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ABSTRACT 

An integrated approach involving the Electromagnetic (EM) and Vertical electrical sounding 

(VES) survey methods, has been used to locate potential drilling sites to find groundwater for 

twenty (20) rural communities in the Bawku West District of the Upper East Region of Ghana. The 

EM method involved the use of the Geonics EM 34-3 equipment to obtain traversing data for the 

horizontal dipole (HD) and vertical dipole (VD) modes at station intervals of 10 m for a 20 m coil 

separation. The EM survey provided subsurface information relating to positions of high electrical 

conductivity anomalies which presumably pointed to locations for groundwater structures. As a 

follow up, the VES was carried out with respect to the anomalous positions, using the dipole-dipole 

configuration with the McOhm-EL resistivity meter. The VES enabled the estimation of the depth 

of the weathered layer to the bed rock. The results of the VES data were interpreted quantitatively 

by modeling using IX1D V.3 software. The study identified prospective sites for drilling of bore-

holes to provide potable water for the communities. Results for the VES suggested that the aquifer 

zones in the area under study are mainly deeply weathered and fractured. The lithology for some 

of the recommended drilled points correlated well with the results obtained from the EM and VES 

investigations. The aquifer depth was found to be between 10 and 40 m with an average value of 

21.5 m. The depth of the basement rock from the surface was 21.4 m. The estimated yield of the 

boreholes drilled within the area was between 10 and 500 litres/min with an average value of 136.8 

lit/min. the success rate was found to be about 95%. The integrated use of EM and VES surveys 

has been found to be very successful in locating groundwater resources for the rural communities 

with the area studied. 

INTRODUCTION 

The world`s human population growth and the 

effects of global warming have produced a num-

ber of unprecedented demands for freshwater 

supplies for domestic and industrial uses. Glob-

ally, groundwater supply provides only about 

20% of the world’s water requirement, but this 

percentage has increased as a result of the de-

crease in surface water resources (Marshak, 

2005). Generally, the Earth`s surface water can 

be seen in lakes, rivers, streams, marshes, oceans 

and atmospheric water in clouds and rain. On the 

other hand groundwater lies hidden beneath the 

surface of the Earth in pores and cracks found 

within rocks. It is therefore, necessary to get an 

overview of the subsurface geological conditions 

in early stages of planning and design of ground-



water exploration projects. An alternative 

method of investigating subsurface geology is by 

drilling boreholes, but this approach is expensive 

and it also provides information only at discrete 

locations. Geophysical surveying, although 

sometimes prone to major ambiguities or uncer-

tainties of interpretation, provides a relatively 

rapid and cost-effective means of deriving a 

really distributed information on subsurface ge-

ology (Kearey et al., 2002). According to North-

west Geophysical Associates (NGA, 2011), 

some geophysical survey methods can be very 

effective in the search for groundwater resources 

and that when combined with borehole data and 

other available geologic information, geophysi-

cal data can refine the conceptual model of the 

subsurface geology and provide additional infor-

mation to the geologic interpretation. It must be 

emphasized that geophysical surveys, when 

used, usually form part of an integrated approach 

to exploration and should never be used in isola-

tion (Daly, 1987). Integrated geophysics pro-

gramme is the use of two or more geophysical 

techniques in the same area. The fact that this 

type of operation is so common place is because 

the exploration geophysicist, by suitable selec-

tion, say, four methods, may obtain much more 

than four times the information he would have 

obtained from using only one method (Telford et 

al., 1990). Evidence exist to show that results of 

three (3) integrated geophysical methods pro-

vided much correlation in delineating highly and 

poorly-conductive zones in crystalline basement 

complex igneous, metamorphic and sandstone 

rocks (Agyekum et al., 2009). 

Geophysical exploration methods, especially 

electromagnetic (EM) and resistivity methods 

have proved very popular with groundwater 

prospecting, since related parameters such as the 

conductance and resistivity of rocks and soils are 

highly dependent on moisture content. There are 

other geophysical techniques which can be used 

for groundwater exploration and these include 

gravity, self-potential (SP), magnetic, controlled 

source audio magneto – telluric (CSAMT), and 

Very Low Frequency (VLF) techniques (NGA, 

2011). Seismic reflection and refraction tech-

niques are also very effective in groundwater 

prospecting. It is difficult to distinguish between 

useful fresh groundwater resource from an in-

crease in clay content by the use of resistivity or 

EM techniques alone, and that is why geological 

triangulation is so important. Thus, geophysical 

data must be interpreted in the light of some 

geological knowledge of the area (MacDonald, 

2005). The reason is that correlation of the geo-

physical data with geology or lithological data 

allows identification of layered sections of hy-

drogeological significance (Mohammed and 

Olorunfemi, 2012). 

