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Abstract: In the Pra Basin of Ghana, groundwater is increasingly becoming the alternative water
supply due to the continual pollution of surface water resources through illegal mining and in-
discriminate waste discharges into rivers. However, our understanding of hydrogeology and the
dynamics of groundwater quality remains inadequate, posing challenges for sustainable water re-
source management. This study aims to characterize groundwater recharge by determining its origin
and mechanism of recharge prior to entering the saturated zone and to provide spatial estimates of
groundwater recharge using stable isotopes and water level measurements relevant to groundwater
management in the basin. Ninety (90) water samples (surface water and groundwater) were collected
to determine stable isotope ratios of oxygen (δ18O) and hydrogen (δ2H) and chloride concentra-
tion. In addition, ten boreholes were installed with automatic divers to collect time series data on
groundwater levels for the 2022 water year. The Chloride Mass Balance (CMB) and the Water Table
Fluctuation (WTF) methods were employed to estimate the total amount and spatial distribution
of groundwater recharge for the basin. Analysis of the stable isotope data shows that the surface
water samples in the Pra Basin have oxygen (δ18O) and hydrogen (δ2H) isotope ratios ranging from
−2.8 to 2.2h vrs V-SMOW for δ18O and from −9.4 to 12.8h vrs V-SMOW for δ2H, with a mean of
−0.9h vrs V-SMOW and 0.5h vrs V-SMOW, respectively. Measures in groundwater ranges from
−3.0 to −1.5h vrs V-SMOW for δ18O and from −10.4 to −2.4h vrs V-SMOW for δ2H, with a mean
of −2.3 and −7.0h vrs V-SMOW, respectively. The water in the Pra Basin originates from meteoric
source. Groundwater has a relatively depleted isotopic signature compared to surface water due
to the short residence time of infiltration within the extinction depth of evaporation in the vadose
zone. Estimated evaporative losses in the catchment range from 51 to 77%, with a mean of 62% for
surface water and from 55 to 61% with a mean of 57% for groundwater, respectively. Analysis of
the stable isotope data and water level measurements suggests a potential hydraulic connection
between surface water and groundwater. This hypothesis is supported by the fact that the isotopes
of groundwater have comparatively lower values than surface water. Furthermore, the observation
that the groundwater level remains constant in months with lower rainfall further supports this
conclusion. The estimated annual groundwater recharge in the catchment ranges from 9 to 667 mm
(average 165 mm) and accounts for 0.6% to 33.5% (average 10.7%) of mean annual precipitation. The
total estimated mean recharge for the study catchment is 228 M m3, higher than the estimated total
surface water use for the entire Pra Basin of 144 M m3 for 2010, indicating vast groundwater potential.
Overall, our study provides a novel insight into the recharge mechanism and spatial quantification
of groundwater recharge, which can be used to constrain groundwater flow and hydrogeochemical
evolution models, which are crucial for effective groundwater management within the framework of
the Pra Basin’s Integrated Water Resources Management Plan.

Keywords: temperature; relative humidity; deuterium excess; meta-sediments; granitoid; fractionation;
climate; global meteoric water line; groundwater hydrographs
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1. Introduction

Estimating groundwater recharge and identifying its origin and recharge processes
are required in managing groundwater systems. The Pra Basin hosts most of the valuable
mineral deposits that partly drive Ghana’s economy. Recently, the basin has faced many
water management challenges resulting from the excessive land degradation from illegal
mining activities [1]. Most of the surface water the indigenous people once used for their
water supply is polluted and no longer potable [1]. This situation has placed heightened
pressure on the utilization of groundwater as an alternative water supply across the basin.
Quantifying groundwater recharge and identifying its origin and recharge processes is
supposed to provide a sustainable use of the resource [2].

Determining the sustainable yield of aquifers requires accurate information on ground-
water recharge at both spatial and temporal scales in response to changing climatic con-
ditions [2]. To properly characterize aquifer systems, several techniques for quantify-
ing groundwater recharge as well as studying recharge processes, have been proposed.
Most of these methods involve numerical simulations [3–6] and the application of natural
tracers [2,7–10]. Afrifa et al. [2] emphasized that the most accurate groundwater recharge
estimates can be obtained through a calibrated numerical groundwater flow model. How-
ever, these estimates are limited by the governing hypotheses and conditions, as well as
the availability of adequate hydrogeological data [2]. A combined interpretation of stable
isotope data and the groundwater recharge estimation using the classical Chloride Mass
Balance (CMB) and Water Table Fluctuation (WTF) methods have been used here to develop
a conceptual model for the groundwater system.

Stable isotopes of oxygen and hydrogen are key water constituents that can be used
to determine groundwater origin [2,10], recharge processes [7,11], identify potential end-
member mixing between aquifers and surface water bodies [11,12] and provide valuable
information about hydrological systems at the local or regional scale [11]. However, isotopic
data might not offer straightforward source interpretation due to the complexity of most
hydrogeological systems. This is because there can be multiple end-member solutions, each
with different isotopic enrichment, contributing to groundwater recharge along the flow
path. The existence of these different sources further complicates the interpretation of the
groundwater sources, which is based solely on isotope data [13]. Against this background,
the interpretation of regional surface water and groundwater isotope data must take into
account the prevailing climatic conditions as well as the surface and sub-surface processes.

In various geological terrains around the world, the CMB method has been employed
to evaluate groundwater recharge [8,14–17]. The CMB method was postulated by Eriksson
and Khunakasem [15], who used it to estimate groundwater recharge in the saturated
zone of a coastal plain in Israel. Since then, several researchers in sub-Saharan Africa have
adopted this technique to estimate groundwater recharge [8,18,19]. The approach runs
on the hypothesis that the groundwater chloride concentration is mainly derived from
atmospheric deposition and is conservative [20,21]. The method estimates groundwater
recharge over a large temporal and spatial range, from one year to thousands of years and
from a few metres to several kilometres [8].

The WTF method is used to quantify groundwater recharge by analyzing the rise in
the water level [22]. This technique assumes that the groundwater level rise is exclusively
a result of precipitation infiltrating the aquifer while disregarding other factors of the
groundwater budget, such as lateral flows during recharge [23–25]. The method is most
effective when applied to unconfined aquifers that exhibit rapid fluctuations in water
levels over a relatively short period [24,25]. One key limitation of the WTF is the need
for an accurate estimate of the specific yield of the geologic material in order to compute
the recharge [23,26]. Several researchers have utilized the WTF technique to quantify
groundwater recharge in various climatic and geological terrains across the world [2,23–26].
The widespread use of the WTF method stems from the fact that groundwater level data
is easy to collect and recharge rates can be easily estimated based on temporal or spatial
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variations in water levels [25]. It has been proposed that the WTF’s recharge estimate is
more accurate than estimates derived from other alternative methods [23].

In this paper, we used the stable isotopes as a proxy to assess groundwater origin and
potential recharge processes, including quantifying the evaporative losses of surface water
and groundwater prior to recharge. In addition, the CMB and WTF methods are used to
provide estimates of groundwater recharge in the basin. A Fifty-year precipitation and
temperature record is also examined to learn about changes in climatology and variability
of the climate and its impacts on the water resources. The results obtained from this
study will be crucial in conceptualizing the basin’s hydrogeological and hydrochemical
framework, which are currently not well-studied.

