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Abstract The groundwater flow system in a crystalline

aquifer system in parts of Northern Ghana was simulated

and calibrated under steady-state conditions. The objective

was to estimate the regional distribution of a key aquifer

hydraulic parameter (the hydraulic conductivity) and

recharge and also to predict possible effects of different

abstraction and groundwater recharge scenarios on the

sustainability of groundwater resources in the area. The

study finds that the hydraulic conductivity field is quite

homogeneous and has values ranging between 1.70 and

2.24 m/day. There is an apparent dominance of regional

groundwater flow systems compared to local flow systems.

This is probably attributed to the homogeneity in the hy-

draulic conductivity field and the absence of complex local

relief. Estimated groundwater recharge ranges between

0.036 and 0.164 m/yr representing 3.6 and 16.4 % of the

local annual precipitation, respectively. Substantial sub-

surface inflows and outflows have also been simulated

through general head boundaries. The simulation suggests

that under the current conditions of groundwater recharge

estimated at calibration, the system can sustain increment

in groundwater abstraction by up to 50 % without any

significant changes in the groundwater flow geometry and

drawdowns in the hydraulic heads. However, significant

drawdowns will be expected in the wake of 100 % incre-

ment in groundwater abstraction and a reduction in

recharge by 10 % during the 20-year period. Under such

conditions, the flow geometry will significantly be altered

and a reversal in groundwater flow will be observed.

Keywords Groundwater flow � Hydraulic conductivity �
Lawra district � Recharge

Introduction

The development and sustainable management of ground-

water resources to meet various needs in the society has

been understood to represent one of the major buffers

against the unremitting effects of climate change/vari-

ability in the spatial and temporal distribution in the pat-

terns of rainfall in Northern Ghana (Yidana 2013).

Currently, rain-fed agriculture is the mainstay of most of

the communities in the area. This practice is very much

dependent on the reliability of the rainfall patterns in the

area. Recently, the patterns have been observed to be quite

erratic apparently due to effects of climate change/vari-

ability. Crop losses attending these erratic rainfall patterns

in the country have been noted for sometime now. This is a

disincentive to agricultural practice and has thus led to a

mass exodus of the youth to urban centres in the south of

the country, especially during the dry season. Since there is

only one rainy season in the year, farming activities are

currently limited to that season alone, and the dry season is

usually one of no economic activity. This accounts for the

high levels of migration of the youth from the northern

parts of the country to the south in search of non-existent

jobs, especially during the dry season.

The efficient and effective development and exploitation

of groundwater resources for various uses holds promise

for a vibrant agricultural sector and sustainable livelihoods

(Yidana 2011a, b), especially in the northern parts of
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Ghana. It would improve the economic status of commu-

nities in the north and enhance national food security. It is

in the furtherance of this objective that detailed hydro-

geological investigations are required to document the

properties of local and regional aquifer systems in the

northern parts of the country. Several wells have been

drilled to different depths in an attempt to access ground-

water for various uses in the terrain. However, since these

wells were not drilled deliberately to provide access routes

to the aquifers for scientific research purposes, the records

of most of them lack sufficient data to thoroughly define

and characterize the aquifers in the area. A few of these

wells have well-documented well logs which are useful in

delineating the spatial pattern of distribution in the thick-

ness and depth of the major hydrostratigraphic units. Static

water levels have also been documented in most of the

existing wells. It is therefore possible to characterize the

general groundwater flow pattern in parts of the area to

provide initial basis for detailed regional hydrogeological

investigations.

Groundwater flow models have been used all over the

world to provide detailed characterization of the general

flow pattern and regional variations in key aquifer pa-

rameters. They have often been used to evaluate regional

aquifer groundwater resources potential for informed

management decisions to be made. Details of such studies

have been copiously documented in the literature.

Numerical groundwater flow models at the regional and

local scales have been used extensively to provide detailed

analyses of seawater effects on coastal aquifers (e.g.

Karahanoglu and Doyuran 2003; Zhang et al. 2004;

Barazzuoli et al. 2008; He et al. 2008; Lin et al. 2009).

They have also been applied to quantitatively analyse

groundwater budget components for informed management

decisions to be taken (e.g. Boronina et al. 2003; Ebraheem

et al. 2003; Park and Aral 2004; Uddameri and Kuchanur

2007). Where there are concerns over drawdowns due to

abstraction from municipal supply wells, groundwater flow

models have been used to delineate capture zones for

protection and proper management (Barry et al. 2009).

Numerical groundwater flow models have also been widely

modified to simulate contaminant transport processes at all

scales and are therefore useful decision support systems in

the management of groundwater contamination (e.g.

Neville et al. 2000; McLaren et al. 2000; Spiteri et al.

