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Abstract

The aim of this study was to gain a better understanding of the functioning of the aquifer system and springs in the Pala basin
through hydrochemical and isotopic analyses. Thirteen samples were analyzed, including two rainwater samples, three spring
samples and eight borehole samples. The stable isotopic composition (°H and **0) of rainwater shows that it is virtually
unaffected by evaporation as it falls. Groundwater d-excess values are high, with an average of 11.28 %o, and all samples have
values higher than the local rainfall average of 7.99 %o. This result suggests direct infiltration of precipitation of oceanic and
slightly continental origin, through a favourable geological context. The isotopic study shows that there are two different
recharge periods: a cold, wet period with a depletion in **0 and the current period. Around borehole E2, the oldest with a tritium
content of 1.8 TU, recharge took place during this cold period. The other waters are the result of mixing with waters from the
current period. The springs observed in the study area come from Sotouba sandstone aquifers after erosion exposed the
piezometric water level in the Kou basin, hence their origin. Most of the boreholes tap the aquifers of both geological formations,
which makes it difficult to distinguish the water from these two aquifers by analysis.
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1. Introduction

To investigate hydrogeological processes such as recharge Commonly used radioactive isotopes (°*H and *4C) and
rates, flow exchange, origins of springs, and groundwater  stable isotopes (5%, &'°0) are effective in identifying
residence times, isotopic techniques are used despite the  groundwater origins [8-11].
variability of hydrogeological contexts [1-7]. Many studies around the world have used radioactive iso-
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topes (*H and 'C) to estimate old and new recharge and
estimate the groundwater renewal time [12-15]. Sometimes,
isotopic techniques and hydrogeochemical data are combined
to estimate recharge sources and residence times to deter-
mine water vulnerability to pollution [3, 16-19].

This is the case of [3] who combined stable (**0 and ?H)
and radioactive isotopes (*H and **C) and hydrochemical (EC,
HCOg3, CI', NOy) to show the characteristics (recharge, resi-
dence time, etc.) of the Douala aquifer in Cameroon.

In the locality of Pala located less than a kilometre south-
east of Bobo Dioulasso, there are three (03) springs close to
the catchment boreholes of ONEA. These springs are per-
manent and flow all year round without interruption.

This raises the question of the true origin of these water
sources. Do they come from fossil aquifers or recent infiltra-
tions? What is the link between these sources and the ONEA
boreholes?

There are practically no studies on these sources and the
aquifers captured by ONEA drilling. The studies that exist in
the area are global and mainly focus on the southeastern edge
of the Taoudéi basin in Burkina Faso [2, 20-24]. The
knowledge about groundwater flow conditions within the
STBA is relatively limited with very little information on
potentiometric heads, recharge processes, residence time and
water quality [25]. Not only are there very few boreholes in
the area, but they are also less than 200 meters deep, making it

difficult to understand the overall structure of the aquifers [22].

Given the importance of these aquifers in supplying the city of
Bobo Dioulasso with drinking water, it is essential to continue
research to gain a better understanding of their functioning for
sustainable management. To achieve this, water samples were
taken from the springs and all existing boreholes for hydro-

chemical and isotopic analysis, with the aim of understanding
how the aquifers in the area function.

2. Geographical and Geological Context

2.1. Geography of Study Area

The study area is located in Pala, south-east of Bobo
Dioulasso, the economic capital of Burkina Faso (Figure 1).
This is a Sudanian climate zone, with two contrasting seasons:
a rainy season from May to October and a dry season from
November to April. Average monthly temperatures range
from 25<C to 31<C. The region is characterized by two
high-temperature peaks (March and October) and two low
temperature peaks (July and December). Annual potential
evapotranspiration in the area varied between 1,800 and 2,150
mm/year according to ANAM, depending on the method used
and the measurement site (Figure 2).

It has an altitude of around 400 m on the edge of the
Taoudéni sedimentary basin. To the south-west of the area, the
topography rises to an altitude of around 500 meters and is
fairly rugged. By contrast, the altitude drops to 300 meters in
the south-east in the crystalline terrain. Moving
north-eastwards, erosion is increasingly evident in a general
reduction in altitude to 280 m at the mouth of the Mouhoun, a
widening of the valleys and a reduction in the slopes of the
hillsides. Three springs are visible in the study area and feed
the hydrographic network of the Bougouriba catchment
(Figure 3).
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Figure 1. Location and geological map.
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Figure 2. Average monthly rainfall, temperature and evapotranspiration at Bobo Dioulasso meteorological station from 2000 to 2022 (Source:
ANAM, 2022).
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Figure 3. Study areas showing boreholes and springs location and altitude (m).