2. Materials and Methods
2.1. Study Area

Our investigation focuses on the Birim and the main Pra sub-catchments, which lie
between 5° N and 6°44′18.30′′ N, and 0°20′7.8′′ W, and 1°52′26.50′′ W in the Pra Basin of
Ghana (Figure 1). The total land area is about 10,703 km2. Both rivers originate in the high-
lands of Ghana’s Kwahu Mountain Range in the Eastern Region and flow approximately
240 km south into the ocean [27]. Further information on the physical setting can be found
in Manu et al. [28].

The northern zone of the area is characterized by relatively high elevations, reaching
800 m above mean sea level, while the southern areas are relatively flat, with elevations
down to 0 m (Figure 2). The vegetation is a moist deciduous forest type with isolated
reserves. Three air masses, including monsoon, equatorial and northeast trade winds,
drive the region’s climate [29]. According to Kankam-Yeboah et al. [29], the region can be
classified as a humid semi-equatorial climate with bimodal rainfall peaking in May/June
and September/October. The average yearly rainfall is 1500 mm and ranges from 1300
to 1900 mm [27,30]. In most months, potential evapotranspiration (PET) surpasses pre-
cipitation, averaging 1650 mm [29]. The basin is generally warm and moist, with an
annual relative humidity between 70% and 80% [27]. The mean temperature is 28 °C with
minimum and maximum values of 26 °C and 32 °C [30].

The geology consists primarily of Birimian meta-sediments and the Cape Coast grani-
toid (Figure 1). These rocks are crystalline and typically lack primary porosity [31]. How-
ever, secondary porosities have developed due to compressional and tensional activities
during regional tectonic processes. Given this, groundwater in the area is governed by
secondary structures in the form of fractures, shears and faults. Notably, the Birimian
meta-sediments exhibit a substantial weathered zone between these two rock formations,
ranging from 90 to 120 m [32]. This weathered zone is characterized by significantly
higher permeability than the massive granitoids. Investigations have shown that the most
productive groundwater zones in the Birimian are the layer between the lower part of
the saprolite and the upper part of the saprock [32]. This aquifer zone complements the
fracture zone aquifer within the bedrock and is an important water source for domestic
and agricultural uses. For the granitoids, the weathered zone has a thickness ranging from
20 to 80 m [33]. It is worth mentioning that most of the groundwater wells were drilled for
domestic purposes and that the total depths of the wells are determined when sufficient
water is obtained. Given this, the reported borehole depths may not have penetrated the
entire aquifer in the terrain. Nonetheless, studies by Banoeng-Yakubo et al. [31] revealed
that the depths of boreholes in the Birimian formation generally range from 35 to 62 m with
an average of 42 m. In contrast, boreholes in the granitoid formation typically range from
35 to 55 m in depth, with an average of 50 m [34]. According to Banoeng-Yakubo et al. [31],
the rocks’ water-yielding capacity depends on the secondary permeabilities. In the terrain,
Borehole yield is variable, ranging from 8 to 360 lpm in the Birimian formation and from
12 to 150 lpm in the granitoids [35,36]. Between the two rock types, the Birimian has a
higher groundwater-yielding potential than the granitoid due to differences in secondary
permeabilities.
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Figure 1. The location of the main Pra Basin in Ghana (A), the study area representing the Birim
and the Lower Pra catchments of the Pra Basin (B), the geological map of the area showing the
predominant rock types and the surface water and groundwater sampling locations (C). Modified
after Manu et al. [1].

2.2. Data Collection and Analysis

In this study, a total of 90 water samples were collected from boreholes and rivers
(Figure 2). The sampling campaign was conducted in March 2020 and marked the beginning
of the first wet season in the study region. The water samples were analyzed for their
δ18O and δ2H isotope ratios using the Picarro L-2140i Ringdown Spectrometer. All the
measurements are presented in permille (‰) relative to the Vienna Standard Mean Ocean
Water 2 Standard (V-SMOW2). The analytical accuracy of the instrument is ±0.19‰ for
δ18O, and ±0.49‰ for δ2H, respectively. The measurement uncertainty was assessed by
conducting ten repeated analyzes with international reference materials SLAP2 and V-
SMOW2. In addition, the instrument’s performance was verified against an international
laboratory standard. The stable isotope ratios’ concentrations were then calculated using
Equation (1):

δ =

(Rsample − Rstd

Rstd

)
· 1000h (1)

where Rsample and Rstd are the stable isotopic ratios of oxygen and deuterium of the wa-
ter samples and the standard concentration, respectively. The chloride concentrations in
groundwater and precipitation were taken from Manu et al. [1] and Duah et al. [14], respec-
tively. Bivariate plots were used to construct surface water and groundwater regression
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lines using the δ18O vs. δ2H plot. The water samples’ isotopic composition was interpreted
considering the local and the global meteoric water lines established by Akiti [37] and
Craig [38], respectively.
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Figure 2. A topographic map showing the distribution of the sampling points (modified after Manu
et al. [28]). The northern boundary of the basin forms part of the Kwahu Mountain Range, with
elevations reaching 850 m above sea level. Also visible is the river network with a major flow direction
from the north to the south of the basin.

Total precipitation amounts and minimum and maximum temperature data from 1964
to 2013 were acquired from Princeton University’s land surface modelling group. The
data have been bias-corrected and down-scaled according to the observation-based global
forcing dataset of Sheffield et al. [39]. A total of 14 observation stations distributed evenly
across the basin were used for the analysis. Ten rain gauges were installed at or near the
locations of the wells being monitored to measure daily precipitation and temperature
(minimum and maximum).

2.3. Quantification of Evaporation Losses of Sampled Water

This study used the isotopic signature of the precipitation that recharged the sampled
surface and groundwater and the annual average humidity and temperature of the prevail-
ing climatic conditions to estimate the evaporation rate of these two water sources. The
procedure used in the calculation is akin to the model proposed by Craig and Gordon [40].
For a detailed step-wise approach, refer to Fellman et al. [41]. The fraction of water loss
through evaporation can be quantified using the equation reformulated by Gibson and
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Reid [42] for a non-steady-state condition and adopted by several authors [11,43,44], as
shown in Equation (2):

f = 1−
(

δL − δ*

δP − δ*

) 1
m

(2)

where δL and δP indicate the initial signatures of δ18O and δ2H ratios of the sampled surface
water and groundwater, respectively. The indices m and δ* are estimated from Equations (3)
and (4) respectively [11,42,44–46]:

m =
(h− ε

1000 )

(1− h +
εk

1000 )
(3)

δ* =
(hδA + ε)

(h− ε
1000 )

(4)

where h represents the basin’s mean relative humidity, δA represents the stable δ18O and
δ2H ratios for the ambient air/vapor, εk is the kinetic isotopic fractionation factor, which is
linked to the relative humidity between water (w) and vapor (v) for 18O and 2H, estimated
using Equations (5) and (6), respectively:

εk
18Ow-v = 14.2(1− h)h (5)

εk
2Hw-v = 12.5(1− h)h (6)

εk
18Ow-v and εk

2Hw-v were estimated at 4.3 and 3.8, respectively, by adopting a local
humidity of 70% [47]. The total isotopic enrichment factor, ε [48] is calculated using
Equation (7):

ε = εeq + εk (7)

where εeq is expressed as εeq = 1000(1− α−1
w-v), which is a function of temperature (in

Kelvin) expressed for δ18O by Equation (8) [11,43]:

1010lnα18Ow-v =

(
1.534× 106

T2

)
−

(
3.206× 103

T

)
+ 2.644 (8)

Using a mean yearly temperature of 298.15 K, the kinetic fractionation factor (εk) was
calculated to be 9.11h vrs V-SMOW, resulting in a fractionation enrichment factor (f) of
−13.37h vrs V-SMOW [43].

