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A B S T R A C T

A numerical groundwater flow model, calibrated under equilibrium conditions to characterise the spatial var-
iation of key hydraulic parameters and groundwater flow pattern in a crystalline aquifer in the Upper East
Region of Ghana has been developed. The development of groundwater flow model was to provide the baseline
information to assist in assessing the impacts of population growth and climate change scenarios on large scale
development of groundwater resources for various uses. The results revealed an apparent dominant north-
east–southwest flow pattern influenced mainly by the hydraulic conductivity field, with estimated values ran-
ging between 0.001 and 58m/day, and local flow systems which are controlled mainly by local variations in the
topography in the area. The estimated average groundwater recharge from the calibrated model and chloride
mass balance technique: 2.00% and 2.07% of the annual precipitation respectively has a direct positive corre-
lation with elevation. The low recharge rate is evident in the high evaporation rates as revealed by stable isotope
(δ2H and δ1⁸O) analysis of sampled water sources. The study also reveals the aquifer is being partly recharged by
the White Volta River. This gives an indication that the area holds good groundwater fortunes for potential
commercial groundwater development as predicted by scenario analysis which suggests that the aquifer can
sustain increased abstractions by more than 100% of the current rate provided the current recharge rate is
maintained. However, for the aquifer to sustain large scale abstractions beyond 100% of the current rate under
conditions of reduced vertical recharge by more than 40% of the current rate, deliberate efforts would have to be
made to enhance artificial vertical recharge to augment the natural recharge.

1. Introduction

Groundwater has proven to be a reliable source of water supply for
domestic, industrial and irrigation purposes especially in times of
varying precipitation patterns and related increased water demands
during droughts, and periods of depleted surface water sources.
Economic growth, industrialisation and climate variability are intensely
affecting the availability of water supply worldwide. These conditions
have been predicted to worsen especially in arid and semi-arid coun-
tries (Lloyd's 360° Risk Insight, 2010). The consumption of water
worldwide increases yearly while most of the world's water resources
continue to dwindle due to improper environmental management
practices.

Groundwater is considered to be a vital source of water supply for
about a third of the world's population (FAO, 2017). In Ghana, about
70% of the population depends on groundwater for various purposes
(Kortatsi et al., 2007), whereas about 25% of the urban communities
and 90% of the rural folks heavily depend on groundwater for their

household water requirements (Yankey et al., 2011). The availability of
quality water in sufficient quantities for domestic, agricultural and in-
dustrial purposes is key to the development of any nation. Ghana as a
developing country is challenged with the problem of providing ade-
quate quality water to meet the demand of its populace. Northern
Ghana where poverty and a short rainy season regime are dominant is
severely affected by the lack of adequate quality water supply. Also,
surface water sources in such areas are less available and easily run dry
during long dry seasons, as such most institutions place emphasis on
well-siting techniques to meet the potable water requirements of
communities in these areas (UNDP, 2019). Groundwater sources have
become the preferred means of supplying water to meet the growing
demand of the largely rural and dispersed communities and small urban
towns in the country mainly due to its slow response to changing
rainfall patterns (Saana et al., 2016), protection from microbial con-
tamination and to some extent massive pollution. It is also relatively
cheap to develop and easily site close to the demand centres (UNEP,
2002), hence making it demand responsive and appropriate for
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participatory approaches to dealing with most sanitation and rural
water programmes.

The unplanned development and over-exploitation of groundwater
resources in some portions of the country have elevated the concern
and necessity for cautious and scientific resource management and
conservation. An understanding of aquifer parameters such as recharge
rate, hydraulic conductivity, hydraulic head distribution, specific ca-
pacity and aquifer depths are very important in characterising
groundwater systems and for the management of the resource.
Although groundwater is not easily accessible, numerous techniques
have been employed with the aim of investigating aquifer hydraulic
properties to locate groundwater supplies and to delineate likely zones
of low borehole success rates. A traditional method of estimating
aquifer hydraulic parameters, such as specific yield and hydraulic
conductivity, is the pumping test method (Bateni et al., 2015; Das et al.,
2017). Although this method gives a good estimate of aquifer hydraulic
properties, drilling of pumping and observation boreholes over a do-
main has proven to be very expensive and time consuming (Bateni
et al., 2015; Das et al., 2017). Also, pumping test only provides point
estimates of the hydraulic parameters and does not give detailed in-
formation of the spatial distribution of the hydraulic parameters of the
site being characterised (Slater, 2002; Yidana et al., 2015). Similarly,
tracer test has also been used in the determination of aquifer hydraulic
parameters although results obtained are only approximations due to
field limitations (Todd and Mays, 2005).

Hence, an alternative approach to characterising regional hydro-
geological conditions and the sparse spatial distribution and behaviour
of aquifer hydraulic parameters is through stratigraphic description and
numerical simulation (Yidana and Chegbeleh, 2013). Given sufficient
data, application of groundwater models is more economical and pro-
vide reliable information on the variety of aquifer hydraulic properties
as compared to conventional pumping test which provides point data
on aquifer properties (Yidana and Chegbeleh, 2013). Rising water de-
mands and uneven rainfall variability as a result of global climatic
conditions and associated increased abstraction rates leading to the
depletion of groundwater sources in some portions of the study area in
recent times (Gyau-Boakye, 2001; Obuobie et al., 2012) has necessi-
tated the need to properly characterise the hydraulic properties of the
domain to aid policy makers and stakeholders in the management of the
groundwater resource to meet growing needs and sustainability of the
resource.

Talensi District is characterised by a typical rural water supply
system comprising mainly of boreholes and hand dug wells and other
natural water bodies such as dammed reservoirs, rivers and dug outs.
Groundwater resources contribute significantly to the socio-economic
activities such as water supply and sanitation, industry, agriculture,
urban development and research among others in the district (Talensi
District Assembly, 2014). This study, therefore characterised the spatial
distribution of key hydraulic parameters and groundwater flow geo-
metry of the aquifer system in the area. This was to provide the initial
baseline information to assist in assessing the impacts of population
growth and climate change scenarios on large scale development of
groundwater resources for various uses. This will offer a great oppor-
tunity to improve agriculture, food security and livelihoods of indigents
in the district, and by extension will reduce rural-urban migration.

2. Study area

Talensi District is located in the Upper East Region of Ghana. It is
bordered to the north by Bolgatanga Municipal, south by the West and
East Mamprusi Districts, Kassena-Nankana District to the west and the
Bawku West District to the east. It falls within the boundaries of lati-
tudes 10⁰35″ and 10⁰60″ north and longitudes 0⁰31″ and 1⁰05″ west
(Fig. 1). It has a total population of 81,194 people of which about 90%
are peasant farmers, and a land mass of 912 km2 (Talensi District
Assembly, 2014). The district lies in the savanna zone, which is

subdivided into Sudan, Sahel and Guinea-Savanna zones (Fagariba
et al., 2018). The domain experiences semi-arid conditions, with uni-
modal rainy season (Fagariba et al., 2018; Talensi District Assembly,
2014). The district has two main seasons; a rainy season, which is ir-
regular, and runs from May to October, characterised by short intense
rains preceded by heavy storms, and a prolonged dry season that
stretches from October to April with barely any rains (Talensi District
Assembly, 2014). The monthly rainfall ranges between 88mm and
110mm with an annual mean rainfall of 980mm. The area experiences
a maximum temperature of 45 °C in March and April, and a minimum of
12 °C in December. Relative humidity is highest during the rainy season
with an average value of 65%. It drops rapidly after the end of the rainy
season in October, reaching a low of less than 10% during the har-
mattan period in December and January (Martin, 2006). Monthly
rainfall only exceeds potential evapotranspiration in the three wettest
months July, August and September.