2007). When carefully calibrated with reliable and repre-

sentative field data, it is possible to use numerical

groundwater flow models to constrain aquifer parameters

and their spatial variations. For instance, Ophori (1999)

constrained the spatial and vertical variations in the per-

meability of a regional aquifer system through model

calibration. A similar approach was applied by Yidana

(2011a, b), Yidana et al. (2012) and Attandoh et al. (2013)

in parts of Ghana. Characterization of the spatial pattern of

behaviour of key aquifer hydraulic parameters is an im-

portant aspect of detailed regional hydrogeological inves-

tigations. Since numerical groundwater flow models are

based on approximations of the groundwater equation un-

der various assumptions of boundary and initial conditions,

their accuracy and reliability depends on the size of the

data, the validity of the assumptions made, the accuracy of

the data used and the expertise of the modeller. When

carefully constructed, calibrated and validated, groundwa-

ter flow models are the best tools for predicting several

future groundwater development scenarios, natural envi-

ronmental changes and climate change/variability, amongst

others. Where sufficiently detailed monitoring data are

available, reasonably accurate predictions of the charac-

teristics of the aquifer system can be made. It is in the light

of this that groundwater flow models have been extensively

used in decision-making processes, especially where ex-

tensive groundwater abstraction is required in the face of

various environmental and economic constraints, and have

been widely validated as useful management tools. The

weakness of numerical models relates to their apparent

non-uniqueness, especially when the data are relatively

scanty. In addition, where there is insufficient field inves-

tigations to properly conceptualize the physical domain,

models can produce unreliable results leading to bad de-

cisions. However, where sufficient data are available, nu-

merical models provide more reliable and continuous

information on aquifer parameters and groundwater re-

sources potential of an area than the conventional pumping

tests which provide point data on aquifer parameters (Yi-

dana and Chegbeleh 2013). One would need to drill so

many wells to the same objective of detailed spatial aquifer

characterization. The associated costs would be too pro-

hibitive to be feasible. Tracer tests (Leibundgut et al. 2009)

have been used in other areas to assist in estimating aquifer

parameters and thus achieve similar results of spatial

characterization of aquifer properties. The major setback

relates to the assumptions, as they may not apply at a

relatively large-scale field project. Moreover, the cost of

setting up a comprehensive tracer study is currently too

prohibitive to be realistically used in large-scale hydro-

geological assessment of aquifer parameters. Therefore,

numerical groundwater flow models have been consistently

used in most regional hydrogeological investigations and

groundwater resources management studies.

In Ghana and much of the West African subregion, the

utility of groundwater flow models in management deci-

sions regarding commercial groundwater abstraction to

support irrigation schemes has not been the practice over

the years. The current study is based on steady-state

groundwater data from a crystalline aquifer system in the

Lawra area in Northern Ghana. It forms one of the initial
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stages of detailed hydrogeological analyses which will ul-

timately inform the proper management of groundwater

resources for commercial ventures. Similar models were

constructed and calibrated to describe steady-state

groundwater flow conditions in parts of a slightly meta-

morphosed sedimentary aquifer system in Northern Ghana

(Lutz et al. 2007; Attandoh et al. 2013; Yidana and Koffie

2014) and have provided useful information on ap-

proximate groundwater recharge rates from precipitation

and the spatial variations in key aquifer parameters in the

area. Lutz et al. (2007) and Attandoh et al. (2013) applied

their calibrated steady-state models on limited scales, to

predict some development scenarios. In this study, a

calibrated model is being used to characterize the general

groundwater flow system in the Lawra part of the crys-

talline basement aquifer system (Banoeng-Yakubo et al.

2010) and predict the patterns of variability in the hydraulic

head in response to abstraction and recharge scenarios.

The study area

Location and local geography

The Lawra district (Fig. 1) is one of the nine districts in the

Upper West Region. It lies in the north -western corner of

the Upper West Region in Ghana between latitudes

282500W and 2�4500W and longitudes 10�2000N and

11�0000N. It is bounded to the east and south by the Jirapa

and Lambussie-Karni district and to the north and west by

the Republic of Burkina Faso. The total area of the district

is about 1051.2 Km2, with a total population of 87,525

which is about 15.2 % of the region’s total population of

576,583 (Ghana Statistical Service 2000). Majority of the

people are subsistence farmers. The district is gently rolling

with a few hills ranging between 180 and 300 m above sea

level. It is drained by the main river, the Black Volta, to the

west making a boundary between the district and the

Republic of Burkina Faso. The Black Volta has several

tributaries in the district; notable amongst them are the

Kamba/Dangbang, Nawer, Duodaa and Kokoligu-baa.

Most of the tributaries of the Black Volta in the area are

ephemeral, and their flows do not last the entire year. The

high annual temperatures and low relative humidities are

responsible for the drying out of some of the tributaries.

The district lies within the Guinea Savannah zone which

is characterized by short grasses and few woody plants.