Determining the isotopic signature of ambient air moisture (δA) can be a daunting
task since it is seldom directly measured in field settings. Typically, it is estimated based
on the initial isotopic composition of recent rainfall. It’s crucial to emphasize that the
isotopic composition of ambient air can undergo notable variations at various heights
above a surface water body [49]. According to the proposal by Peng et al. [50], an isotopic
equilibrium exists between the isotopic signature of the initial precipitation δA and the
ambient air vapor δIP which is expressed by Equation (9):

δA
∼= δIP − 103(αw-v − 1) (9)

where αw-v is the fractionation factor. For the estimation, we adopted the initial isotopic
signature of rainwater, which was sampled in April 2012 around the Lake Bosumtwi area
from Loh et al. [43] and returned a value of −12.40‰vrs V-SMOW for δ18O.

2.4. Groundwater Recharge Estimation Using CMB Method

The CMB method relies on the mass balance principle to estimate groundwater
recharge using precipitation and groundwater chloride data [8]. The basic assumptions
guiding the application of the CMB method are as follows: (1) the unsaturated zone has no
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Cl− in storage; (2) in groundwater it is derived primarily from precipitation and dry atmo-
spheric deposition; (3) its concentration in surface water is the same as in the precipitation
and (4) the depth of groundwater is large enough that seasonal variation is regarded as
small [8,21].

Considering steady-state equilibrium conditions with advection as the dominant Cl−

transport in the system and disregarding other sources such as dry atmospheric deposition
and human activities like irrigation and animal watering [8], the recharge to groundwater
is thus calculated using Equation (10):

R = P ·
Clp

Clgw
(10)

where R denotes the total estimated recharge (mm), P is the long-term average precipi-
tation (mm), Clp and Clgw are the precipitation and groundwater chloride concentration
measured in mg/L, respectively [8]. In the calculation, we utilized the average annual
precipitation of 1500 mm as reported by Dickson et al. [51]. In addition, the average chlo-
ride concentration in precipitation (1.13 mg/L) was taken from Duah et al. [14], which
was estimated using records from meteorological stations in the adjacent Densu Basin.
The chloride concentration in groundwater was obtained from 56 samples collected by
ourselves [28].

The calculated recharge values were further interpolated using the inverse distance
weighting (IDW) method to determine the spatial distribution of groundwater recharge.
Mainly because of data paucity, a simple interpolation scheme, IDW was chosen instead of
interpolation schemes that assume a statistical correlation between the data points

2.5. Groundwater Recharge Estimation Using Water Table Fluctuation Method

The WTF method entails tracking and measuring changes in groundwater levels
over time, often months to a year. In this investigation, data logger were installed in ten
boreholes in August 2020 to record and store data on water level fluctuations every four
hours. In addition, four wells had barometer data recorders installed to track air pressure,
and this information was used for correction. The information about the location and
geological formation for the monitored wells are shown in Table 1.

Table 1. Monitored well characteristics in Ghana’s Pra Basin. The meta-sediment comprises weath-
ered phyllite, shale, schist, while the granite comprises granitic to quartz dioritic gneiss.

Community Well ID Longitude Latitude Elevation (m) Well Depth (m) Geology

Abaam PTB 20 −0.82403 6.22183 146 70.8 Meta-sediment
Asubone Rail PTB 30 −0.73244 6.47144 191 27.0 Meta-sediment

Krobo PTB 21 −1.60335 5.06144 13 56.0 Meta-sediment
Kwabeng PTB 31 −0.58864 6.32337 207 37.0 Meta-sediment
Wawase PTB 25 −1.48185 5.14681 59 20.0 Meta-sediment

Bronikrom PTB 28 −1.36528 6.07804 140 80.0 Meta-sediment
Afosu PTB 29 −1.00022 6.37052 187 48.0 Meta-sediment

Dunkwa-K PTB 26 −1.67817 5.92007 105 36.7 Sandstone
Twifo-Mamp PTB 17 −1.62684 5.66945 88 28.6 Granite
Atuntumirem PTB 19 −0.98522 5.87161 133 40.5 Granite

The WTF approach assumes that the rise in the groundwater table over a period of
time is driven solely by groundwater recharge and that it is directly related to the aquifer’s
specific yield [22]. Groundwater recharge can thus be estimated using Equation (11):

R = Sy ·
∆h
∆t

(11)

where R designate the recharge amount from precipitation, Sy represents the specific yield,
(∆h) is the head difference throughout the recharge period and (∆t) is the time duration
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of the recharge. For each monitoring well, the graphical extrapolation approach was
used to approximate the increase in water level (∆h). We examined the water level data
visually and manually stretched the recession curve. The rise in the water level during the
recharge phase is determined by the difference between the lowest point on the extrapolated
antecedent recession curve and the peak of the water rise [23]. More information regarding
the use of the WTF method is well explained in Delin et al. [22].

As there are currently no records of specific yield for the aquifer materials in the
basin, it was adopted from the literature (Table 2) [52]. The values were adopted using the
geologic material of the area’s aquifers, which was primarily granite and meta-sediments
(Table 2) [52]. With this in mind, we used specific yield (Sy) values of 0.02 in the range of
0.01 to 0.03 for weathered phyllite, schist and associated rocks, 0.02 in the range of 0.02–0.04
for granite and 0.05 in the range of 0.01–0.08 for sandstone [52], respectively.

Table 2. List of specific yield values used in groundwater recharge estimate in India (modified after
Sinha and Sharma [52].

Material Range of Specific Yield

Sandy alluvium 0.12–0.18
Valley fills 0.10–0.14

Silt/clay rich alluvium 0.05–0.12
Sandstone 0.01–0.08
Limestone 0.03

Highly karstified limestone 0.07
Granite 0.02–0.04
Basalt 0.01–0.03

Laterite 0.02–0.04
Weathered phyllite, shale, schist, and associated rocks 0.01–0.03

3. Results
3.1. Climatology of Precipitation and Temperature in the Pra Basin

Figure 3a,b displays decadal mean monthly precipitation and temperature for the past
50 years. The bimodal precipitation pattern remains visible in the precipitation climatology
(Figure 3a). The wet season has two halves, the first of which starts in March and peaks in
June, and the second in September and peaks in October. However, analysis of the decadal
variability in precipitation patterns reveals a decrease in the precipitation amount at the
peak of the first wet season and an increase during the second wet period.