The vegetation of the district is a typical guinea savannah wood-
land; comprising mainly of short widely spread plants and shrubs,
which usually shed foliage at the end of the growing season, and trees
and ground flora of grass, which get burnt by fire or the scorching sun
during the long dry season (Talensi District Assembly, 2014). Typical
trees are dawadawa, shea trees, acacias and baobab. These conditions
impact negatively on rainfall amount in the area, thereby affecting the
amount of groundwater. As a predominantly agricultural economy, the
excessive temperatures and long dry season periods compel indigents to
seek alternative livelihoods elsewhere, usually southern Ghana, in order
to cater for the food gap during those periods; this has a tendency of
drawing the young and energetic farm labour from the communities
(Talensi District Assembly, 2014).

2.1. Geology and hydrogeology

About 75% of the landmass of the district is underlain by crystalline
Precambrian rocks of the Birimian Supergroup, which occur in the
central, southern and western parts with associated granitoid intrusions
and a remote patch of the Tarkwaian series around the eastern portion
of the district (Boateng, 1959), whilst the Voltaian Supergroup, Kwahu-
Bombouaka Group underlie the southeastern portions of the district
(Fig. 2). Gyau-Boakye and Tumbulto (2006), indicated that the Bir-
imian system consists of gneiss, phyllite, schist, migmatite, granite-
gneiss and quartzite. The Birimian Supergroup is the dominant rock
formation in the district and comprises of volcanoclastics, basaltic
flows, cherts and hornblende. It is intruded by K-feldspar-rich grani-
toids, mainly granite and monzonite (Bongo type), of the Eburnean
Plutonic suite. The granitoids are of uncertain age and believed to be
post-Birimian and pre-Tarkwaian age (Abdul-Ganiyu and Gbedzi, 2015;
Junner and Hirst, 1946; Kesse, 1985). The Voltaian Supergroup,
Kwahu-Bombouaka Group underlying the lower portions of the district
are composed mainly of fine-grained micaceous sandstones, medium
grained mudstones and shales. They overlie the Birimian and Tark-
waian in the district, and are thought to be of late Precambrian to Pa-
leozoic age. The Voltaian Supergroup is subdivided into three main
stratigraphic units based on lithology and field relationships; Basal
sandstones, Oti/Pendjari and Obosum supergroups. The Basal sand-
stones comprises quartz sandstone formation of about 75m thick and
commonly occur along the northern and western edges of the Voltaian
Supergroup. The Oti/Pendjari on the other hand is much thicker
(1500m–4000m) and comprises argillaceous sandstones, arkose, silt-
stones, interbedded mudstone, sandy shale and conglomerates (Carney
et al., 2008). The Obosum formation of the Voltaian Supergroup con-
sists of dirty-yellow, fine-grained, thinly bedded, micaceous feldspathic
quartz sandstones with subordinate argillite intercalations and whitish-
yellow, massive, fine to medium-grained, cross-bedded arkosic and
quartzose sandstones.

The district is underlain partly by the Basement Complex com-
prising Precambrian crystalline igneous and metamorphic rocks, mainly
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the Birimian, granites and Tarkwaian, and Paleozoic Consolidated
Sedimentary formation, mainly the Voltaian system (Dapaah-Siakwan
and Gyau-Boakye, 2000; Kortatsi, 1994), which consist of sandstones,
mudstones, limestones, arkose and shales. The Birimian and Tarkwaian
comprise gneiss, granite, phyllite, migmatite and schist. The rocks of
the Basement Complex and the Voltaian system are impermeable,
characterised essentially by little or no primary porosity. However,
groundwater occurrence in these formations is associated with the oc-
currence of secondary porosities caused by fracturing, faulting, jointing,
shearing and weathering (WRC, 2011). Aquifers in the study area are
generally semi-confined and structurally controlled due to the devel-
opment of fractures, thus giving rise to secondary permeability
(Dapaah-Siakwan and Gyau-Boakye, 2000). Two main types of aquifers
in the district can be identified: the weathered zone aquifers and the
fractured zone aquifers. The weathered zone aquifers usually occur at
the base of the thick weathered layer while the fractured zone aquifers
usually occur at some depth beneath the weathered zone (Kortatsi,
1994; WRC, 2011).

Borehole yields within the weathered zone depends on the amount
of rainfall, such that where there is less amount of rainfall, no fractures
and a thin depth of weathering, groundwater potential is very low or
virtually non-existent. Borehole yield within the weathered zone

usually range from 0.41m3/hr to 29.8 m3/hr (Dapaah-Siakwan and
Gyau-Boakye, 2000). Whereas yields in the fractured zones range be-
tween 1m3/hr to 9m3/hr, but hardly exceed 6m3/hr according to
Dapaah-Siakwan and Gyau-Boakye (2000). Wardrop (1980) stated that
analysis of the available hydrogeological and lithological data from
wells drilled within the basin indicates that fractured aquifer provides
most of the wells with water. Hence the nature, aperture and degree of
interconnection between joints determine the hydrogeological fortunes
of the rocks within the study area.

3. Materials and methods

3.1. Data collection and analyses

Both primary and secondary data were used in this study. The
secondary hydrogeological data collected for this study included bore-
hole logs and pumping test data. These were obtained from the head
office of Community Water and Sanitation Agency (CWSA), Accra.
Analyses of the pumping test data using the Cooper-Jacob method
(Cooper and Jacob, 1946) resulted in the estimation of some key hy-
draulic parameters: hydraulic conductivity (K) and transmissivity (T).
The estimated parameters served as inputs during numerical

Fig. 1. Location map of the study area.
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simulation. Borehole logs data from 22 wells were used to help define
the limits of the various lithostratigraphic units at the different loca-
tions in the study area. These data too served as inputs during model
conceptualisation. Groundwater levels obtained from 48 hand-dug
wells and boreholes together with the corresponding surface elevations
of data points were used to calculate the hydraulic heads. These para-
meters are useful during calibration of numerical model.

The primary data included water samples collected from open wells,
boreholes and surface water sources. These data were analysed in the
laboratory for chloride and stable isotopes of oxygen and hydrogen (18O
and 2H). The isotope data assisted in the determination of the con-
tribution of recent rainwater to groundwater recharge in the study area
(Yidana et al., 2014). Isotope analysis of water samples was carried out
in the Isotope laboratory of the Department of Earth Science, University
of Ghana, using the Picarro L2120-i Isotopic Water Analyzer following
standard procedures as prescribed in the manual (Picarro Inc, 2012).
The instrument has a precision of< 0.05‰ and< 0.3‰ for δ18O and
δD respectively. Results of the analysis were reported in terms of the
isotopic ratios of 18O and 16O, and 2H and 1H, relative to the Vienna
Standard Mean Ocean Water (VSMOW) (thus delta values, δ) in per mil
(‰) as defined by the International Atomic Energy Agency. The data
was normalised and reported in the delta notation according to equa-
tions (1) and (2) (Coplen, 1994). Chloride data on the other hand was
used to estimate groundwater recharge based on the chloride mass
balance (CMB) technique based on equation (3).
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where R, Cl(p), Cl(gw) and P are respectively recharge rate, amount of
chloride in precipitation, amount of chloride in groundwater and
average annual precipitation. These datasets were carefully studied and
compared with the known geology and hydrogeology of the study area
to ensure coherency and precision, and processed into usable formats
for adequate conceptualisation of the domain. The conceptual model
was subsequently converted into a numerical model for steady state
simulation.