Common trees in the district consist of drought- and fire-

resistant trees such as baobab, dawadawa, shea trees and

acacia. The vegetation is very congenial for livestock

production, which contributes significantly to household

incomes in the district. Transpiration is reduced consider-

ably, and this affects average annual rainfall totals. The

climate of the district is tropical continental type with the

mean annual temperature ranging between 27 and 36 �C.
Precipitation averages just over 1050 mm, while potential

evapotranspiration is about 1770 mm (Pelig-Ba 2000). The

period between February and April is the hottest. There are

two main seasons: rainy (wet) and dry seasons in the area.

Between April and October, the tropical maritime air mass

blows over the area which gives the only wet season in the

year. In recent times, the rainfall pattern has been observed

to be quite erratic, resulting in crop failure. These erratic

rainfall patterns have been the cause of the observed mi-

gration of the youth in the area to the major cities in the

south of Ghana. Between November and January, the dis-

trict experiences the Harmattan; a cold but dry wind which

comes with the north-east trade winds blowing over the

Sahara Desert.

Regional and local geology

The study area is basically underlain by the rocks of the

Birimian and its intrusive granitoids. The Birimian is part

of the subprovinces that make up of the basement complex

that underlies about 54 % of Ghana based on geology and

groundwater conditions (Gill 1969). Traditionally, Junner

(1935, 1940) subdivided the Birimian Supergroup into two

parts: the Lower and Upper Birimian. The Lower Birimian

consists of dacitic/rhyodacitic volcaniclastics, greywackes,

phyllites, argillites and chemical sediments (Leube and

Hirdes 1986). The Upper Birimian is mainly made up of

tholeiitic basalts with intercalated volcaniclastics, pyro-

clastic lava and hypabyssal basic intrusions. Most of the

rocks have metamorphosed into calcareous chlorite schists

and amphibolites (greenstones). Pillow structures indicat-

ing subaqueous eruption of the original basaltic lavas are

commonly observed.

The rock types present in the Lower Birimian

sedimentary belt are greywackes with turbidite features,

phyllites, slates, schists, weakly metamorphosed tuffs and

sandstones. Some of the phyllites contain pyrite, and finely

divided carbonaceous matter is present in most of them.

Silicification is common in the phyllites, particularly to-

wards the boundary with the Upper Birimian. Four main

types of granitoids are recognized in the Birimian of

Ghana. They include Winneba, Cape Coast, Dixcove and

Bongo granitoids (Junner 1940; Kesse 1985).

However, in the study area, only the Cape Coast (basin-

type) granitoids and Dixcove (belt-type) granitoids can be

seen to outcrop in the study area. The Cape Coast granites

occur only within the Birimian sedimentary basins.

The study area is dominated by metamorphosed lavas,

hypabyssal basic intrusives, pyroclastic rocks, phyllites,

Schists, tuff and greywackes of the Lawra belt (Fig. 2).

These account for over 95 % of the rocks in the area. There
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are few outcrops of the belt-type granitoids mainly in the

eastern and western parts of the area.

Regional hydrogeology

There are two hydrogeological provinces defined within

the Birimian Supergroup: the Crystalline Basement Pro-

vince comprising the granitoids and the Birimian Province

comprising the metavolcanics and sediments of the Bir-

imian. The occurrence of groundwater in the Birimian

rocks depends on secondary structures made up of frac-

tures, veins and faults. The development of secondary

permeability is dependent on the nature, aperture, length,

density, thickness and the degree of interconnection of the

fractures (Atobrah 1980) and in-filling from mineral pre-

cipitation. The development of fractures and faults is a

direct consequence of the cooling processes and the pres-

sure release due to erosion, compressional and tensional

activities during regional tectonic processes. In these rocks,

the mode of occurrence of groundwater is basically linked

with the nature and thickness of the decomposed zone, rock

fractures, joints, quartz veins and pegmatites. Most of the

quartz veins and pegmatites are fractured and to some

extent brecciated as a result of brittle deformation attending

the Proterozoic Eburnean orogenic activities which af-

fected them. The water-bearing and yielding capacities of

these rocks depend on the extent of these secondary per-

meabilities (Banoeng-Yakubo 2000).

The most productive zones in terms of groundwater in

the Birimian Province comprise the lower part of the

saprolite and the upper part of the saprock which usually

complement each other in terms of permeability and

storage (Carrier et al. 2008). The upper, less permeable

part of the saprolite can act as a semi-confining layer for

this productive zone, while the lower, usually saturated

part of the saprolite is characterized by lower secondary

clay content, thus creating a zone of enhanced hydraulic

conductivity. Generally, areas underlain by the Birimian

rocks display deeper seated weathering than areas un-

derlain by the granitoids. Banoeng-Yakubo (1989) and

Banoeng-Yakubo and Norgbe (1998) identified three

types of aquifers in the basement aquifers. These are the

Fig. 1 A map of the study area

showing some of the

communities in the area
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weathered rock aquifers, which are fracture related, the

fractured quartz vein aquifers and the fractured un-

weathered aquifers. In the crystalline basement aquifers,

the saprolitic zone is a combination of the top soil, the

underlying lateritic soil, the highly weathered zone and

the moderately weathered zone. The saprock is the poorly

weathered zone. Together, the saprolite and the saprock

are the regolith. Borehole depths are varied in the Crys-

talline Basement Province aquifers. This province is

characterized by highly fractured sandstones, phyllites,

greywackes, greenstones and schists. Many of them are

criss-crossed by fractured quartz veins, and prolific

aquifers have been encountered at an average depth of

25 m. The productive wells are completed in the moder-

ately to poorly decomposed zones. The depth of weath-

ering is dependent on the nature of the granitoids and the

fissility of the rock. For instance, very productive and

high-yielding aquifers are encountered in coarse-grained

granites, especially those traversed by fractured quartz

veins, and depths of up to 60 m are not uncommon.