study that estimates the sandstones of the Takalé&lougou For-

2.2. Geological Context mation at 775 £52 Ma [21]. The study area is unconformably
overlain by the Neoproterozoic to Phanerozoic sediments of the

The only dating available for the sedimentary series of the ~ Taoudéni basin [26]. Its geological formations (Figure 1) are
Taoudéni Basin in Burkina Faso comes from a palaeomagnetic ~ part of the lower group according to the stratigraphic division
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established by [23]. They include:

1) The Lower Sandstone Formation, located exclusively in
the Banfora tongue. This is the first formation in the
lower group of the sedimentary series. The known extent
of these sandstones theoretically does not extend beyond
the Banfora region; however, certain arguments (color-
ation and presence of fractured zones) suggest that there
could be fragments near Pala, at the foot of the cliff, or in
the Kangoura and Bagué&a "tongues."

2) The Kawara-Sindou sandstone, which comprises two
facies that are more or less easy to distinguish: at the
base, the coarse Sindou facies, which reduces consid-
erably in thickness from west to east, and at the top, the
Sindou facies, which is more constant in thickness and
has a characteristic ruiniform appearance on outcrop.
Although it does not outcrop directly in the area of the
ONEA horeholes, it is found further to the south-east,
resting on the crystalline basement.

3) The lower part of the Takalélougou glauconitic fine
sandstone, also known as the Sotouba sandstone consists
of alternating coarse glauconitic conglomeratic sand-
stones and thin layers of very fine, silty sandstones with
a shaly flow [22, 27]. It outcrops in a thin band on the
edge of the cliff (Toussiana) or set back (Darsalamy).
Sometimes, as at Pala, the fine glauconitic sandstones
form a redan a few tens of meters high upstream of the

cliff itself, which is formed by the underlying sandstones.

There are NESW and NWSE fractures. This has been
confirmed by structural measurements on outcrops
(Figure 4).

Figure 4. Structural directions measured in situ. (a) on sotouba
sandstone; (c)on laterite.

The presence of a network of faults in different directions
encourages the circulation of water at depth and could create
significant interconnections between the different aquifers. In
the catchment, the alterites are waterlogged at the surface, but
there is an unsaturated zone between these waterlogged al-
terites and the deep aquifers. The Sotouba sandstone aquifers
are exploited by boreholes in districts such as Flakin and
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Sector 25 of Bobo. These boreholes are no more than 115 m
deep. Beneath the Sotouba sandstone aquifers lie the Kawara
Sindou sandstone aquifers, which are not visible on the sur-
face of the basin in the study area. These Kawara Sindou
sandstone aquifers are exploited by deep boreholes drilled by
ONEA, the Konsilalo school in Pala and a few private bore-
holes. To exploit the aquifers of Kawara Sindou sandstone,
boreholes at least 120 m deep are required. The piezometric
gradient is highly variable (5.10™ to 10°™%). However, it is of the
order of 102 at the Kawara Sindou sandstone level tapped by
ONEA boreholes. The few measurements of piezometric level
altitudes show variations ranging from 381 to 384 m. This
results in a low piezometric gradient and therefore a low water
flow velocity.

3. Sampling Strategy and Analytic
Methods

3.1. Sampling Strategy

3.1.1. Precipitation Sample and Data one Climate
Characteristics

From June to October 2022, rainwater was collected, re-
sulting in two samples (Table 1). The first sample covers the
beginning of the rainy season (June to August), while the
second sample represents the end of the season (September to
October).

Table 1. Variation in dissolved oxygen isotope values in Pala pre-
cipitation.

Variables Min Max Mean SD
Precipitation during June to September 2022 (N=2)

8%H (V-SMOW) -62.4 -16.5 -39.45 32.46
30 (V-SMOW) -8.85 -3.01 -5.93 413
Dissolved oxygen 7.25 7.50 7.38 0.18
°H 5.00 5.50 5.23 0.33

3.1.2. Groundwater Sampling

Sampling for isotopic analyses (5°H, &0 and *H) were
collected during field campaigns in October 2022 (end of the
rainy season). During this campaign, water samples were
collected from existing boreholes and springs. All samples
were collected in 1000 mL hermetically sealed polyethylene
bottles for 1000 mL for the 8°H, '%0, and *H analysis. A total
of 9 samples (Table 2) were collected for isotopic analyses: 3
from springs and 6 from boreholes.
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Table 2. Variation in dissolved oxygen isotope values in Pala
groundwater.