3.2. Groundwater flow modelling

3.2.1. Conceptualisation of model domain
Conceptualisation of the domain is prerequisite to the construction

of any numerical model. Model conceptualisation aids the determina-
tion of the fundamental processes in numerical groundwater flow
modelling and simplifies the field problems and associated field data
such that the system can be readily analysed (Kyei-Baffour et al., 2013).
Based on the collated historical data (lithological logs and groundwater
levels data) and results of hydrochemical analysis, together with known
geology of the area, the hydrogeological framework of the study area
was conceptualised using the Groundwater Modelling System, GMS
10.3 (Aquaveo, 2018). Defining the geological framework of the do-
main being modelled is an important step to conceptual modelling. This
included the thickness, lithology, structures, confining units and con-
tinuity. The geological framework was established using borehole logs,

Fig. 2. Geological map of the study area.
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geological maps, digital elevation model (DEM) and field mapping.
Borehole lithological logs were properly defined, and the various
lithologies encountered at various depths in each borehole formed the
basis for lithostratigraphic modelling. GMS lithostratigraphic modelling
is based on a robust Inverse Distance Weighting (IDW) interpolation
technique which uses the top and bottom elevation of each lithology
encountered in the boreholes to define the final model thickness and
lithological variations along the domain by interpolation to fill cross-
sections between holes. The domain was conceptualised as a single
layer with spatial variability in thickness as a result of the partial
homogeneity in the lithology and hydraulic properties, coupled with
limited drill log data. The lower limit of the aquifer or the fresh granitic
layer at the bottom of the aquifer was conceptualised a no-flow
boundary or confining layer to reflect the low hydraulic conductivities
of the impervious rock, while the upper limit of the domain was con-
ceptualised as unconfining to represent the predominant conditions of
direct vertical recharge from precipitation as reported in previous si-
milar studies within the Voltaian (Yidana et al., 2015, 2011, 2008).

The flow of groundwater is also controlled by the surface topo-
graphy and configurations of the groundwater table, as such, these were
analysed and factored in as part of the conceptualisation process.
Another vital aspect of model conceptualisation is to define the
boundary conditions of the domain. Defining these conditions shows
how the boundaries of the model domain interact with the immediate
environment; as to whether there is flow in and out of the model do-
main or not, and the extent of such an interaction. Groundwater head
configuration in the study area was found to be almost an exact replica
of the topography (Fig. 3a and b); whereby high hydraulic heads are

observed in high elevation areas and low hydraulic heads observed in
low elevation areas.

Based on field survey coupled with DEM (Fig. 3c), elevation data
and groundwater head distribution in the area (Fig. 3b), the vertical
boundaries of the model were defined. The existence of hills at the
northern and western parts of the area suggests a possible physical
boundary which could serve as a groundwater divide, therefore pre-
venting flow across the boundary. Fig. 3b also shows that, the water
table contours are perpendicular to the boundary. This is in line with
the general hydrogeological knowledge of flow orthogonality, whereby
flow of groundwater is usually perpendicular to the water table surface.
Based on these observations, no flow boundaries have been assigned to
these portions of the entire boundary. Other parts of the boundary were
defined as flow-dependent; indicating that the extent of interaction
between the model boundary and its immediate environment, in terms
of groundwater flow is mainly dependent on the hydraulic gradient and
properties of the geologic material at that point. These boundary con-
ditions were adequately digitised and represented in GMS based on
MODFLOW.

The study area is also bounded by several rivers and tributaries
during the rainy season but in the dry season, most of the tributaries dry
off leaving only portions of the Red and White Volta rivers flowing
through the eastern and southern portions of the boundary of the dis-
trict. The White Volta river meanders in and out of the district till it
flows down towards the south-western part of the district. The river
network was adequately digitised and incorporated into the model, and
river conductance and stage and bed elevations assigned accordingly
(Fig. 3d). The domain was partitioned for recharge and hydraulic

Fig. 3. Conceptualisation of the study area: (a) elevation contours (msl), (b) hydraulic head distribution, (c) digital elevation model and (d) conceptualisation of
domain boundary conditions.
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conductivity coverages. Hydraulic conductivity values were assigned
based on estimates from pumping test, the geology of the zone and
guided by similar works done within the Voltaian (Darko, 2015;
Obuobie et al., 2012; Yidana et al., 2014). Assigned values ranged be-
tween 0.001m/day and 65m/day, whilst maintaining a vertical ani-
sotropy of 3m/day. As a result of the sparse vegetation and topographic
variations, groundwater recharge from precipitation in the district is
expected to be highly variable, hence the domain was divided into nine
(9) main recharge zones and values assigned based on geology, pre-
cipitation data, topography, pseudo-confining conditions, isotopic sig-
natures at each zone and recharge estimates by CMB method. Assigned
recharge ranged between 2% and 5% of the average annual precipita-
tion of 980mm/year (5.2× 10−5 m/day and 1.3×10−4 m/day) as
reported by previous researches within the Voltaian (Darko, 2015;
Obuobie et al., 2012; Yidana et al., 2014).

Characterisation of the groundwater flow system is essential to
comprehending its movement through the district. Measured hydraulic
heads were used to define likely groundwater flow directions, hydraulic
gradient, recharge and discharge zones. Hydrochemical analysis of
groundwater also provided qualitative insight into the flow geometry of
groundwater in the district. Also, hydraulic heads for the wells were
incorporated in the conceptual model, as an observation head coverage.
The top and bottom elevations of the wells were imported as 2D scatter
points and interpolated to define the model thickness. Forty-eight (48)
wells were used for the model calibration, details of which are shown in
Table 1.

3.2.2. Choice of code, numerical simulation and model calibration
Myriad numerical codes are available in the literature that are used

for the simulation of regional and local groundwater flow systems as
also asserted by Yidana and Chegbeleh (2013). However, the modular
finite difference code, MODFLOW (Harbaugh et al., 2017), within the
Groundwater Modelling System (GMS) version 10.3 (Aquaveo, 2018)
was chosen to simulate the groundwater flow system in the study area,
due to its demonstrated application and reliability in previous studies.
It has been very well tested and used successfully in many modelling
situations (Yidana et al., 2013).

The model consisted of 6569 active uniform cells from a 120×100
row and column grid discretised over the domain. The conceptual
model was then converted into a numerical 3D modular finite

difference model based on MODFLOW (Harbaugh et al., 2017), in GMS,
so as to enhance simulation of the initial conditions and allow for model
predictions.