Depths of boreholes drilled through rocks of the Birimian

and Tarkwaian systems range between 35 and 62 m with

an average of 42 m (Agyekum 2004). Borehole depths in

areas underlain by the granitoids are similar and range

between 35 and 55 m, with an average of 50 m (Carrier

et al. 2008). In some areas, the regolith is tapped at

relatively shallow depths with relatively shallow hand-dug

wells.

Aquifer transmissivity of the productive zones of the

Birimian systems ranges between 0.2 and 119 m2/day, with

an average of 7.4 m2/day. In these aquifers, storativity

ranges between 0.003 and 0.008. Transmissivity within the

regolith is slightly higher than that observed in the inte-

grated aquifer system and ranges between 4 and 40 m2/day

with an average of about 10 m2/day. For the integrated

aquifer systems in the Birimian and Tarkwaian systems,

borehole yields are generally low and range from 0.48 to

36.4 m3/h with a mean yield of 7.6 m3/h (Banoeng-Yakubo

et al. 2010). Differences in the degree of weathering within

the granitoids probably account for the lower yields ob-

served in these rocks. In and around the Lawra district, the

zone of weathering is about 137 m thick (Kesse 1985).

Fig. 2 A geological map of the

study area showing the main

rock types
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Materials and methods

Borehole static water levels and other relevant data on the

hydrogeology of the study area were obtained from the

office of SAL Consult Limited, a hydrogeological consul-

tancy firm based in Accra. Historical data and information

on geology and hydrogeology of the study area were ob-

tained from the Earth Science and the Community Water

and Sanitation Agency, CWSA. Relevant maps and geo-

graphical information on the study area were obtained from

the Department of Geography and Resource Development

of the University of Ghana. These pieces of information

were used with the lithological logs from the drilling pro-

jects to develop a conceptual framework which was then

converted into a numerical model. The Groundwater

Modelling System, GMS 7.1, was chosen for the concep-

tualization and numerical modelling. This software pack-

age incorporates the United States Geological Survey’s

Modular three-dimensional Finite Differences groundwater

flow modelling code, MODFLOW-2000 (Harbaugh et al.

2000), the Finite Element code, FEMWATER and several

solute transport codes. There is therefore an opportunity to

choose from a variety of codes, depending on the data

available and the objectives to be achieved. Both numerical

groundwater flow modelling codes (MODFLOW and

FEMWATER) are flexible to use in the GMS system. In

this study, MODFLOW was chosen for the numerical

simulation since it has been universally very well tested to

simulate similar conditions in other places around the

world (e.g. Lutz et al. 2007; Barry et al. 2009; Attandoh

et al. 2013).

Conceptualization of the domain

The domain was conceptualized as a single layer since the

hydrostratigraphy revealed by the well logs did not suggest

significant differences amongst the groundwater-bearing

units penetrated by the wells. The thickness of the mod-

elled unit varied from one place to the other based on the

thicknesses of the unit penetrated by wells. This variability

in the thickness of the aquifer was conceptualized by im-

porting the top and bottom elevations of the aquifer as

obtained from well logs, during the conceptualization

process. The conceptual model was constructed within the

Groundwater Modelling System (GMS 7.1). The entire unit

was conceptualized as a confined aquifer since the depth to

aquifer (10–41 m) is considerably high and has the ten-

dency to induce confining to semi-confining conditions.

Using the GIS map tools, the geological map of the area

was imported and registered to serve as the base map for

the construction of the conceptual model. Coverages were

created for the hydraulic conductivity field, recharge,

observation, general head boundary and abstraction. In the

coverage for hydraulic conductivity field, polygons were

created to simulate spatial variations in hydraulic conduc-

tivity in the area. Initial values were assigned based on

knowledge of the characteristics of similar rock types in

other parts of the country and the limited pump test data

available from the study area. Similarly, the recharge

coverage was designed to simulate variabilities in

groundwater recharge at different locations in the area. All

the wells used in this study are abstraction wells. The

current abstraction rates were imported into the abstrac-

tions coverage. Table 1 contains details of the abstraction

rates associated with the various wells. The top and bottom

elevations of the aquifer being modelled were imported

using the 2D scatter point sets. All the vertical boundaries

Table 1 Initial abstraction rates from boreholes used in this study

Northing Easting Discharge (m3)