Mean monthly precipitation for past five decades
1964 - 1973
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1984 - 1993
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Figure 3. Mean monthly precipitation (a) and temperature (b) climatology for the past fifty years
(1964–2013) in the study area. Data source: Princeton University’s land surface modelling group,
which has been biased corrected and down-scaled according to the observation-based global forcing
dataset of Sheffield et al. [39].
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According to our observations, the second half of the wet season has gotten noticeably
wetter in the past decade compared to the previous four decades. The first decade, between
1964 and 1973, recorded the highest peak of the first wet season, with a mean precipitation
of 257 mm, while the last decade, between 2004 and 2013, recorded the lowest peak, with a
mean of 193 mm. The second wet season’s highest peak, with an average rainfall of 184 mm,
occurred between 2004 and 2013. The mean monthly precipitation for the past decades
for the three zones (northern, central and southern) are shown in Figure A1 (Appendix A).
Analysis of extreme precipitation events reveals that the southern zone, located closer to
the sea, experiences higher precipitation amounts, particularly in June, which gradually
decreases towards the northern part of the basin. Conversely, during the first dry period
from July to September, the northern zone exhibits relatively higher precipitation than the
central and southern parts.

We discovered that the mean monthly temperatures in the basin have been rising over
the past 50 years (Figure 3b). The bimodal pattern of the basin’s temperature climatology
has not changed. In the months of February and November, two peaks are visible. In the
most recent ten years, between 2004 and 2013, February had the highest temperatures,
with an average monthly value for the season of 28.8 °C, while the average monthly
value for the second season was 27.54 °C. Generally, the wet season records the lowest
temperatures, while the dry season records the highest. The temperature variations in the
three zones are shown in Figure A2 (Appendix A) and show the trend from the northern
topographically high to the southern topographically low of the region. Across all five
decades, temperatures are highest in the lowlands and lowest in the highlands.

3.2. Variability in Surface Water and Groundwater δ18O and δ2H Values

Surface water (Figure 4a) shows large variability in stable isotopic composition. The
δ18O and δ2H ratios in surface water samples range from −2.8 to 2.2h vrs V-SMOW for
δ18O and from −9.4 to 12.8h vrs V-SMOW for δ2H, with a mean of −0.9h vrs V-SMOW
and 0.5h vrs V-SMOW, respectively. The deuterium excess (d-excess) is between −5.0h
vrs V-SMOW and 12.6h vrs V-SMOW, with a mean of 7.5h vrs V-SMOW. The δ2H values
show the largest variability in the dataset and this occurs in the northern zone. There are
no significant variations in the mean isotopic composition of the stable O-18 isotope ratios
in the northern zones. The computed d-excess values exhibit a relatively consistent level
of variability across the three zones. When plotting stable isotopes against elevation (see
Figure A3a in Appendix A), no distinct correlation is observed. Nonetheless, the sample
taken from the Apapaw River, which serves as the source of the Birim River and is located
at a higher elevation, displays a notably depleted isotopic composition.

Groundwater (Figure 4b) shows much less variability in the stable isotopes compared
to the surface water. The δ18O and δ2H isotope ratios in groundwater range from −3.0 to
−1.5h vrs V-SMOW and from −10.4 to −2.4h vrs V-SMOW with an estimated mean of
−2.3h vrs V-SMOW and −7.0h vrs V-SMOW, respectively. The d-excess ranges from 8.3
to 13.6h vrs V-SMOW, with a mean of 11.4h vrs V-SMOW. The δ18O values are generally
enriched relative to δ2H values in all the three zones. The groundwater exhibits a higher d-
excess compared to the surface water. Figure 5 is a contour map displaying the distribution
of δ18O and δ2H values in the Pra Basin groundwater. A plot of the stable isotopes against
the elevation (see Figure A3b in Appendix A) show no positive correlation.
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Figure 4. Box-and-whisker plots of the variation in the δ18O and δ2H ratios and the calculated
d-excess for the surface water (a) and groundwater (b) samples for the three zones.
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Figure 5. Groundwater (a) (δ18O) and (b) (δ2H) values of the Pra Basin do not show significant
correlation with elevation.

3.3. Correlation between δ18O and δ2H of Water

The initial isotopic compositions of the precipitation that recharged the surface water
and groundwater are estimated to be−2.6h vrs V-SMOW (δ18O) and−6.4h vrs V-SMOW
(δ2H ) and −3.1h vrs V-SMOW (δ18O) and −10.8h vrs V-SMOW (δ2H ), respectively.
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These values are determined by the intersection of the evaporation lines of surface water
and groundwater on the local meteoric water line (LMWL). Notably, these values indicate
significant depletion compared to the measured isotopic signatures of surface water and
groundwater. Figure 6a shows the linear regression models for the relationships between
δ18O and δ2H for the water samples. Notably, the positions of the water samples are to
the right of the LMWL, with surface waters showing the largest deviation from the initial
isotopic composition. The regression analysis of the two water sources shows lower slope
and intercept values compared to the LMWL. The calculated d-excess of all the water
samples is lower than that of the LMWL. The surface water samples show a lower d-excess
compared to the groundwater. Figure 6b illustrates the relationship between d-excess
and δ18O for surface water and groundwater. The Cl− and δ2H relationship depicted in
Figure 7 does not exhibit a distinct influence of isotopic processes like evaporation, mixing,
or transpiration on the groundwater. In general, both surface water and groundwater stable
isotopes have undergone substantial alterations, enriching the heavier isotopes in contrast
to their initial isotopic composition.

δ2H = 4.2*δ18O + 4.2
δ2H = 7.86*δ18O + 13.61

δ2H = 8*δ18O + 10

δ2H = 4.75*δ18O + 3.9

Surface water
Groundwater
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Figure 6. (a) Surface water and groundwater δ18O and δ2H relationship plots used to infer the
origin and evaporation influence. Also featured are the local [37] and the global [38] meteoric water
lines. Both water sources defined an evaporation line with lower slopes, indicating the change in
the δ18O and δ2H isotope ratios in the initial precipitation. (b) The d-excess vs. δ18O plot provide
information about the influence of evaporation. Almost all samples plot below the d-excess of
the LMWL, indicating that the precipitation that recharged the surface water and groundwater
experienced evaporation. The intercept of the surface water and groundwater lines (A and B)
indicates precipitation’s initial isotopic signature before recharge.
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Figure 7. (a) Conceptual diagram showing the potential recharge pathway affecting changes in
groundwater isotopic composition and Cl− concentration (modified after Love et al. [12]). (b) Deu-
terium vs. Cl− shows no clear dominant process influencing groundwater recharge.

3.4. Estimations of the Rate of Evaporation in Surface Water and Groundwater

Surface water experiences higher rates of evaporation compared to groundwater.
The calculated regional evaporation rates for surface water vary between 51% and 77%,
averaging 62%, while for groundwater, it range from 55% to 61%, with an average of 57%.
No significant disparities in mean evaporation rates were observed among the northern,
central, and southern zones for groundwater. However, for surface water, there are slight
variations in mean evaporation rates across these zones, specifically recording values of
61%, 64%, and 62% for the northern, central, and southern zones, respectively. An analysis
of evaporation rates in relation to elevation did not reveal any discernible increasing or
decreasing patterns.

3.5. Groundwater Recharge Estimate Using Chloride Mass Balance Method

The chloride in the groundwater range from 3.2 mg/L to 196.7 mg/L, with a mean
of 26.9 mg/L. The lowest chloride concentrations were predominantly measured in the
northern parts of the area, which are characterized by highly fractured meta-sedimentary
rocks and are farthest away from the coast. The highest chloride concentrations were
measured in the southern areas of the basin, which are underlain by granitoid rocks and
are situated near the coast.