Prior to using a model for prediction, the model must be fully ca-
librated to match field-measured parameters of the system under con-
sideration. Model calibration refers to varying model input parameters
within a specified range guided by literature and other field measure-
ments till the model computed output matches the observed field
conditions with an acceptable margin of error. Models can either be
calibrated under steady state or transient conditions (equations (4) and
(5)). Steady state model simulations eliminate the time terms in the
governing equations (equation (4)) and provide a snapshot of the hy-
draulic conditions in a stable aquifer system. The current model was
calibrated under steady state conditions (convertible) to give a snapshot
of the hydraulic conditions of the domain in an equilibrium state. Ca-
librated steady state parameters are usually used as initial conditions
for transient calibrations for better representation of the groundwater
system.
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where Kxx, Kyy, and Kzz are respectively, the hydraulic conductivities
(LT−1) which can vary in the x, y and z directions, whereas h, W, SS and
t are the hydraulic head (L), sources/sinks (L3T−1), specific storage and
time (T) respectively.

The model was calibrated to hydraulic head data collected in the
study area, by altering assigned hydraulic parameter such as hydraulic
conductivity values and recharge. The calibration was a combination of
both manual and automated calibration. Manual calibration involved
“trial and error”, in which small changes were made to input para-
meters, mapped to MODFLOW and ran each time. Though this type of
calibration is time consuming, it allows the modeller to deduce un-
derstanding of the system in the calibration process, as well as pro-
viding hint to the modeller on the hydraulic parameters that most im-
pact the model. The automated calibration on the other hand was
carried out using Parameter Estimation (PEST). In this method of ca-
libration, the value of the parameter within each zone is interpolated

Table 1
Summary of wells used for model calibration.

ID Easting Northing Elevation (m) SWL (m) Head (m) ID Easting Northing Elevation (m) SWL (m) Head (m)

CWS01 758786.68 1185239.68 204 2 202 CWS25 734496.37 1181622.62 182 2 180
CWS02 758154.58 1187746.88 223 8 215 CWS26 733806.16 1172821.53 178 2 176
CWS03 757667.75 1188440.32 209 3 206 CWS27 735328.02 1172161.99 151 1 150
CWS04 733173.82 1186048.50 173 13 160 CWS28 733022.17 1176740.97 169 2 167
CWS05 745263.59 1193769.54 232 6 226 CWS29 738289.13 1178753.84 168 3 165
CWS06 739737.32 1186315.90 187 3 184 CWS30 736315.03 1180639.46 192 3 189
CWS07 741098.79 1188726.75 199 5 194 CWS31 736712.18 1180795.91 191 2 189
CWS08 740550.37 1187383.95 196 4 192 CWS32 740016.43 1185537.19 190 3 187
CWS09 760121.25 1182483.35 210 7 203 CWS33 740234.40 1185661.69 191 1 190
CWS10 751080.07 1191378.21 261 9 252 CWS34 744196.88 1185416.63 181 2 179
CWS11 754371.64 1190185.77 191 5 186 CWS35 744258.17 1185349.45 181 2 179
CWS12 748491.74 1190728.18 222 5 217 CWS36 749120.95 1186291.83 185 5 180
CWS13 750109.34 1186557.36 191 3 188 CWS37 751609.83 1186387.19 189 1 188
CWS14 733379.15 1176910.62 171 9 162 CWS38 751666.91 1186071.01 185 2 183
CWS15 744752.49 1185842.99 191 9 182 CWS39 733843.74 1185432.30 171 7 164
CWS16 755410.50 1168504.21 157 8 149 CWS40 756294.66 1185933.78 189 2 187
CWS17 757018.06 1187538.98 194 3 191 CWS41 757834.26 1184958.79 191 2 189
CWS18 739768.89 1184955.13 199 10 190 CWS42 761142.72 1175393.32 189 4 185
CWS19 763339.95 1176753.64 233 3 230 CWS43 760671.37 1180929.06 174 3 171
CWS20 756462.93 1174155.78 210 3 208 CWS44 762978.40 1178281.72 142 5 137
CWS21 727282.62 1183463.46 155 9 146 CWS45 757081.07 1167994.17 138 5 133
CWS22 722416.86 1174579.98 148 8 140 CWS46 755848.46 1175393.01 143 5 139
CWS23 734282.14 1181390.62 170 4 166 CWS47 732858.22 1185536.12 179 7 172
CWS24 734121.71 1181730.67 176 7 169 CWS48 733754.92 1181580.60 177 2 175
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from values assigned to the pilot points or polygons in it, whilst the
inverse model estimates values at each point by readjusting the pilot
point/polygon values to minimise the objective function. Optimal bal-
ance between the observed and computed heads were determine by
comparing error statistics, such as Root Mean Square error (RMS),
Mean Absolute Error (MAE) and Mean Error (ME) (Kyei-Baffour et al.,
2013).

3.2.3. Sensitivity analysis
Sensitivity analysis is the assessment of model input parameters to

measure model stability and their effect on model outputs (Anderson
and Woessner, 1992). Sensitivity analysis also is inherently part of
model calibration, hence highly sensitive parameters are the most im-
portant parameters that cause the model to match observed values. A
model that is highly sensitive to a particular parameter is considered
unstable and therefore, not suitable for predictions. In this study, sen-
sitivity analysis was carried out to identify model parameters and
boundary conditions that influenced the model results. This was auto-
matically done through PEST and histograms were generated at the end
of the calibration to indicate parameter sensitivities. The model was
well calibrated against the recharge rates and hydraulic conductivity.

3.2.4. Scenario analysis
Although a transient model is best fit for scenario analysis, since it

can sufficiently depict fluctuations in groundwater storage. However, in
the absence of transient data, the steady state model was used in a
limited manner to simulate various scenarios of stresses on the under-
lying aquifer. Initial flow rates assigned to the wells were estimated
based on the daily water consumption of 70 L per capita, applied to the
total population size of 81,194 people in the district (Talensi District
Assembly, 2014). A total of 5684m3/day abstraction rate was dis-
tributed among the twenty-two (22) abstraction wells across the district
which led to the various abstraction rates assigned per well. It is no-
teworthy that the total abstraction wells or groundwater outlets in the
district far exceed twenty-two (22), and this number was only used for
purposes of the scenario analysis in this study.

Abstraction rates were increased by 10%, 20%, 50%, 100%, 200%
and 500% whilst maintaining recharge at the calibrated rates in the first
scenario, to simulate the impacts of population growth, industrialisa-
tion and urbanisation and the corresponding increasing demands on
groundwater. In the second scenario, the recharge was consciously re-
duced by 10%, 20%, 40% and 60% whilst abstraction rates were in-
creased at 10%, 20%, 50%, 100%, and 150%. This was also to simulate
the possible impacts of climate change which might lead to reduced
recharge rates in the wake of increased water demands.

4. Results and discussion

4.1. Lithostratigraphy and aquifer zone

From the twenty-two (22) borehole lithological logs reviewed, a
stratigraphic model of the terrain was developed. The 3-dimensional
(3D) geological model (Fig. 4) suggests that, the domain is char-
acterised mainly by granite of various degrees of weathering with
patches of sandy clay and lateritic materials in the southwestern and
northern portions respectively. Weathered quartzite, sandstones and
gneisses of variable spatial thickness and extent underlie the weathered
granite in the northern and southern portions of the district. Within the
limits of the boreholes used, the model suggests the entire district is
underlain by fresh granite of variable thickness ranging between 5 and
20m, therefore imposing confining conditions at the bottom. The
variably weathered materials overlying the fresh granitic rocks at the
bottom do not suggest any constraining conditions to vertical recharge
and hence is indicative of unconfining conditions at the top of the
aquifer. However, the degree of vertical recharge is controlled mainly
by the hydraulic conductivity and permeability of the geologic

materials. Generally, the aquifer zone appears to be within the weath-
ered granite, sandstone and gneiss.