10.702 -2.891 -103.68

10.792 -2.810 -8.64

10.879 -2.795 -38.88

10.659 -2.714 -43.2

10.834 -2.742 -34.56

10.826 -2.748 -64.8

10.885 -2.750 -23.04

10.822 -2.834 -77.76

10.866 -2.781 -23.04

10.850 -2.790 -23.904

10.780 -2.719 -20.16

10.657 -2.718 -43.2

10.790 -2.731 -115.2

10.805 -2.730 -64.8

10.852 -2.796 -48.96

10.852 -2.790 -21.6

10.846 -2.802 -27.36

10.988 -2.795 -103.68

10.788 -2.833 -103.68

10.835 -2.762 -115.2

10.832 -2.770 -86.4

10.889 -2.803 -115.2

10.848 -2.810 -43.2

10.679 -2.896 -61.92

10.893 -2.763 -25.92

10.850 -2.819 -30.24

10.667 -2.721 -43.2

10.773 -2.768 -27.36

10.884 -2.755 -34.56

10.806 -2.717 -115.2

10.794 -2.726 -77.76
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were conceptualized as general head boundaries so that

groundwater flow across boundaries could be sufficiently

represented. Confining conditions were conceptualized for

the bottom of the aquifer as the material below the aquifer

zone is obviously confining.

Development of the numerical model

MODFLOW-2000 was initialized, and a grid system was

developed using a pre-defined grid dimension in the con-

ceptualization process. The conceptual model was then

mapped to MODFLOW and converted to a numerical

model to simulate flow under steady-state conditions. The

top and bottom elevation data that were imported during

the conceptualization process were then mapped to

MODFLOW top and bottom elevations, respectively, and

then interpolated to cover the entire domain using ordinary

kriging. It was then possible to obtain spatial variations in

the thickness of the aquifer using the top and bottom

elevations. The starting heads were automatically gener-

ated from the data imported during the conceptualization.

MODFLOW was then simulated for steady-state condi-

tions. It was not possible to develop a transient model due

to the lack of historical water level data from the study

area.

Model calibration

Model calibration is the process of tuning the model to

reflect field conditions. It is only the calibrated model that

can be used to simulate scenarios and characterize the

hydraulics of the terrain being modelled. The model was

manually calibrated initially by varying the hydraulic

conductivities and recharge. The process was later swit-

ched to the automatic approach through the parameter es-

timation (PEST), and the pilot point method was used to

simulate the hydraulic conductivity. The pilot point ap-

proach makes it possible simulating a continuous hydraulic

conductivity field for proper characterization of the aquifer.

A calibration target of ±1.5 m was set to aid in the

calibration process. This means that the model-computed

and observed data hydraulic heads should not be different

by more than 1.5 m at the end of the calibration.

Sensitivity analysis

The purpose of sensitivity analysis is to measure the sta-

bility of the model in the face of subtle changes in some of

the model parameters. It is performed by making slight

variations in the key parameters and noting the effects on

the calibrated model. When a calibrated model shows

significant departures from calibration after slight varia-

tions in the key parameters, it is said to be unstable and can

therefore not be relied upon to predict scenarios. Under

such circumstances, the model will have to be recalibrated.

In this study, sensitivity analysis was automatically carried

out in the process of the PEST and generated histograms

which can be used to assess the stability of the model with

respect to each of the input parameters.

Analysis of scenarios

A transient model is the best suited to simulate various

scenarios of stresses on aquifers. This is because it is the

transient model that simulates changes in aquifer storage

with time. In this study, however, due to the absence of

transient data to calibrate a transient model, the calibrated

steady-state model was used to simulate the effects of in-

creased groundwater abstraction by 20, 30, 50 and 100 %

under the same conditions of recharge. Scenarios of in-

creasing abstraction by 20, 30, 50 and 100 % were then

simulated with scenarios of decreasing groundwater

recharge by 10, 20, 30 and 50 %. These scenarios were

determined somewhat arbitrarily to provide a preliminary

test of the capacity of the system to contain probable

stresses. Although not a transient model, the simulation of

these scenarios will provide the same information regard-

ing the tolerable groundwater abstraction rates in the area.

Simulation of such scenarios would not be significantly

different if a transient model was used.

Results and discussion

General groundwater flow

The calibrated model suggests a general NW groundwater

flow pattern in the area (Fig. 3). This is in tune with the

local structural grain of the Lawra belt. Groundwater flow

in the area is therefore an apparent delineation of the local

structural geology. It is apparent that the local structural

entities that control groundwater flow may have been in-

fluenced by the events which led to the observed orienta-

tion of the belt. In most parts of the country, a general

NNE–SSW structural orientation is observed (Kesse 1985).