Groundwater recharge was highest in the northern zone and decreased down gradient
towards the south. The estimated amount of recharge in the Pra Basin ranges between 9 mm
and 666 mm, representing 0.6% to 33.5% of the average yearly rainfall. In Appendix A,
you can find Table A1, which provides the estimated recharge values for different borehole
locations. The estimated average recharge for the entire study region is 165 mm, which is
equivalent to 10.7% of the annual precipitation average of 1500 mm. Figure 8 shows the
spatial groundwater recharge distribution based on the CMB calculations.
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Figure 8. Spatial interpolation of groundwater recharge based on the CMB approach as a percentage
of the long-term mean precipitation (1500 mm) using the inverse distance weighting (IDW) method.

3.6. Groundwater Recharge Estimate from Water Table Fluctuation Method

Generally, the groundwater level rise coincides with the wet periods, with peak values
in June and September. Figure 9 shows the hydrographs of groundwater level fluctuations
from selected monitoring wells overlaid with the mean monthly precipitation for the water
year 2022. The highest and lowest water level rises occurred in the first wet season (usually
March–June), with values of 3.28 m and 0.12 m, respectively. It is also evident that the
rise in groundwater level associated with a precipitation event occurred with a delay of
1–2 months between January and February and from November to December.

Groundwater recharge rate is higher in the first half (March-June) of the wet season
than in the second (September-November), reflecting the rise in water levels in both seasons.
Table 3 presents the estimated groundwater recharge values using the WTF method. The
mean recharge range from 0.23 to 3.60% of the mean annual precipitation. The highest
estimated mean recharge for the two wet seasons occurred in Kwaben, with 54.1 mm,
accounting for 3.6% of the annual rainfall in the basin. We observed that the highest value
was associated with the well located in the Birimian meta-sediment, with a depth of 37 m.
In contrast, the deepest well at 80 m depth located at Bronikrom had the lowest estimated
mean recharge, also found in the Birimian meta-sediment. No significant correlation was
obtained between the well depth and the recharge.
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Figure 9. Groundwater hydrographs and observed averaged monthly precipitation at some selected
locations (a) Abaam, (b) Asuboni, (c) Atutumirem and (d) Kwaben in the Pra Basin for the water
year 2022.

Table 3. Groundwater recharge values estimated for the Pra Basin for the water year 2022

Well
Location Aquifer Material Specific

Yield (Sy)
∆h (m) 1st

Wet Season
∆h (m) 2nd
Wet Season

Recharge
(mm) 1st

Wet Season

Recharge
(mm) 2nd

Wet Season

Mean
Recharge

(mm)

As % of
Annual
Rainfall

Abaam Meta-sediments 0.02 1.60 1.13 32.0 22.6 27.3 1.82
Asuboni Meta-sediments 0.02 0.87 1.07 17.4 21.4 19.4 1.29

Krobo Meta-sediments 0.02 1.85 0.15 37.0 3.0 20.0 1.33
Kwaben Meta-sediments 0.02 3.29 2.12 65.8 42.4 54.1 3.60
Wawaase Meta-sediments 0.02 1.24 0.92 24.8 18.4 21.6 1.44

Bronikrom Meta-sediments 0.02 0.12 0.23 2.4 4.6 3.5 0.23
Afosu Meta-sediments 0.02 0.85 0.74 17.0 14.8 15.9 1.06

Dunkwa-K Sandstone 0.05 0.73 0.49 36.5 24.5 30.5 2.00
Twifo
Mamp Granite 0.03 1.47 0.77 44.1 23.1 33.6 2.20

Atutumirem Granite 0.03 1.05 0.98 21.0 19.9 20.5 1.40

Note(s): Meta-sediments are composed of weathered phyllite, shale, schist and associated rocks. ∆h designates
the water level rise.

4. Discussion
4.1. Regional Climatic Conditions, Present and the Past

The climatology of temperature and precipitation of the study area has not changed
over the past five decades. Ghana’s Fourth National Communication to the United Nations
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Framework Convention on Climate Change reports that temperatures increased by 1.0 °C
between 1960 and 2003, with an average of 0.21 °C per decade [53]. The report also
highlights that hot days have increased by 48 per year [53]. This change is largely consistent
with the results presented in this study (Figure 3b). The temperature for the past five
decades has been observed to follow an increasing trend with the current climate getting
hotter. These are reflected in the peak months in February and November, with the highest
recorded temperatures. Since isotope fractionation is temperature-dependent, the current
climatic conditions are likely to favour the enrichment of the heavier isotopes compared to
earlier decades when temperatures were relatively lower. In addition to the temperature
increase, there is also a noticeable variation in the amount of rainfall, with the current years
experiencing a decrease in the first peak during the first wet season and an increase in the
second season. This trend is consistent with the assertion that precipitation over the past
three decades varied greatly on the inter-annual and inter-decade timescales [53]. Here, we
could argue that different seasons are likely to be associated with different concentrations
of stable isotopes in precipitation due to the rising temperatures and the change in the
precipitation, which has become erratic for the past five decades. The observed trends
in the past extreme climate scenarios indicate that the study area has experienced higher
temperatures and reduced rainfall, impacting both source vapor and precipitation. This
will certainly enrich the isotopic composition of precipitation, which is the principal source
of recharge of the Pra Basin’s surface water and groundwater systems.

4.2. Isotopic Characterization of the Surface Water and Groundwater

The considerable variation in δ18O and δ2H values observed in the surface water
samples, as opposed to the groundwater samples, can be attributed to the significant
evaporation occurring in the region due to the elevated temperatures. In this study, we
adopted the local meteoric water line developed by Akiti [37] for southern Ghana as our
reference for our interpretation. The slope and the intercept of δ18O and δ2H fitted for
the surface water samples are less than the LMWL. This is primarily due to fractionation
caused by evaporation, as supported by previous studies [40,44]. It has been established
that the slope of surface water evaporation typically ranges from 4 to 6 [54], which is the
case in this study. Since surface waters are open systems, the isotope fractionation upon
evaporation is influenced by the prevailing atmospheric conditions. Studies have shown
that lower slopes of surface water are associated with lower humidity [55]. In general, an
increase in humidity will cause a proportional increase in the slope of the evaporation line
and vice versa. In the study area, where the relative humidity is generally between 70%
and 80% year-round, the δ18O and δ2H isotope ratios are expected to produce a regression
line with a lower slope than the LMWL [11] due to the influence of fractionation attending
the continuous evaporation of the open river systems in the basin. The deuterium excess
(d-excess) calculated for the surface water samples is used together with δ18O to derive a
relationship that can be used to understand the influence of evaporation on the water’s
stable 18O and 2H isotope composition. In the case of this study, all surface water d-excess
values are lower than the LMWL estimate of 13.61h vrs V-SMOW (Figure 6b), underlining
an evaporation influence.