4.2. Hydraulic potential field

The calibrated steady state model showing the hydraulic head dis-
tribution and flow geometry of groundwater across the district is pre-
sented in Fig. 5. The model shows a reasonably good match between the
field measured (observed) hydraulic heads and the model computed
heads of the 48 boreholes used for calibration (Fig. 6), with a root mean
squared residual (head) of 0.90. This suggests that, the model-estimated
parameters are reasonably representative of the hydrogeologic condi-
tions of the modelled domain within the limits of the data used, and
therefore the model is deemed fit for fairly reliable prediction of various
scenarios of abstraction and other stresses on the aquifer system. The
highest hydraulic heads are in the eastern and south-eastern sections of
the study area. There is a general northeast-southwest flow pattern with
a few local flow systems, which cannot be clearly defined. Yidana et al.
(2010, 2013) observed similar flow patterns in the crystalline basement
aquifers of the Birimian in southeastern and southwestern Ghana.

The general flow pattern appears to follow the topographic config-
urations of the district, which is in keeping with the fact that the water
table is usually a subdued replica of the surface topography; where
topographic highs and lows are respectively identified as recharge and
discharge zones. The hydraulic heads in the area generally range from
80m to 284m (Fig. 5), and suggests good fortunes for potential
groundwater development for irrigation and industrial activities in the
district which could go a long way to support the livelihood of the in-
digents, especially in the long dry season.

4.3. Hydraulic conductivity field

The horizontal hydraulic conductivity (K) field in this study was
estimated using pilot points in automated parameter estimation (Hill
et al., 2000) method. The resultant model-calibrated hydraulic con-
ductivity field (Fig. 7) suggests a highly heterogeneous system, with
values varying between 0.001m/d and 58.396m/d. The K values ap-
pear not to vary according to the geological formations in the district,
however the highest and lowest values occur within the crystalline
basement rocks of the Birimian, which suggests good fortunes in terms
of groundwater delivery and potential groundwater development. This
ties in well with the assertion that aquifers of the Birimian Supergroup
are among the most prolific in terms of groundwater delivery in Ghana
(Banoeng-Yakubo et al., 2010). However, the largest portion of the
district has hydraulic conductivity values which fall within the range of
0.001–6.5 m/d, although there are patches of high hydraulic con-
ductivity values in the central, western and south-eastern sections of the
district, a phenomenon Yidana et al. (2015) attribute to deep seated
fracturing/weathering of the rocks. The groundwater flow pattern
seems not to have any trend with the hydraulic conductivity field,
which also suggests that horizontal hydraulic conductivity varies sig-
nificantly from vertical hydraulic conductivity which controls vertical
groundwater recharges and that baseflows may be the main source of
groundwater recharge in the domain (Yidana et al., 2013).

4.4. Model estimated groundwater recharge

Fig. 8 presents the spatial distribution of model estimated vertical
groundwater recharge for the Talensi District. The recharge values
range between 4.23×10−3 mm/day and 8.97×10−2 mm/day which
translates into 0.16% and 3.34% of the annual precipitation in the
district. These values are within the ranges reported by Attandoh et al.
(2013) and Yidana et al. (2010) for aquifers in the Voltaian and Bir-
imian in northern and southeastern Ghana. The quantification of
groundwater recharge is essential for effective management of the re-
source, because it forms the basis for allocating groundwater
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abstraction rates. Vertical groundwater recharge is however determined
to a large extent by the permeability and hydraulic conductivity of the
rock matrix through which the water flows. The hydraulic conductivity
field as established in this study is not homogeneously distributed in the
rock mass, and because the permeability of fractured systems is highly
sensitive to the fracture aperture and degree of fracture connectivity, it
is very difficult to predict groundwater recharge in crystalline rocks,
especially using models. However, a properly constructed and cali-
brated model can be used to sufficiently assist in understanding the
regional hydrogeology of an aquifer (Ophori, 1999).

4.5. Recharge estimation using chloride mass balance

The estimated recharge using CMB method ranged between 0.55%
and 21.73% with an average of 2.07% of the average annual pre-
cipitation in the district. These results are in tandem with recharge
estimates by Obuobie et al. (2012) within the Upper East Region, which
ranged between 3% and 19% of the average annual precipitation of

990mm/year using the CMB approach.
Fig. 9 presents the spatial prediction map of groundwater using the

point estimates of recharge from the CMB technique based on inverse
distance weighting (IDW) technique (RMSR=0.26). Prior to the spatial
interpolation, the recharge rates were log transformed to approximate
normality, for optimal statistical analysis since the dataset is stationary
already. The prediction map (Fig. 9) shows a highly variable recharge
rate with no well-defined pattern. The high variability in recharge is
attributable to the diverse prevailing soil and topographic conditions
which characterise the district, which might result in different in-
filtration rates across the district. Notwithstanding the heterogeneity,
high recharge rates appear to occur around Tula and Bingo, in the
north-east portions of the district whilst the lowest values occur around
Pwalugu and Shia in the northern and eastern sections of the district.
High elevation areas are associated with high rainfall events as a result
of the interaction of topography with the atmosphere (Subarna et al.,
2014). As such, based on the CMB assumptions, chloride concentrations
decrease with elevation as a result of high precipitation, low

Fig. 4. 3D geological model developed from the borehole logs.

Fig. 5. Calibrated hydraulic head distribution.
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temperatures and associated low evaporation rates. Although the ele-
vations of the district are relatively flat and do not vary much
(400m–100m), the district still exhibits direct positive relationship
with precipitation (or recharge) and inverse relation with chloride
concentration in groundwater with elevation (Fig. 10), which suggest
chloride in the district is of meteoric origin (Houston, 2007).

4.6. Groundwater recharge characterisation

4.6.1. Isotope analysis
Stable isotope content of rainwater, rivers, dams and groundwater

are presented with a box and whisker plots shown in Fig. 11. Rainwater
and river water samples seem to show the highest ranges and variations
in δ2H and δ1⁸O among the various water sources in the district
(Fig. 11a). δ2H and δ1⁸O values for rainwater range from −79.18 to
−12.19, and −10.15 to −1.75, with standard deviations of 17.34 and
2.19 respectively. River water samples on the other hand have δ2H and
δ1⁸O ranges from −20.29 to 4.09, and −3.5 to 1.2, with standard
deviations of 10.23 and 2.06 respectively (Table 2). However, isotopic
contents of δ2H and δ1⁸O for the river water samples are generally
higher than those displayed by the rainwater, indicating that water
from the rivers is more enriched in stable isotopes than rainwater

within the district; the high standard deviations of rivers reflect the
widespread variety of environmental settings prevailing in the area.
Rivers are usually exposed to impact of several weather conditions such
as high temperatures and evaporation rates as the water transits from
one location to another, hence the enrichment and high variability in
the isotopic composition (Addai et al., 2016). Besides the contribution
of the Gulf of Guinea to precipitation in the region, re-evaporated water
from surface water bodies such as rivers and streams in the region play
a role in the isotopic signatures of rainwater in the area, and thus reflect
the wide range of sources and conditions. Low atmospheric humidity is
also known to cause evaporation of rain drops, leading to isotope en-
richment of rainwater (Addai et al., 2016).