This has been supported by numerical groundwater flow

models (e.g. Yidana 2011a, b; Yidana et al. 2011; 2012;

Attandoh et al. 2013). The Lawra belt is about the only one

oriented NNW–SSE. It is therefore possible to predict the

local structural trend using a calibrated groundwater flow

model as demonstrated in this study. The finding also

suggests that the structural entities may indeed be largely

interconnected to result in the observed flow pattern. Local

flow systems are less obvious and the regional systems

appear to dominate the general groundwater flow in the

area. This usually occurs when the local relief is less
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complex and where local aquifer heterogeneities are less

pronounced. Where the terrain is hummocky with com-

plicated relief, local flow systems are much more pro-

nounced as the flow pattern takes the shape of the local

topography (Freeze and Cherry 1979; Fetter 2001). Similar

scenarios are observed where aquifer heterogeneities are

very much pronounced and where the local relief is less

complex. In such cases, restricted flow and refraction of

flowlines across boundaries of contrasting hydraulic prop-

erties result in complex local flow systems. The outcome of

the current study confirms the general relief in the area and

suggests a general regional discharge in the north-western

parts of the terrain where the observed hydraulic heads are

the lowest. The flow system appears to be controlled by

subsurface flow across boundaries and not necessarily local

direct recharge from precipitation as the data suggest

higher direct recharge in the north which happens to have

the lowest hydraulic heads.

Figure 4 shows the relationship between the observed

and model-computed hydraulic heads and suggests a rea-

sonably good calibration of the model under the presumed

steady-state conditions. The Pearson correlation coeffi-

cient, r, for the relationship between the observed and

model-computed hydraulic head data is 0.98, and the co-

efficient of regression, R-square, is 0.975. The uniqueness

of models calibrated in this fashion has been challenged in

the analyses of previous researchers (e.g. Konikow and

Bredehoeft 1992; Jackson 1992). They contend that the

non-uniqueness of such models lies in the fact that several

different sets of data of aquifer parameters are capable of

yielding the same level of calibration in models. However,

it has been proven over time that when the data are suffi-

ciently large and representative of the domain as is the case

with the current study and the model is carefully calibrated

(Ophori 1999), a reasonably accurate representation of the

flow geometry and groundwater conditions can be

achieved. Furthermore, the problem of apparent non-u-

niqueness is not the exclusive preserve of numerical

groundwater flow models, as every system which is based

on calibrated models is subject to the same limitation.

Groundwater recharge

Assessment of groundwater recharge is an important aspect

of the overall management strategy for the resource to

ensure sustainability. It is the amount and spatial and

temporal variations in groundwater recharge that will de-

termine optimal groundwater abstraction rates in an area.

Fig. 3 Potential field resulting

from the calibration of the

model under steady-state

conditions

Fig. 4 Relationship between the model-computed and observed

hydraulic heads at calibration of the model
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In this study, the groundwater recharge determined at

calibrated was adjudged representative of the annual input

from direct precipitation and can therefore form the basis

of assessing the viability of the resource. Estimated depth

of groundwater recharge in the area ranges between 0.036

and 0.164 m/day, respectively, representing 3.6 and

16.4 % of the average annual precipitation in the area. This

is compatible with groundwater recharge estimated for

other parts of the terrain and is consistent with the range of

groundwater recharge expected for such a terrain. This

much direct recharge from precipitation can sustain current

abstraction rates if properly maintained. An attempt was

made to simulate inputs through subsurface flows during

the model calibration. However, it was observed that

although subsurface inflows are substantial, they are ex-

actly balanced by outflows largely through the northern

extremities of the terrain. If groundwater abstraction rates

increase much more substantially within the study area, the

flow geometry is likely to be significantly altered to ensure

that such subsurface inflows are retained within the terrain

for optimal development and utilization. This can poten-

tially affect ecosystems and regionally recharged aquifers

in extreme north of the country, which depend on such

subsurface flows for sustenance. The observed groundwater

recharge appears to be significant compared to the ob-

served groundwater abstraction rates in the area. However,

climate change/variability may affect the spatial and re-

gional distribution of groundwater recharge in the terrain.

Analyses of such trends may be performed through a

transient groundwater flow simulation. This will require

time-variable hydraulic head and flow data for effective

calibration. Such transient data are currently unavailable,

and the findings of this research will form the appropriate

basis for developing current management plans for

groundwater resources in the area. In addition, the findings

from the current study will form initial conditions upon

which a transient flow simulation can be performed for the

area. Transient groundwater flow simulations would also

assist in constraining regional and local groundwater

recharge areas for delineation and protection. This is

critically important in the study area in particular and the

entire Voltaian Basin in general. It is the proper charac-

terization of the groundwater recharge regime that will

provide the appropriate platform for the development of

insightful and nationally useful decision support base for

the effective management of groundwater resources for

commercial ventures.

Hydraulic conductivity field

Aquifer hydraulic conductivity is an important parameter

which provides insight into the character and quality of the

aquifer and assists in understanding observed flow patterns.