The estimated evaporation rate of the surface water reflects the influence of the pre-
vailing high temperatures, resulting in a more enriched stable δ18O and δ2H ratios relative
to the groundwater pointing to a likely discharge from groundwater into the surface water.
The intercept of the surface water line with the LMWL indicates the initial isotopic signature
of the precipitation that recharged the rivers before undergoing evaporation [11,44]. This
is based on the assumption that the LMWL reflects the characteristics of recent rainfall.
However, we acknowledge that there may be changes in the slope and intercept of the
LMWL due to climate variability over the past five decades. Unfortunately, we could not
conduct precipitation measurements over a longer period due to time constraints to allow
a more representative characterization of the stable isotope composition of precipitation in
the basin. Nevertheless, the intercept values of −3.1h vrs V-SMOW (δ18O) and −10.8h
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vrs V-SMOW (δ2H) obtained were within the range of δ18O and δ2H compositions in recent
precipitation observed in the Densu Basin [9] which shares similar climatic conditions with
our study area. The large deviation of the surface water samples from the initial isotopic
signature of precipitation indicates that the surface water in the basin has experienced
evaporative enrichment of the heavier isotopes. This enrichment is attributed to the frac-
tionation process associated with evaporation. Furthermore, it is plausible that biological
organisms influenced the isotopic composition of the surface water by concentrating lighter
isotopes and potentially distorting the isotope ratio data, especially under changing cli-
matic conditions such as those prevalent in the study area [56]. As a result, the combined
effects could lead to stable isotope depletion in the surface waters, which is the subject of
a separate study. From the estimated evaporation losses, it is clear that the influence of
living organisms may be masked by the evaporative enrichment of the heavier isotopes
due to the high temperatures in the region. It is important to acknowledge the presence
of potential sources of error in these estimates. These sources may include uncertainties
in climatic parameters such as relative humidity and the isotopic composition of ambient
water vapor. Furthermore, the plausibility of sampling surface water, which consists of a
mixture of water from different sources [11], can make the analysis even more complex and
uncertain. As expected, the stable isotope ratios are more enriched in the surface water than
in groundwater, suggesting that any interaction between surface water and groundwater
would likely favor groundwater discharge into the rivers.

The regional groundwater δ18O and δ2H data plots near the LMWL exhibit a lower
slope and intercept relative to the LMWL indicating that the source of groundwater recharge
is mainly from precipitation that has undergone some degree of evaporation prior to
recharge. This is consistent with the signature of groundwater isotopic composition in
semiarid regions caused by high temperatures and low relative humidity [11,57]. Research
has shown that evaporation of infiltrating water prior to recharge generally exhibits a
systematic enrichment of stable isotopes, resulting in a change in the evaporation line
relative to the LMWL with a slope of typically 2 to 5 [54]. In this study, the slope (4.7)
of the groundwater evaporation line (Figure 6a) falls within this range and suggests that
evaporation plays an important role in the groundwater recharge processes in the Pra Basin.

The significant departures of the slope and intercept relative to the LMWL are likely
due to the effects of high evaporation rates attending high temperatures, low relative hu-
midity and the slow infiltration rate through the vadose zone [2,11]. During the infiltration
process, the infiltrating water can be affected by re-evaporation in the unsaturated zone
due to the delayed transit time of the water. Yidana [11] emphasized that the nature and
thickness of the overburden material and its clay content determine the percentage of pre-
cipitation that reaches the saturated zone. When the aquifer system is less permeable, the
vertical hydraulic conductivity is reduced, and infiltration is slowed, so water in the vadose
zone above the evaporation extinction depth re-evaporates [11]. In the event of significant
evaporation, the water in the unsaturated zone becomes enriched with heavier isotopes,
which are later transported into the aquifer by the infiltration of the late rains. In our
study area, the northern and central zones are underlain primarily by meta-sedimentary
rocks that are more permeable and porous to facilitate direct recharge from precipitation
than the Cape Coast granitoids that underlie the southern parts of the basin. For this
reason, the meta-sedimentary aquifers are expected to show more depleted isotopes than
the granitoid. However, the isotopic composition of groundwater does not show significant
variations in the terrain, suggesting that the factors leading to the isotopic fractionation
of precipitation reaching the saturated zone are similar. However, the slight variability
between the northern and southern zones can be explained by the differences in precipita-
tion evolution processes from the vadose zone to the saturated zone [11]. The intersection
of the groundwater evaporation line with the LMWL indicates the isotopic signature of
the source precipitation [11,43] that recharges the aquifers in the area. As indicated in
Figure 6a, δ18O and δ2H at the intersection are −3.1h vrs V-SMOW and −10.8h vrs
V-SMOW, respectively. Estimates of the fraction of precipitation that evaporates before
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groundwater recharge range from 57 to 65%. Although the precipitation evaporation rate
on its way to the saturated zone is lower than surface waters, it remains a notable factor.
This observation supports the notion that infiltration of precipitation through the vadose
zone is a slow process that results in significant re-evaporation of the water before or during
its passage through the unsaturated zone.

Multiple processes, including evaporation, mixing and transpiration, may affect the
infiltrating water on the land surface or during percolation through the unsaturated to the
saturated zone. The bivariate plot of Cl− vs. δ2H was used to elucidate further on the likely
processes affecting the infiltrating water prior to groundwater recharge (Figure 7a). Here
we see in Figure 7b that δ2H does not correlate with Cl− concentration. If the infiltrating
water is affected by evaporation, then we expect that an increase in Cl− will correspond to
the enrichment in 2H along the evaporation line shown in Figure 7a [12]. If the infiltrating
water is affected by transpiration prior to recharge, then the Cl− concentration will increase
without a corresponding change in the stable 2H isotopic composition and the evaporation
line will be horizontal [12]. If the mixing of two discrete end members is the sole dominant
process, the strong positive correlation indicated by a straight line would be expected [12].
In the study area, the groundwater movement is structurally controlled so that the water
samples probably consist of water from different aquifers. This will likely affect the mean
isotopic composition of the final water. The transpiration process during recharge is
reasonable as the dense vegetation cover in the study area likely facilitates the transpiration
of infiltrated water in the root zone.

4.3. Groundwater Recharge Estimates

The estimated recharge values obtained from the CMB and WTF methods are largely
consistent with values reported in other studies conducted in Ghana and semi-arid regions
in Africa. The CMB recharge estimates show larger variability, ranging from 0.6% to
34%, while the WTF method ranges from 0.2% to 3.6% of the mean long-term annual
precipitation. The estimate of 10.7% mean recharge of the annual precipitation from the
CMB is generally consistent with the mean basin recharge of 16% reported by the Water
Resources Commission of Ghana, and our results are consistent with other studies carried
out in different parts of Ghana. For example, Yidana et al. [3] estimated an average recharge
of 7.6% of annual precipitation using numerical groundwater flow models in south-east
Ghana, while Afrifa et al. [2], Obuobie et al. [8], and Duah et al. [14] reported similar figures
in northern and southern Ghana, respectively.