Furthermore, isotopic signatures of δ2H and δ1⁸O in groundwater
and dam water in the district appear to display small ranges and de-
viations relative to rainwater and river water. The exhibited isotopic
contents of δ2H and δ1⁸O are in the range of −27.85‰ to −9.33‰,
and −2.43‰–1.51‰ respectively for groundwater, and dam water in
the range of −2.55‰–9.96‰ and 1.92‰–5.12‰ respectively,
whereas standard deviations for δ2H and δ1⁸O in groundwater and dam
water are respectively 3.25‰ and 0.66‰, and 4.83‰ and 1.06‰
(Table 2). The apparent relative homogeneity of the groundwater data
suggests that similar factors such as the sources of recharge might be

Fig. 6. Calibration plot showing observed versus computed water levels.

Fig. 7. Calibrated hydraulic conductivity field showing the variations of the horizontal hydraulic conductivity distribution in the district.
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similar in space and/or in time, hence influencing the isotopic sig-
natures as exhibited by groundwater in the area.

The outliers in the groundwater isotopes (Fig. 11) are attributable to
evaporative enrichment of groundwater in areas where groundwater
levels are close to the surface conditions, hence affected by evaporation
under high ambient temperatures and low relative humidity; conditions
common on the surface. This is particularly true for the long dry season
period in the area which was the time of sampling for this study. This is
consistent with the assertion by Addai et al. (2016), that evaporation is
an active process in groundwater at 3m below the ground surface in
some portions of the White Volta basin in northern Ghana.

Deuterium-excess (d-excess) has also been computed (based on

equation (6)) for the various water sources in the district and presented
below (Table 2 and Fig. 12). Deuterium-excess aids in the determina-
tion of vapour sources in a region which eventually forms precipitation
that recharges groundwater or surface water bodies. Rainwater and
water from rivers show the highest variations and ranges in d-excess
values, with mean values of 9.85‰ and 4.31‰ respectively (Fig. 12).
The d-excess value defined by the GMWL (Craig, 1961) is 10‰ (ac-
cording to equation (6)), hence d-excess values below this value suggest
a relative evaporative enrichment.

D-excess= δ2H‰ - 8δ1⁸O‰ (6)

The mean values of d-excess for all the water sources sampled are

Fig. 8. Model estimated vertical groundwater recharge rate.

Fig. 9. Chloride mass balance estimates of recharge in Talensi District.
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below 10‰ (Table 3), suggesting relative evaporative enrichment in
rainwater, rivers, dams and groundwater in the district as compared to
that of the GMWL. Dam water shows the lowest d-excess values fol-
lowed by groundwater, river water and rainwater respectively. Addai
et al. (2016) attribute low d-excess values in rainwater to kinetic
fractionation, following evaporation of rain drops which eventually
results in enrichments in heavier isotopes in rainwater. The relative
evaporative enrichment of rainwater is characteristic of the district
which is characterised by low annual rainfall, low humidity, high
temperatures reaching 45 °C and persistent high wind speeds which
result in the evaporation of rain droplets in the course of the event.

4.7. Relative evaporation lines for rainwater, groundwater and surface
water

To understand the evaporative enrichment or otherwise of the dif-
ferent sources of water sampled in the district, a comparative analysis is
carried out by comparing linear plots of precipitation, surface water
sources (rivers and dams), groundwater and the GMWL, and estab-
lishing the relationships that exist among them. Craig (1961) estab-
lished a linear relationship between δ2H and δ1⁸O in precipitation de-
fined by the GMWL (equation (7)). The stable isotopes values of
groundwater, surface water sources in the district and rainwater sam-
ples collected from Navrongo Meteorological Station have been plotted
on a binary plot (Fig. 13). The linear plot of δ2H versus δ1⁸O in rain-
water with a regression line was used to derive the Local Meteoric

Water Line (LMWL) for the district (equation (8)) to aid discussions of
the results.

δ2H=8δ1⁸O + 10 (7)

δ2H=7.3 δ1⁸O + 7.8 (8)

The LMWL presents a gradient and intercept of 7.3 and 7.8 re-
spective, both of which are lower than that displayed by the GMWL,
hence corroborating that rainwater is indeed relatively enriched in
stable water isotopes compared to the GMWL. This enrichment in iso-
topic composition is attributable to evaporation as a result of climatic
conditions in the district such as the low relative humidity, high tem-
perature and windy conditions in the dry season, which Gonfiantini
(1986) suggest could lower the slope of the LMWL. However not all the
rainwater samples plot below the GMWL (Fig. 13), which indicates that
the isotopic composition of precipitation in the district is highly vari-
able and do not deviate significantly from the GMWL.

All other water sources such as the rivers, dams and groundwater
plot below the GMWL, with different levels of departure from the re-
gression lines for the GMWL and LMWL. These departures are attribu-
table to relative evaporative enrichment in the isotopic composition of
these other water sources in the district, since the study area in char-
acterised by high temperature and low relative humidity which rarely
exceed 80% (Addai et al., 2016; Afrifa et al., 2017).

The regression line for the rivers in the district (equation (9)), unlike
the precipitation present a very shallow gradient with a corresponding
negative intercept; which suggest rivers in the district are highly

Fig. 10. Relationship between (a) groundwater recharge estimated through CMB versus elevation (m.a.s.l) and (b) chloride concentration in groundwater versus
elevation (m.a.s.l) in the study area.

Fig. 11. Box plots for δ2H‰ (a) and δ1⁸O‰ (b) from various water sources in the district.
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affected by evaporative effects. The relatively high evaporation of rivers
is quite logical, since these water bodies are exposed to multitude ad-
verse weather conditions such as high temperatures, low relative hu-
midity and high wind speeds for prolonged periods of time thereby
allowing substantial amounts of the river water to evaporate.

δ2H=5.15δ1⁸O – 2.95 (9)

Equation (9) is in tandem with assertions that relative humidity
below 100% during precipitation could result in a δ2H–δ1⁸O plot line
gradient that results from precipitation to be 5 ± 2 (Gonfiantini,
1986). The high variation associated with the river water (Table 2)
suggest that the river waters traversed and transited different en-
vironmental conditions to the various locations where they were sam-
pled. Rivers are also known to be recharged by baseflow, interflow, and
contributions from tributaries which represent different water sources
(Addai et al., 2016), and hence the high variation and deviation in the
isotopic signatures of river waters. Groundwater on the other hand
presents an even shallower slope with a negative intercept (−16.2)
(equation (10)). This could have resulted from evaporation of pre-
cipitation at the time of recharge to groundwater or evaporation on the
free surface or raindrops before infiltration into the soil zone (Addai
et al., 2016; Afrifa et al., 2017; Pelig-Ba, 2010) or isotopic exchange

with aquifer materials such as silicate minerals richer in δ18O
(Domenico and Schwartz, 1990).

δ2H=4.3δ1⁸O - 6.2 (10)

The regression equation obtained for groundwater by Pelig-Ba
(2010) (equation (11))

δ2H=5.7δ1⁸O – 7.3 (11)

Comparing the regression line obtained by Pelig-Ba (2010) for
groundwater in the Northern Region of Ghana; which has almost si-
milar climatic conditions (dry savanna zone) as the current study area,
it is clear that groundwater in the study district is more enriched in
heavy isotopes. Generally, groundwater is usually depleted in stable
water isotopes than surface water sources, due to the exposure of sur-
face water to the weather conditions in a place (potential evaporation),
however in this particular study, the groundwater seemed enriched
than water from the rivers. This might have resulted from an upstream
precipitation event that occurred around the period of sampling,
therefore diluting the isotope composition of rivers in the area which
resulted in the river waters being less enriched than the groundwater.
This assertion is corroborated by the relatively high enrichment of
water samples from the dams which are more localised and could not
have been affected by this probable upstream precipitation event. The
relative depletion of heavier isotopes in the Northern Region from
Pelig-Ba (2010) study however is attributable to direct recharge from
local precipitation from preferential flow through macro pores to the
groundwater with low level of mixing with fresh precipitation (Clark
and Fritz, 1997).