Good estimates of aquifer hydraulic parameters can be

obtained from properly calibrated models (Fitts 2002). The

hydraulic parameters estimated in such a fashion are usu-

ally large-scale average values, whose level of uncertainty

may be attributed to uncertainties in some of the known

data, and the incomplete knowledge of the nature of the

aquifer material. The conceptual model upon which the

current study was conducted was developed from a fairly

representative set of lithological well logs from the area. In

addition, the nature of the aquifer is fairly known from the

literature. The degree of uncertainty is therefore reduced.

Estimated hydraulic conductivity at calibration of the

model is as illustrated in Fig. 5 and suggests that the hy-

draulic conductivity field for much of the area is largely

homogeneous as it ranges between 1.70 and 2.24 m/day.

The apparent homogeneity in the hydraulic conductivity

field is probably responsible for the flow system observed

in Fig. 3. Yidana et al. (2011) estimated the hydraulic

conductivity of aquifers in similar rocks in the south of the

country. A hydraulic conductivity field containing values in

the range of 0.99 and 19.4 m/day was obtained, and the

heterogeneity in the hydraulic conductivity field was amply

suggested in the detail of the flow system. A similar ap-

proach in the Densu Basin in Southern Ghana resulted in a

range of 2–40 m/day (Yidana et al. 2012), suggesting a

significantly heterogeneous aquifer system. The observed

aquifer transmissivity data from limited pump tests carried

out in sections of the crystalline basement aquifer system

(Dapaah-Siakwan and Gyau-Boakye 2000; Banoeng-

Yakubo et al. 2010) appear to be consistent with the range

of hydraulic conductivities obtained from the current and

previous studies. For a crystalline aquifer system where the

hydrogeological properties are based on the presence and

degree of fracturing and/or weathering, there are clear

differences at different locations of the crystalline base-

ment aquifer province (Banoeng-Yakubo et al. 2010). The

observed narrow range of values computed in the current

study area may be attributed to relatively lower scale of the

study.

Groundwater flow in fractured aquifer systems can be

described in three ways: the continuum approach, the dis-

crete approach and the dual-porosity approach (Fetter

2001; Anderson and Woessner 2002; Fitts 2002; Hiscock

2005). The discrete fracture approach is used where the

scale of the problem is small and involves a laborious

examination of each fracture system in the network. In the

continuum approach, the location and orientation of each

fracture are immaterial, and the entire system is considered

as a representative porous material. Estimates of ground-

water hydraulic parameters in fracture- and/or weathering-

controlled aquifers take the pattern of the continuum ap-

proach, which results in regionally averaged values of the

hydraulic parameters. Although this practice simplifies the
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system, it provides sufficient basis for the regional

assessment of an aquifer for management purposes. Most

numerical groundwater models in fractured systems use

this approach as a simplification of the otherwise complex

system. The dual porosity considers the issues of primary

and secondary permeabilities together, and the flow system

is adjudged to have resulted from the combination of the

two. This applies when the rock also has primary perme-

ability. It is a very laborious exercise which is practically

difficult to undertake.

The model developed in the current study is a hybrid of

the continuum and dual-porosity approaches and clearly

highlights areas of significant hydraulic conductivity im-

posed by high levels of fracturing and/or weathering of the

rock to enhance its hydrogeological properties. The

framework of the discretization process during model

conceptualization makes it possible assigning probable

ranges of hydraulic conductivity values to different loca-

tions. This was abundantly utilized in distinguishing dif-

ferent areas based on the hydraulic conductivity values. In

addition, due to the limited scale of the study and the

relatively high density of wells, the structural entities are

most likely to be largely interconnected to ensure conti-

nuity in the flow. The south-central parts of the study area

(Fig. 5) indicate areas of the highest hydraulic conduc-

tivity, resulting possibly from enhanced permeabilities at-

tending the combination of fracturing and weathering of

the rocks.

Scenario analysis

The calibrated model has been observed to be quite stable

to subtle changes in the aquifer parameters and can

therefore be used to simulate scenarios within the limits of

the calibration error. There is no obvious shift in the nature

of the potential field when the current abstraction rates

from the existing pumping wells are increased by up to

50 % (Fig. 6). This suggests that the system under the

current conditions of groundwater recharge can sustain an

increment in the groundwater abstraction by up to half of

the current abstraction rates with negligible effects on the

system. This scenario may arise when all domestic water

needs are served by groundwater from abstraction wells in

the area. With the current national average population in-

crease of 2.5 %, if groundwater is being abstracted solely

to serve the population domestic water needs, the results

suggest that the system can sustain annual incremental

population demands for 20 years at the current calibrated

groundwater recharge rates. The conditions will be com-

pletely different if climate change/variability results in

concomitant reduction in groundwater recharge and the

corresponding reduction in the groundwater available for

abstraction. There has been no documented study on the

pattern of groundwater recharge variations over the past

years. However, in the event of an average reduction in

groundwater recharge by 10 % over the 20-year period,

there will be significantly noticeable effects on the flow

field if groundwater abstraction increases by up to 50 % as

suggested in this study.