The groundwater recharge estimates obtained from the CMB are reasonable compared
to other studies. However, some uncertainties are expected due to other potential sources
of Cl− in groundwater that are not considered in the calculation. The main assumption for
using the CMB is that the source of Cl− in groundwater is mainly from precipitation and that
Cl− behaves conservatively, not being leached or absorbed from aquiferous sediments and
not being affected by chemical reactions [2,8,14]. Other sources of Cl−, including deposition
from marine aerosols and pollution from sewage, might contribute to the Cl− loads as these
wells are public wells exposed to unregulated disposal of solid and liquid waste on-site.
While the weathering of chloride-containing minerals (e.g., halite) can impact chloride in
groundwater, its effects have been neglected because no petrographic evidence of their
occurrence is known in the terrain [58]. If Cl− in groundwater increases, the estimated
recharge, which is inversely proportional to the Cl− concentration in groundwater, is
expected to be low, leading to an overestimation of recharge and vice versa.

The basin-wide distribution of groundwater recharge shows high values in the north-
ern parts, which are underlain by the Birimian meta-sedimentary rocks, while the lower
recharge areas correspond to the granitoid. In a previous study [1], the northern parts of
the study area were proposed as a recharge zone likely to receive direct recharge from
precipitation. With direct recharge, lower Cl− values are expected than in waters with
a high evaporation rate before reaching the aquifer. Among these two lithologies, the
Birimian meta-sediments composed of phyllite have higher aquifer permeability than the
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granitoid [3,59]. Because secondary porosity governs the occurrence of groundwater in the
terrain [59], it is likely that more vertical recharge is expected in the phyllite aquifers to the
north than to the south, which is granitoid and less permeable compared to the Birimian
rocks. The accuracy of the CMB estimates could be improved by using long-term data on
chloride (Cl−) instead of the one-time measurements used in this study. Unfortunately,
long-term monitoring data on Cl− in the Pra Basin was not available during this research.

The groundwater hydrographs show that the main driver of groundwater recharge
is seasonal precipitation, although the contribution of river runoff is also a plausible
factor. A close inspection of the hydrographs and rainfall patterns reveals that the peak
of groundwater level rise occurs most during the two wet seasons, July and October. The
current rainfall peak in the second part of the season is projected to occur in October;
however, it happened in September. This trend suggests that the 2022 water year does not
follow the mean climatology of the rainfall in the second season, which is supposed to peak
in October. A similar characteristic was observed in the last three decades (Figure 3) when
the peak in rainfall in the second period was slightly higher in September than expected in
October. The continuous water level rise observed during the break of the wet seasons can
be described as a delayed vertical recharge from the preceding precipitation or horizontal
component of the groundwater water recharge [2,60]. A similar trend has been observed
by Afrifa et al. [2] in the Oti River Basin in Ghana. This observation is influenced by the
thickness of the overburden and the nature of the material it is composed of Lee et al. [60]
emphasized that the thickness of the unsaturated zone partly controls the peak of the
water level fluctuation during groundwater level monitoring. A thicker unsaturated zone
is more likely to display a gradual peaking of the amplitude of the water level rise over
monitoring periods than a shallow unsaturated zone, which would show a rapid peak in
the amplitude [2,60]. This assertion is largely consistent with the nature of the hydrographs
(Figure 9) presented for the ten groundwater wells in this study. It is a well-known fact
that every visible river basin on the earth’s surface is accompanied by an underground
basin, often as large or larger than its surface counterpart. At the same time, groundwater
is one of the main components of the water balance in a river system, which is why some
rivers also exist in the dry season. In the study area, the major rivers are the Birim River
and Main Pra River, which could contribute some water to the aquifers. While isotope
data predominantly suggest groundwater discharging into rivers, the results from the
groundwater hydrographs suggest that the reverse is also plausible. This is supported by
Figure 9, which shows that the groundwater level remains relatively stable even in months
with low rainfall.

The groundwater recharge using the WTF method shows relatively little variability
and agrees with the range of values estimated using the CMB method. This is reason-
able and consistent with those obtained with WTF and other methods in many semi-arid
regions [2,8,14]. Using the average recharge estimate of 1.64% and the minimum annual
precipitation of 1300 mm, the estimated mean annual recharge for the entire study catch-
ment for the 2022 water year is 228 M m3, which is higher than the estimated total surface
water use for the entire Pra Basin of approximately 144 M m3 for the year 2010 [27]. It is
worth noting that the land size of the current study catchment (10,703 km2) is less than half
the size of the entire Pra Basin (23,000 km2) and therefore indicates a great potential for
developing groundwater for domestic and industrial purposes. The comparatively lower
recharge amounts calculated by the WTF compared to the CMB can be partly attributed to
the limited number of monitoring wells used in this current study. Here, conclusions on the
spatial variability of groundwater recharge using the WTF can be improved by considering
more data from evenly distributed monitoring wells across the basin. Furthermore, we
would like to point out that the specific yield (Sy) used in the calculation was taken from
the literature and not from measurements of the respective aquifer materials in the region.
For this reason, some margin of error is predicted for the estimated groundwater recharge
reported in this study. If the specific yield of the aquifer materials in the basin is measured,
the accuracy of the WTF recharge calculations can be improved.
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5. Conclusions

The use of stable isotope tracers oxygen (δ18O) and hydrogen (δ2H) and water level
measurements have been applied in this study to ascertain the source, recharge mechanisms,
and spatial estimates of groundwater recharge within the Pra Basin of Ghana. This study
has presented regional stable isotope data of surface and groundwater for the first time,
providing essential boundary conditions to conceptualize hydrogeochemical processes
that drive groundwater evolution. Using chloride mass balance (CMB) and water table
fluctuation (WTF) methods has enabled the quantification of groundwater recharge in the
Pra Basin. Data from past climate records were fully integrated into the study to evaluate
the potential climatic variability over the past 50 years. Current data from 10 groundwater
monitoring wells were provided for the recharge estimates and for understanding the
source of the aquifer recharge. Our results allow the following conclusions:

1. The past fifty years show a temperature increase of about 1 degree Celsius. The
climatology of precipitation and temperature remain unchanged; however, a gradual
decrease in precipitation can be observed for the first peak of the rainy season in June.

2. Surface waters have experienced relatively high levels of evaporation due to the direct
effects of prevailing climatic conditions. The relatively lower evaporation rate of
groundwater is attributed to the short residence time of the infiltrating water within
the evaporation extinguishing depth in the vadose zone.

3. Groundwater recharge from meteoric water tends to have higher concentrations of
heavier isotopes relative to the LMWL. This enrichment occurs due to significant
evaporation either at the land surface or during seepage through the vadose zone.
The rate of evaporation of infiltrating water is likely influenced by factors such as the
thickness and composition of the material between the surface and the saturated zone,
as well as the high temperatures and low relative humidity prevailing in the region.

4. An integrated analysis of stable isotope data and water level measurements suggests
a potential hydraulic connection between surface water and groundwater. This hy-
pothesis is supported by the fact that the isotopes of groundwater have comparatively
lower values than surface water. Furthermore, the observation that the groundwater
level remains constant in months with lower rainfall further supports this conclusion.

5. The primary groundwater recharge area is in the northern zone, where the highest
recharge occurs. The calculated recharge values show a gradual decline from the
northern regions towards the southern areas of the basin.

6. Groundwater recharge for the study catchment, considering the average estimate of
1.64% (WTF) and minimum annual precipitation of 1300 mm, is 228 M m3, which
is higher than the estimated water use for the entire Pra Basin, underscoring a high
potential for water supply.