Dam water stable isotope data displayed the highest enrichment,
with the lowest slope of 3.9 (equation (12)). This is logical owing to the
fact that dams generally have large surface areas, hence more of the
water is exposed to the direct sunlight, heat and air, as a result, in-
creasing evaporation rate of the water.

δ2H=3.9δ1⁸O – 11.9 (12)

4.8. Relationship and interaction between various water sources

It is obvious for the various water sources in the district to display
common relationships since they most likely derive from the same
source–precipitation. However, isotope analysis can be used to under-
stand the nature and extend of these interactions and relationships.
During precipitation events, the water normally collects in channels and
on the land surface as runoffs and transported into depressions such as
dams and rivers or falls directly into these rivers and dams. As such the
surface water sources exhibit isotopic composition close to the local
precipitation in the area as shown by the plots in the green enclosure
(Fig. 14). Some of the surface water (plots in purple and yellow en-
closures) plot drift away from the precipitation plots, which indicates
the possible evaporations of these water sources. However, some river
water and groundwater show some close relationship (purple en-
closure) although the river water is suspected to have been diluted by a
possible recent precipitation event upstream (Fig. 13). The orange

Table 2
Statistical summary of isotope data.

δ1⁸O‰ (Rain) δ1⁸O‰ (Rivers) δ1⁸O‰ (Dam) δ1⁸O‰ (GW) δ2H‰ (Rain) δ2H‰ (Rivers) δ2H‰ (Dam) δ2H‰ (GW)

Mean −8.278 −1.734 3.124 −1.308 −56.376 −11.464 .226 −21.759
Median −8.913 −2.820 2.949 −1.406 −57.566 −16.410 −1.499 −22.452
Mode −10.150 −3.500 1.924 −2.427 −79.180 −20.290 −2.549 −27.856
Std. Deviation 2.198 2.057 1.061 .664 17.335 10.233 4.837 3.255
Variance 4.830 4.229 1.126 .441 300.517 104.710 23.395 10.593
Range 8.41 4.7 3.200 3.934 66.993 24.38 12.509 18.530
Minimum −10.15 −3.5 1.924 −2.427 −79.180 −20.29 −2.549 −27.856
Maximum −1.75 1.2 5.124 1.507 −12.187 4.09 9.960 −9.326

Fig. 12. Deuterium-excess distribution in the various water sources in the
district.

Table 3
Statistical summary of deuterium-excess for various water sources.

D-excess Groundwater Rain Rivers Dam

Mean −11.29 9.85 4.31 −24.77
Minimum −21.38 1.2 −7.42 −31.03
Maximum −7.38 15.26 15 −15.94
Range 14 14.06 22.42 15.09
Std. Deviation 2.96 5.63 8.76 5
Skewness −1.25 −0.66 −0.3 1.05
Std. Error Skewness 0.38 0.64 0.79 0.85
Kurtosis 2.65 −1.43 −1.67 2.3
Std. Error Kurtosis 0.74 1.23 1.59 1.74
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enclosure also suggests direct recharge of groundwater from pre-
cipitation with little mixing, which could occur through cracks and
crevices which characterise the Basement Complex (Pelig-Ba, 2010)
that underlie the study area. The river water sample which plots close
to the groundwater sample in the purple enclosure is a well sampled in
Pwalugu, about 0.8 km away from the White Volta river, and therefore
suggest a hydraulic connection between the river and groundwater. The
degree of this interconnection is however determined by the

conductance of the river bed.

4.9. Spatial distribution of stable isotopes in Talensi District

The isotope data of δ2H and δ1⁸O in the district appear to be vari-
ably distributed and not in a particular direction based on the un-
defined spatial pattern. This suggest different soil materials with dis-
similar porosity ranges overlie the district, as a result precipitation

Fig. 13. Biplot of stable isotopes of δ2H versus δ1⁸O comparing regression lines of rainwater, rivers, dam water, groundwater and the global meteoric water line.

Fig. 14. Relationships between rainwater, surface water sources and groundwater.
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interact diversely in the unsaturated zone before recharging ground-
water. However, the ranges and means of isotope data in the geologic
units suggest that groundwater in the south-eastern parts of the district,
the Voltaian is more depleted in δ2H and 1⁸O isotopes than the
Basement complex (northern and central parts) (Fig. 15). This could be
attributable to the relatively high secondary porosity in the Voltaian
than the Basement Complex which is characterised by crystalline rocks
such as granite and monzonite. This gives rise to preferential flow of
precipitation through faults, cracks and crevices in the Voltaian, as
result not allowing a high level of mixing of the rainwater prior to re-
charge of groundwater, hence the high levels of isotopic depletion in
the Voltaian. Pelig-Ba (2010) made a similar observation in the
Northern Region of Ghana where the underlying geology is similar to
that of the current study area. The south-western portions of the study
area appear to display enrichment in stable water isotopes, with patches
of high values also occurring around the north-eastern portions
(Fig. 15). The enrichment around the south-western portion is asso-
ciated with the Eburnean Plutonic Suite which underlies it. The Ebur-
nean Plutonic Suite are mainly granitoid intrusions of the Basement
rocks in the area, and are therefore characterised by very low porosities
associated with crystalline rocks. Hence precipitation on this geologic
material takes time to finally recharge groundwater, allowing the local
precipitation in the soil zone to be exposed to the weather conditions

such as the sunlight and evaporation for long periods of time, conse-
quently resulting in enriched isotopic signatures in that portion of the
district as a result of the evaporation.

The isotope data suggest that prior to, and in the process of in-
filtration and final recharge of groundwater, precipitation and water in
the soil zone undergo evaporative enrichment such that the water that
finally recharges groundwater is rich in heavier isotopes than the local
and global meteoric water. This suggest that evaporation significantly
affect the quantity of precipitation that recharges groundwater in the
district, hence projected rise in temperature as a result of climate
variability in the near future may increase evaporation of infiltrating
precipitation resulting in reduced groundwater amounts in the study
area.

4.10. Scenario analysis

Scenario analysis reveals the various pathways of change to
groundwater resources that may arise from certain coherent and cal-
culated assumptions, which ultimately leads to alternative possible
future states of the resource. Consequently, providing a dynamic and
flexible way of effectively evaluating the possible impacts, dangers,
benefits and management prospects arising from a variety of con-
ceivable future conditions. Scenario analysis in this study aimed at

Fig. 15. Spatial prediction maps of the stable isotopes of (a) δ2H‰ and (b) δ1⁸O‰ of groundwater samples in the study area.
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particularly identifying the sustainable maximum abstraction rates for
potential commercial uses from all wells through the underlying aquifer
and the possible impacts of recharge reduction resulting from potential
climate change impacts. Thus, abstractions rates that would maximise
groundwater usage for various purposes without actually negatively
impacting on the hydraulic head distribution in the district and
groundwater availability for future usage.