On the other hand, if the current abstraction rates in-

crease by up to 100 % under the current groundwater

recharge scenarios, the system will record obvious changes

in the potential field, but the general groundwater flow

pattern will be the same as observed at calibration. Sce-

narios of 100 % increase in groundwater abstraction can

occur if the current water needs double over the next

Fig. 5 Hydraulic conductivity

field at the end of calibration of

the model
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20 years. Significant drawdown in the average hydraulic

head will affect the functioning of ecosystems which de-

pend on higher groundwater levels for sustenance. There

has been no documented evidence of hydraulic connection

between surface flows and the aquifers in the area. How-

ever, some of the perennial streams will have their source

of sustenance from the subsurface flows. Reductions in

groundwater recharge resulting from climate change/vari-

ability effects could further lead to drastic drawdowns in

the hydraulic head as groundwater abstraction rates in-

crease by 100 %. Such a condition will lead to the scenario

observed in Fig. 7, where the flow pattern has obviously

been changed in some parts of the study area. A reversal of

groundwater flow is obvious in Fig. 7, attending the cu-

mulative effects of increased groundwater abstraction rates

and reduced groundwater recharge. Under such conditions,

subsurface flows will drastically reduce and the observed

reversal in the flow geometry could suggest mixed fortunes

in terms of groundwater resources development for com-

mercial ventures.

The foregoing scenarios suggest that groundwater ab-

straction in the study area is significantly limited by the

extent of groundwater recharge. Commercial groundwater

abstraction for irrigation purposes in addition to the regular

domestic water needs will therefore be limited by the

amount of water that is received as recharge from

Fig. 6 Nature of the hydraulic

head pattern in the study area

after 50 % increase in the

abstraction rates

Fig. 7 A suggested reversal of

flow in the study area resulting

from a 100 % increase in

abstraction and a reduction in

recharge by 10 %
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precipitation on an annual basis. It is therefore suggested

that in order to sustain commercial groundwater abstraction

for irrigation activities, there is the need to encourage ar-

tificial groundwater recharge through the deliberate de-

velopment of dugouts suited for such purposes in the area.

This will significantly increase the annual groundwater

recharge in the area and therefore enhance the sustain-

ability of any commercial abstraction of groundwater in the

area. There is also the need to carry out extensive inves-

tigations to identify prominent local and regional ground-

water recharge locations in the terrain for protection so that

the current observed recharge does not reduce on account

of inundation resulting from development activities.

These analyses are based on the assumption of steady-

state conditions which may not necessarily reflect the

conditions which may prevail in the event of increasing

groundwater abstraction rates and decreasing recharge. It is

therefore prudent that a transient model, which takes into

account the time-variable nature of groundwater storage in

the area, be developed for the area to simulate these time-

varying patterns in the groundwater storage.

Conclusion

This study suggests that groundwater in the crystalline

aquifer system in the Lawra area will not be able to sustain

any large-scale groundwater abstraction for commercial

irrigation. Estimated aquifer hydraulic conductivities range

between 1.70 and 2.24 m/day, suggesting homogeneity in

the hydraulic conductivity field in the area, compared to

aquifers of similar rocks in the southern part of Ghana. The

general groundwater flow pattern is towards the NNW di-

rection, which appears to be consistent with the local

structural pattern in the area. Estimated groundwater

recharge in the area and constrained through the process of

model calibration suggests that about 3.6–16.4 % of annual

rainfall reaches the saturated zone. High annual tem-

peratures and low relative humidities have led to significant

levels of evaporation of rainwater into the atmosphere

leading to reduced surface runoff and groundwater

recharge. Significant subsurface flows across the bound-

aries of the terrain have been suggested through the

simulation of the flow. Unfortunately, such inflows are

balanced by outflows through the north-western boundaries

of the domain. The processes of groundwater recharge and

the regional distribution of the hydraulic properties of the

unit modelled have led to the apparent dominance of

regional groundwater flow systems in the terrain. The

findings from this study suggest that at the current recharge

rates, the system can sustain groundwater abstraction in-

creases by up to 50 % of the current abstraction rates with

minimal net drawdowns in the hydraulic head. This means

that the system can sustain annual population increase at

the national rate and the concomitant increase in demands

from groundwater abstraction in the terrain for the next

20 years at the current groundwater recharge rates. A re-

duction in groundwater recharge by up to 10 % through the

same period will result in drastic drawdowns in the hy-

draulic head throughout the terrain. An increase in

groundwater abstraction by 100 % of the current abstrac-

tion rates under the current recharge conditions will result

in drastic drawdowns in the hydraulic head, but the general

groundwater flow geometry will remain the same as

achieved during model calibration. However, an increase in

groundwater abstraction by 100 % with a reduction in

recharge by 10 % through the same 20-year period will

result in changes in the general flow geometry, especially

in the northern parts of the terrain. Significant reversals in

the flow in the north-western parts of the terrain will result

in net inward subsurface flow.
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