The results presented in this study can be used to advance water management in
the Pra Basin as they provide quantitative recharge estimates, which are prerequisites for
planning and sustainable development of groundwater resources. For further studies,
developing a numerical groundwater flow model is essential to gain a more comprehensive
understanding of the water budget in the catchment. Such a model would enable accurate
groundwater recharge estimates by integrating various water balance components, such as
precipitation, river contributions, evapotranspiration, etc. Furthermore, this modelling ap-
proach would enable reliable delineation of groundwater flow patterns and the assessment
of the hydrochemical evolution of groundwater in the Pra Basin.
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Appendix A

Table A1. Groundwater recharge values estimated for the Pra Basin using the CMB method. We
utilized an average long-term precipitation of 1500 mm [30] and a chloride concentration in rainwater
of 1.13 mg/L [14] for the recharge estimates. ClGW is the chloride in groundwater.

Community Northings (m) Eastings (m) Elevation (m) ClGW (mg/L) Recharge (mm) As % of Annual
Rainfall

Apapaw 765,897.0 680,069.0 362.0 34.9 48.6 3.2
Asiakwa SOS 776,819.0 693,156.0 238.0 3.5 486.6 32.4

Jejeti 759,161.8 716,496.3 204.0 9.0 188.8 12.6
Asubone 754,144.0 724,194.0 219.0 18.7 90.8 6.1

Kokrompe 751,209.0 715,992.0 205.0 10.4 163.4 10.9
Kofi dede 735,301.0 732,346.0 225.0 9.2 184.2 12.3

Kwahu Besease 732,647.0 730,776.0 220.0 38.5 44.0 2.9
Kwahu Oda 731,178.0 728,046.0 201.0 7.9 214.0 14.3

Kwaben 766,831.0 700,042.0 210.0 6.1 279.7 18.6
Akrofofo 763,058.0 702,365.0 181.0 3.5 666.2 32.0
Asunafo 753,556.0 701,388.0 171.0 3.4 502.5 33.5
Bomaa 766,573.0 695,707.0 248.0 10.9 155.9 10.4

Pamang 763,069.0 686,882.0 223.0 3.4 501.5 33.4
Kwamang 752,530.0 686,709.0 175.0 4.3 393.3 26.2
Okyinso 744,419.0 687,559.0 158.0 3.2 522.3 32.0

Akyem Abodom 741,242.0 680,849.7 143.0 18.9 89.9 6.0
Subi 7395,30.0 678,458.8 164.0 6.7 251.9 16.8

Abompe 734,625.3 685,930.3 181.0 6.3 267.8 17.9
Otumi 731,175.3 688,002.9 186.0 34.6 49.0 3.3
Kade 739,619.2 673,085.2 132.0 35.0 48.4 3.2

Akwatia 742,140.6 666,200.2 169.0 14.2 119.1 7.9
Kusi 736,501.7 668,688.9 145.0 6.2 273.3 18.2

Awaham 753,138.8 658,835.2 198.0 49.2 34.4 2.3
Kakoasi 742,452.0 658,015.0 125.0 23.2 73.0 4.9

Etwereso 705,906.0 664,604.8 140.0 9.3 181.9 12.1
Zevor 704,904.4 658,538.3 112.0 16.8 101.0 6.7

Lebikrom 724,448.3 664,516.9 145.0 5.3 320.1 21.3
Soabe 730,327.1 663,168.4 136.0 15.9 106.9 7.1
Oda 721,159.6 655,929.2 121.0 98.0 17.3 1.2

Atutumirem 723,063.7 649,411.2 115.0 49.6 34.1 2.3
Aprade 710,391.5 639,605.4 165.0 6.0 284.1 18.9
Kenie 697,462.6 641,406.8 131.0 10.5 162.1 10.8

Obobakrokrowa 701,896.6 645,044.1 126.0 12.5 135.8 9.1
Akotikrom 704,676.7 649,089.0 129.0 21.5 78.7 5.2

Nyamebekyere 683,039.0 637,611.0 135.2 12.9 131.4 8.8
Ababuom 687,388.0 623,282.0 111.2 7.6 223.0 14.9
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Table A1. Cont.

Community Northings (m) Eastings (m) Elevation (m) ClGW (mg/L) Recharge (mm) As % of Annual
Rainfall

Bronokrom 656,858.0 561,969.0 14.0 55.0 30.8 2.1
Brunokrom 656,856.0 561,958.0 14.0 196.7 8.6 0.6
Kotogyina 644,148.0 558,902.0 32.5 87.9 19.3 1.3

Abotere 642,296.0 564,153.0 29.5 58.1 29.1 1.9
Dompin 647,796.3 563,871.1 14.0 33.9 50.0 3.3

Ewiadaso 646,686.0 572,168.0 60.0 27.2 62.4 4.2
Nyekompoe 652,970.0 577,496.0 38.4 20.7 82.0 5.5
Essamang 646,554.0 591,595.0 51.3 12.4 136.6 9.1

Mamponso 651,448.0 600,012.0 40.3 10.0 169.6 11.3
Anyanasi 654,795.0 618,484.0 68.1 34.2 49.5 3.3
Dokoro 646,702.0 620,785.0 97.0 14.2 119.5 8.0

Somnyamekor 656,844.5 625,862.5 84.0 12.0 141.3 9.4
Breman 654,738.0 631,093.0 75.0 79.5 21.3 1.4
Imbrain 636,514.0 642,921.0 141.9 17.5 96.9 6.5

Akonfudi 686,960.0 644,646.0 98.1 35.8 47.3 3.2
Kenkuase 671,977.0 618,658.0 94.2 19.6 86.6 5.8

Okyerekrom 667,847.0 626,235.0 79.2 5.1 334.0 22.3
Twifo Mamp 660,003.0 610,858.0 63.2 122.0 13.9 0.9

Wawase 668,444.0 599,214.0 105.0 13.4 126.5 8.4
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Figure A1. Cont.
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Mean monthly precipitation from 2004 to 2013
Northern zone
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Figure A1. Decadal mean monthly precipitation climatology from (a) 1964 to 1973, (b) 1974 to 1983,
(c) 1984 to 1993, (d) 1994 to 2003 and (e) 2004 to 2013, respectively in the Pra Basin for the three
defined zones (northern, central and southern) after Manu et al. [1]. The northern zones are at higher
elevations while the southern zones are at lower elevations, respectively.
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Figure A2. Cont.
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Mean monthly temperature from 2004 to 2013
Northern zone
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Figure A2. Decadal mean monthly temperature climatology from (a) 1964 to 1973, (b) 1974 to 1983,
(c) 1984 to 1993, (d) 1994 to 2003 and (e) 2004 to 2013, respectively in the Pra Basin for the three
defined zones (northern, central and southern) after Manu et al. [1]. The northern zones are at higher
elevations while the southern zones are at lower elevations, respectively.
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Figure A3. Surface water stable oxygen-18 (a) and deuterium (b) isotopes plot against elevation show
no clear correlation between them. The sample located in the highest elevation measured the least
stable isotope of oxygen and deuterium ratios.
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Figure A4. Groundwater stable oxygen-18 (a) and deuterium (b) isotopes plot against elevation
show no significant correlation between them. Very few samples in the southern zone (low elevation)
showed relative enrichment of the stable oxygen-18 and deuterium isotope ratios.
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