Variables Min Max Mean SD
Borehole N=6

8°H (V-SMOW) -39.00 -26.00 -29.11 4.22
380 (V-SMOW)  -5.95 -4.68 -5.07 0.41
Dissolved oxygen 5.48 6.82 6.34 0.45
°H 0.10 2.50 1.83 0.98
Spring N=3

8%H (V-SMOW) -27.7 -27.4 -27.57 0.15
380 (V-SMOW)  -4.99 -4.57 -4.82 0.22
Dissolved oxygen 5.85 6.52 6.17 0.34
°H 2.00 3.70 2.81 1.20

3.2. Analytic Sampling

To determine the 52H and §'%0 contents in the water sam-
ples, analyses were carried out using laser spectroscopy at the
LRAE of the Ecole Nationale d'Ingénieurs de Sfax in Tunisia.
These stable isotope contents of stable isotopes (5°H and §'%0)
were determined using an LGR laser spectrometer. Meas-
urements are expressed in & (%o) relative to the international
standard V-SMOW (Vienna Standard Mean Ocean Water),
which represents the average composition of oceanic waters.
The analytical errors on the measurements are =0.1 %o for 0
and =1 %o for ?H. The equation from the research of T. B.
Coplen was used to calculate the & values is:

8 @)

Rs
[(E — SMOW ) — 1]x1,000
where RS represents either the or the *0/*°0 or the 2H/*H ratio
of the sample, and RV-SMOW is either the **0/*°0 or the *H/*H
ratio of the V-SMOW [28]. For rain, there is a linear relationship
between the oxygen-18 concentration and the deuterium con-
centration [29, 30]. This relationship expresses the straight line
of meteoric water which on a global scale is as follows:
52H = 8520 + 10%o 2)
Local analysis of the relationship between oxygen (**0 %o )
and deuterium (°H in %o) allows us to identify water that has
undergone a process of evaporation and/or a process of mix-

ing [1].

Tritium (*H) analyses were carried out using a liquid scin-
tillation counter following electrolytic enrichment of the
water samples at the LRAE of the Ecole Nationale d'Ingé
nieurs de Sfax in Tunisia. The concentrations are expressed in
tritium units (TU) with an accuracy of £0.3 TU.

Major chemical parameters were analyzed using titrimetric
(HCO, and colorimetry methods (CI', NO3 and SO,%) at the
hydrochemistry laboratory of DGRE in Ouagadou-
gou/Burkina Faso. Electrical conductivity (EC) was measured
with a multiparameter probe (Consort C 931type) during field
sampling.

4. Results

4.1. Stable Isotopes in the Study Area

4.1.1. Precipitation

The large standard deviation (32.46%. for 5°H and 4.13%o
for 5*°0) relative to their respective mean value (-39.45%o for
8%H and -5.93%, for §'20) indicates that the isotopic compo-
sition of rainfall events varied widely (Table 1).

The two LMWLs are almost identical and close to the
GMWL (GMWL: &H = 8 80 + 10%o) [29]. This suggests
that precipitation in the tropical study area occurred under
equilibrium conditions [30] primarily from the atmospheric
vapor of oceanic origin.

The stable isotopic composition of rainwater from the lo-
cality indicates a variance of -8.85 to -3.01%. VSMOW in
5180 values, with a mean value of -5.93%., and from -62.4 to
-16.5%0 VVSMOW for &°H, with an average value of -39.45%.
These results are consistent with isotope studies of rainwater
in the region [31, 32] and also match those found by [5, 33] as
part of the IAEA project RAF7021. Furthermore, the slope 7.8
(Figure 5) of current rains very close to that of the GMWL
slope 8 (Table 3) shows that these waters are practically not
affected by phenomena evaporations during their fall. Unlike
the rainfall events of September-October, a depletion of %0
and # is observed in the rainwater of July-August. This may
be explained by the heavy rains that occurred during this
period. Indeed, high rainfall tends to produce water that is
more depleted in heavy isotopes than low rainfall. The in-
duced stable isotope enrichment of water due to evaporation is
linked to fractionation processes affected by altitude and
seasonal temperature variations [34-37].

Table 3. Table comparing the equations of the global meteoric line and some local meteoric lines in Burkina Faso

Line Locality

GMWL Global scale

Equation of the line

3H=88%0+10
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Reference

Craig (1961)
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Line Locality Equation of the line Reference
LMWL 1 Burkina Faso (Centre West ?H=775%0+12 Koussoub€&(2010)
LMWL 2 Burkina Faso (South West) 32H=7,185'%0+ 7,51 Ki (2023)

LMWL 3 Burkina Faso (West) ?H=795%0+72 Millogo (2024)
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Figure 5. Conventional diagram of ¢°H versus 5*°0 in groundwater
and spring.

