of the aquifers, makes it possible to highlight the main mechanisms of recharge in a catchment area. Its implementation requires a good geological and hydrogeological characterization of the catchment area.
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Figure 1. Location of the Sanon experimental catchment area in central Burkina Faso. (a) Elevation, hydrography, location of observation wells, rain gauges (P1 to P4), and 2D cross-sections of the weathering profile (PSaG and PS1); (b) land cover in the Sanon catchment area [51]. 
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Figure 2. The 2D geological model and associated electrical resistivity values (adapted from [37,56]). S1CN, S1CNP, S1, S2, S11, and SaG are observation wells. 
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Figure 3. Evolution of piezometric levels and water flow direction (low and high water) along two transects: (a) north–south transect T1 and (b) west–east transect T2. 
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Figure 4. Temporal evolution of the hydraulic gradients of the Sanon aquifers. 
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Figure 5. Classes of saturated soil hydraulic conductivity Ksat according to the position of the piezometers. 
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Figure 6. Plotting of statistical values of concentration of major ions of water sampled from observation wells during low- and high-water periods Sanon site: (a) raw concentration in mg/L and (b) normalized concentration. 
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Figure 7. Spatial evolution of electrical conductivity and major ions along the two transects: (a) north–south transect and (b) west–east transect. 
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Figure 8. Spatial distribution of conductivity and Na/Cl ratios along the two transects: (a) north–south transect and (b) west–east transect. 
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Figure 9. Spearman’s rho correlation coefficients. Circled values are significant at the 5% level: (a) low water, and (b) high water. 
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Figure 10. Dendrogram of individuals: (a) low water and (b) high water. 
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Figure 11. Principal component analysis (PCA) of groundwater: (a) low water and (b) high water; on the left, the projection of variables on the F1–F2 plane; on the right, the projection of individuals on the F1–F2 plane. 
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Figure 12. Piper diagram: (a) low water and (b) high water. 
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Figure 13. Groundwater hydrographs versus electrical conductivity in relation to rainfall at the northern ridge. 
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Figure 14. Groundwater hydrographs versus electrical conductivity in relation to rainfall at the central valley and toward the outlet. 
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Figure 15. Groundwater hydrographs versus electrical conductivity in relation to rainfall at the southern ridge. 
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Figure 16. Groundwater hydrographs versus electrical conductivity in relation to rainfall at the outlet of the catchment. 
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Table 1. Hydraulic gradients between the aquifers in the central valley where piezometer S1 is located and those at the end of the catchment area (north with S1CN, south with S11, east with SaG, and west with S19).
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Pair of Observation Wells

	
Hydraulic Gradient (%)




	
Low Water

	
High Water






	
S1–S1CN

	
−0.07

	
0.70




	
S1–S11

	
0.70

	
1.00




	
S1–SaG

	
0.30

	
0.40




	
S1–S19

	
0.30

	
0.40
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Table 2. Average values of electrical conductivity according to aquifer type.
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	Parameter
	Alterites
	Fractured Aquifers
	All Aquifers





	EC (µS/cm)
	114.20
	153.89
	128.73
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