The steady state model was used to simulate the first scenario which
involved maintaining model-estimated recharge values whilst in-
creasing current abstraction for the wells by 10%, 20%, 50%, 100%,
200%, and 500%, whilst observing the impacts on the hydraulic head.
This assumption sought to factor in the impacts of populations growth
and the associated increasing water demand on model-estimated hy-
draulic head distribution in the district, in an instance where basin-
wide groundwater recharge is maintained at the present rate.

Th effects of applying the first scenario are presented in Fig. 16 for
comparison with Fig. 6. It has been observed that increasing ground-
water abstraction through the existing wells by up to 100% do not
appear to have any noticeable effects on the groundwater levels under
the current recharge rates of 1.54–32.74mm/year, and that the system

could sustain increased abstractions by up to five folds (500%). How-
ever, significant changes from calibration and general groundwater
flow patterns was evident, with the cones of depression of the ab-
straction wells widening as abstraction rates exceed 100%. The ob-
servation in this scenario implies that the underlying aquifer holds good
fortunes for potential groundwater development for large-scale ab-
stractions such as for irrigated agriculture and water demands asso-
ciated with urbanisation.

But for significant withdrawals beyond 100% of the current ab-
straction rate, such as for irrigated agriculture, groundwater recharge
would have to increase to sustain the fortunes of the aquifer. This is
however unlikely since climate variability has been predicted to impact
rainfall negatively, leading to reduced groundwater recharge (CSIR-
WRI, 2000; EPA, 2008) especially in arid and semi-arid areas such as
the current study area. Similarly, the model does not support increasing
abstraction rate beyond 500%, as it causes a drastic reduction in the
hydraulic heads and changes the flow pattern in the domain. Over
abstraction of groundwater from the aquifer without allowing adequate
time for the system to replenish through vertical recharge or lateral
inflow can lead to depletion of the resource. This could consequently

Fig. 16. Observed versus computed hydraulic head after (a) 10%, (b) 20%, (c) 50%, (d) 100%, (e) 200% and (f) 500% increase in abstraction rate from 22 wells.
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affect the entire ecosystem; causing land subsidence in some portions of
the district, wiping-out some organisms and negatively affecting the
livelihood of indigents.

It has been projected that predicted global changes in temperature
and precipitation will modify regional climates and hydrologic systems.
Predicted changes on meteorological variables such as temperature and
rainfall can influence significant changes on aquifer recharge rates
(Jyrkama and Sykes, 2007), which can lead to important aquifer head-
level variations (Tall et al., 2012). Lemke et al. (2007) revealed that the
global mean surface temperature has increased by 0.6 ± 0.2 °C since
1861, and predicts a rise of about 2–3 °C over the next century. Tem-
perature rises, directly intensifies evaporation of surface water bodies
and evapotranspiration of vegetation. As a result, these changes can
impact precipitation amounts, periods and intensity rates, and in effect
incidentally impact the flow and storage of water in surface and sub-
surface reservoirs such as groundwater aquifers.

In arid and semi-arid areas climate variability is expected to cause a
decrease in groundwater recharge as a result of rising temperatures and
increased evapotranspiration, as indicated by the stable isotope analysis
in this study. As such a second scenario involved maintaining the in-
creased abstraction rates, whilst progressively reducing the current
recharge rate by 10%, 20%, 40% and 60%. This scenario sought to
assess the hydraulic head levels and groundwater flow patterns in the
wake of climate variability/change and its associated reduction in
groundwater recharge.

When the groundwater recharge rate was gradually reduced by
10%, 20%, 40% and 60% of the current rate at calibration, the
groundwater system only showed significant changes in drawdown and
flow patterns, after 40% reduction in recharge at the current abstrac-
tion rate (Fig. 17). This suggest that the groundwater system can sustain
current abstraction rates even in an instance where the recharge rate
declined by up to 40% of the current rate. However, 60% reduction in
the current recharge rate resulted in significant decline in hydraulic
head and changes in flow patterns, with some portions of the district,
mainly the central sections recording dry cells (Fig. 17d).

This observation therefore suggests that the underlying aquifer is
significantly augmented by vertical groundwater recharge from pre-
cipitation and in an instance where climate change leads to decline in
groundwater recharge by up to 40% of the current rate and abstraction
rate increases as a result of demands associated with urbanisation and
population growth by more than 100% of the current rate, the hy-
draulic heads would fall drastically to unsustainable levels and the
general flow patterns will be completely modified.

Although it has been established in this study that the aquifer in the
district is partly recharged by the White Volta river, however for the
aquifer to sustain commercial abstractions beyond 100% of the current
rate under conditions of reduced vertical recharge by more than 40% of
the current rate, deliberate efforts such as ditches, farm ponds, contour
bunds and so on would have to be made to enhance artificial vertical
recharge to augment the natural recharge process so as to improve the
availability of groundwater resources in the district.

5. Conclusion

The results of this study provide insight into the impacts of popu-
lation growth and climate change on groundwater resources in the
district, as well as estimates of hydraulic parameters of the aquifer
underlying Talensi District. A steady state groundwater model has been
calibrated for the crystalline aquifer of the district. The model reveals
an apparent dominant northeast–southwest groundwater flow pattern
influenced mainly by the hydraulic conductivity field of the district,
with local flow systems which are controlled mainly by local variations
in the topography. The flow patterns as revealed in this study is in
conformity with findings of previous works in northern Ghana and in
the Afram plains areas; which suggest that groundwater flow is struc-
turally controlled by discrete entities oriented in northeast-southwest
direction in line with the regional structural grain. The hydraulic con-
ductivity in the district is highly variable and estimated to range be-
tween 0.001 and 58m/day, which is consistent with the pumping test
data and within ranges cited in literature for similar rocks. The high

Fig. 17. Observed versus computed hydraulic head after (a) 10%, (b) 20%, (c) 40% and (d) 60% reduction in current recharge rate.
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variation in K is attributed to the various degrees of weathering and
fracturing of the crystalline basement rocks underlying the district.
Model calibration under steady state and CMB technique estimate
average groundwater recharge to be 19.60mm/year and 20.29mm/
year respectively which represents 2.00% and 2.07% of the annual
precipitation of the district respectively. The relatively low recharge
rates are associated with the low annual rainfall, low relative humidity,
high temperatures reaching 45 °C and persistent high wind speeds
which characterise the district, therefore resulting in evaporation of
rain droplets in the course of the event and during infiltration, as re-
vealed by stable isotope (δ2H and δ1⁸O) analysis. This is also consistent
with the assertion by other researchers who worked in the area, sug-
gesting that evaporation is an active process in groundwater at 3m
below the ground surface in some portions of the White Volta basin in
northern Ghana.

Notwithstanding the low recharge rates, this study reveals that the
aquifer is partly recharged by the White Volta River and holds good
groundwater fortunes and promise for potential commercial ground-
water development; as it can sustain increased abstractions by more
than 100% of the current rate given that the current recharge rate is
maintained. However, for the aquifer to sustain commercial abstrac-
tions beyond 100% of the current rate under conditions of reduced
vertical recharge by more than 40% of the current rate, deliberate ef-
forts such as ditches, farm ponds, contour bunds and so on would have
to be made to enhance artificial vertical recharge to augment the nat-
ural recharge process so as to improve the availability of groundwater
resources in the district.
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