4.1.2. Water Sources and Groundwater

To understand the origin of water from boreholes and
springs in the studied area, we draw inspiration from the 6°H -
3'®0 diagram, which shows the main variations observed in
relation to global and local precipitation lines, the system's
input signal [38, 39].

In boreholes water samples, §*°0 ranges from -5.95 to
-4.68%o with a mean of -5.01%. and 8°H ranges from, -39 to
-26%0 with a mean of -29.11. On the other hand, in springs,
"0 ranges from -4.99 to-4.57%o with a mean of -4.82%, and
8%H ranges from, -27.7 to -27.4%. with a mean of -27.57%o
(Table 2). It should be noted that the values are concentrated
around the mean, as shown in the diagram (Figure 6).

The ?H/®O relationship in groundwater (boreholes and
springs) shows that most of the points are organized around the
local meteoric lines (LMWL1 and LMWL 2) and the global
meteoric line (GMWL) (Figure 6). Their signature is therefore
close to that of current rainwater in the study area. These waters
result from a direct and rapid infiltration of rainwater very little
influenced by evaporation phenomena. However, the water
from borehole E2 shows the most depleted contents in **0 and
?H. These waters certainly come from a direct and rapid re-
charge of the aquifer by rainwater depleted in heavy isotopes
and/or from a mixture of ancient waters [15, 36].

Springs
-4.5
Boreholes T
—_ +
=
O =+
= +
w
= L
]
a
w
-5.5
+ Mean
¢ Minimum/Maximum
6 *

Figure 6. Box plots show the variation in **0 among samples from
the springs and boreholes.

Principal component analysis (PCA), based on stable (*H
and *80) and unstable (°H) isotope levels, as well as physical
and chemical parameters (EC, CI, NO5 and SO,%), accounts
for 64.08% of the variance, shows a certain degree of clus-
tering. The points in red represent rainwater, green represents
spring water, and blue represents borehole water.

Observations (axes F1 and F2: 64,08 %)

Mixing water form Sotuba
E4 sadstone and Kawara-Sindou
E0 f1z ¢ sandstone water
.

S0
g7* ¥ E1l
E8* *
E10

Waters of Sotuba sadstone

Waters of Kawara-Sindou
* sandstone

E2*

F2 (27,29 %)
~

F1 (36,79 %)

Figure 7. Distribution of different types of water by observing the
variables.
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There is a first grouping that includes waters E3, E7, and E8
(groundwater), and E10 and E11 (spring) on the one hand and a
second grouping that includes E4, E5, E6, and E12 (ground-
water) on the other. The first grouping consists of water from
the Sotouba sandstone formations. Their proximity to rainwater
indicates direct infiltration. They contrast with the second
group, whose water comes from both the Sotouba sandstone
and Kawara-Sindou sandstone formations (Figure 7).

The water from borehole E2 is completely different from
the others. This water, originating from the Kawara-Sindou
sandstone, is old and does not mix with current rainwater.

4.2. Environmental Tritium

The main origins of tritium present in the environment are:
natural production mainly of atmospheric origin and artificial
production due to thermonuclear tests in the atmosphere, from
the 1960s [32]. An activity of less than 1 TU in West Africa
corresponds to recharge before 1952,

The tritium content of groundwater, springs are of the
same order of magnitude. Specifically, tritium contents of
groundwater and sources vary between 1.8 TU and 3.66 TU
with an average of 2.10 TU. This average indicates that the
aquifers in the sector studied are at a very low renewal rate.
Thus, compared to the average content of current rainwater
in the area (5.22 TU), we note that only sample E9 (spring)
in the aquifer Sotouba sandstone has a tritium content
greater than 3 TU. This could be explained by the fact that
this aquifer has a higher recharge rate compared to others
(wells and springs), or that its waters may have been influ-
enced by runoff, particularly since the sampling for analysis
was conducted at the aquifer outlet during the rainy season.
This observation could account for a direct and rapid re-
charge of rainwater that is very little influenced by evapo-
ration phenomena. Based on the average tritium contents of
current precipitation, we distinguish three families of water
in the locality:

1) Contents greater than 3 TU: these contents correspond to
those of recent water which are close to the contents of
current rainwater.

2) Contents between 1.5 and 2.5 TU: These are mixtures of
water between old water and recent water. This mixing
of water would probably result from vertical exchanges
which bring water from the underlying compartment
along the geological accident [5, 32]. These upwelling
phenomena are common in West Africa [40].

3) Contents less than 1 TU: These contents show old waters.

We can estimate that the majority of water infiltrated
before 1952 (start of thermonuclear tests).
Unlike the borehole, where the tritium values are concen-
trated around the mean, the spring's tritium values are con-
centrated above the mean (Figure 8).
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Figure 8. Box plots show the variation in *H among samples from the
springs and boreholes.
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Figure 9. Conventional diagram of 9°H versus §*%0.

Rainwater is highly enriched in *H, with values of 5 TU
(July-August) and 5.5 TU (September-October). The deple-
tion of 20 isotopes in water during periods of heavy rainfall is
marked. Some borehole and spring water seems to come from
the same aquifer (Figure 9).

5. Discussion

The amount and intensity of rainfall are irregular during the
rainy season (May to October). The heaviest rainfall in the
study area typically occurs in July and August. The period
from October to May represents the main dry season, with
some precipitation due to convection or winter cyclonic
disturbances.

The d-excess value in precipitation is lower than 10%o.. This
indicates either non-equilibrium conditions [30] or variations
that probably depend mainly on vapour rather than the amount
of precipitation due to the seasonal instability of evaporation,
continental recycling and the relative humidity at the moisture
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source [3, 41].

In the area, rainfall is more abundant in July and August, as
shown by the value of d-excess (7.58), which is lower than
that of September and October (8.4). This observation means
that the value of excess deuterium depends on the amount of
rainfall. Excess deuterium decreases with the abundance of
rainfall. In other words, the higher the d-excess values, the
greater the proportion of water evaporated in the precipitation
[42]. Similar results have been reported in Burkina Faso,
Cameroon, Bangladesh and Thailand [3, 5, 43, 44].

Groundwater d-excess values are high, with an average of
11.28%o, and all samples have values above the local precip-
itation average of 7.99%.. This result suggests direct infiltra-
tion by precipitation of oceanic and slightly continental origin,
facilitated by a favourable geological context.

The stable isotopic composition appears to be influenced by
the quantity effect and specific local meteorological conditions
in tropical areas [3, 43, 45]. There is a depletion of **0 and °H
in rainwater from July-August, as opposed to Septem-
ber-October. This can be explained by the greater abundance of
rainfall in July-August compared with September-October.
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Figure 10. The relationship between §'®0 and concentrations of a)
chloride, b) nitrate and c) EC in groundwaters.

The isotopic study reveals two distinct recharge periods: a
cold, wet period characterized by a depletion of *°0 and the
current period. Sample E2, which is the oldest with a tritium
content of 1.8 TU, was recharged during this cold period. The
other waters are the result of mixing with waters from the
current period. This hypothesis is supported by the relation-
ships between the levels of EC, CI" NO; “and §"%0 (V-SMOW).
Specifically, communication between the E9 and E10 springs
was not highlighted by the 'O Vs CI" diagram, certainly
because of the low quantities of CI" in the water tables. The
springs are likely hydraulically conductive with the water
from boreholes E3, E7 and E8, which tap the Sotouba sand-
stone geological formations. Boreholes E4, E5, and E6 do not
communicate with the springs and therefore tap the Kawara
Sindou sandstone aquifers. E12, the ONEA borehole, appears
to tap both the Sotouba sandstone and Kawara Sindou sand-
stone aquifers (Figure 10).

The spring water originates from aquifers within the
Sotouba sandstone geological formation, which has been
exposed due to erosion.

6. Conclusion

This study was carried out to understand the functioning of the
Pala aquifer system and the interaction between springs and
groundwater. The stable isotopic composition (°H and **0) of
rainwater shows that it is practically unaffected by evaporation as
it falls. Nevertheless, we have observed that the water becomes
softer during heavy rainfall. The stable isotopic signature of the
water from certain boreholes is therefore close to that of the actual
rainwater in the study area, indicating direct and rapid infiltration
of rainwater with very little influence from evaporation. The
isotopic study indicates two distinct recharge periods: a cold, wet
period with a depletion in 0, and the current period. Analysis of
the radioactive isotopes of H shows that the water in the boreholes
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is not fossilized but is the result of mixing with present-day water.
The springs observed in the study area originate from the Sotouba
sandstone aquifers. They were created by erosion, which exposed
the piezometric level of the water in the Kou basin, leading to
these resurgences. Some boreholes tap aquifers from the two main
geological formations, making it difficult to distinguish water from
these two aquifers through analysis.
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