According to Daly (1987), the decision to in-

clude a geophysical survey in a groundwater 

exploration programme largely depends on eco-

nomic factors. Thus, time and money can often 

be saved by eliminating ‘barren’ ground with a 

well-designed geophysical survey plan, which 

can included in the early stages of an exploration 

programme. Therefore, in this groundwater ex-

ploration project, electromagnetic and electrical 

resistivity methods were used since both have 

proven to be useful tools for groundwater explo-

ration.  

 

The Electromagnetic (EM) Method 

The electromagnetic (EM) survey method is 

concerned with the measurement of terrain con-

ductivities by low frequency electromagnetic 

induction. The basic principle of operation of the 

electromagnetic method is illustrated in figure 1. 

A transmitter coil radiates a primary electromag-

netic field which propagates above and below 

the ground. Where the subsurface is homogene-

ous there is no difference between the fields 

propagated above the surface and through the 

ground other than a slight reduction in amplitude 

of the latter with respect to the former (Kearey et 

al., 2002). If a conductive medium is present 

within the ground, the magnetic component of 

the incident EM wave induces currents 

(alternating currents) within the conductor, 

which in turn produces eddy currents (Reynolds, 

1997). Consequently, the eddy currents produce 

secondary EM field which is detected (along 

with the primary field) by a receiver coil. The 



receiver then responds to the resultant of the 

arriving primary and secondary fields so that the 

response differs in both phase and amplitude 

from the response to the primary field alone. 

These differences between the transmitted and 

received electromagnetic fields reveal the pres-

ence of the conductor and provide information 

on its geometry and electrical properties (Kearey 

et al., 2002).  

 

Electrical Resistivity Methods 

Surface electrical resistivity surveying is based 

on the principle that the distribution of electrical 

potential in the ground around a current-carrying 

electrode depends on the electrical resistivities 

and distribution of the surrounding soils and 

rocks (Griffin, 1995). The electrical resistivity 

varies between different geological materials, 

dependent mainly on variations in water contents 

and dissolved ions in the water and resistivity 

investigations can thus be used to identify zones 

with different electrical properties, which can 

then be referred to different geological strata 

(ABEM Instrument AB, 2005). There are vari-

ous collinear electrode configurations available 

for carrying out VES such as Wenner, Schlum-

berger, Dipole-dipole, and Pole-pole arrays. 

Generally, the resistivity of the ground or appar-

ent resistivity is related to the resistance via a 

geometrical factor, K as: 

Fig.1: Generalized schematic of the EM surveying method (Source: Reynolds, 1997) 
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The dipole-dipole array is one member of a fam-

ily of arrays using dipoles (closely spaced elec-

trode pairs) to measure the curvature of the po-

tential field (Griffin, 1995). According to Griffin 

(1995), if the separation between both pairs of 

electrodes is the same a and the separation be-

tween the centres of the dipoles is restricted to a

(n+1), the apparent resistivity is given by 
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THE STUDY AREA 

Site Description 

The Bawku West District lies in the northeast of 

Upper East Region of Ghana, The district lies 

between latitudes 10o 30’ N and 11o 10’ N, and 



between longitudes 0o 20’ E and 0o 35’ E. It 

shares boundaries with the Republic of Burkina 

Faso in the North, East Mamprusi District in the 

South, Bawku Municipality and Garu Tempane 

District in the East and Talensi-Nandam District 

in the West. According to the Bawku West Dis-

trict Assembly:BWDA, (2005) most of the peo-

ple in the study area, Bawku West District of 

Ghana, live in dispersed rural communities 

where finding groundwater resources is difficult. 

Therefore scientific techniques are required to 

locate potential groundwater zones close to or in 

the communities. Figure 2 shows the district 

map of the Bawku West district showing the 

twenty (20) investigated communities. 

 

Fig. 2: Location Map of the Study Area (Modified from CERSGIS) 



Geology and Hydrogeology 

The Bawku West District is underlain mainly by 

the Birimian and Granitic rock formations be-

longing to the basement complex (comprising of 

Precambrian crystalline igneous and metamor-

phic rocks), which is one of the two main hydro-

geological formations in Ghana as shown in Fig-

ure 3. The Basement Complex is subdivided into 

Birimian, granite, Dahomeyan, Togo and Tark-

waian rocks consisting mainly of gneiss, phyl-

lites, schists, migmatites, granite-gneiss and 

quartzites (Kortatsi, 1994). Groundwater occur-

rence within the basement complex is associated 

with secondary porosity as a result of jointing, 

shearing, fracturing and weathering due to little 

or no primary porosity (Kortatsi, 1994). Thus, 

the granitic rocks consist mainly of biotite and 

hornblende complex with potassium and sodium 

feldspars dominant in the biotite granite and 

biotite respectively. They are pink coloured, 

coarse grained and potassium rich. According to 

Kortatsi (1994), this has given rise to two main 

types of aquifers; the weathered zone aquifer 

and the fractured zone aquifers. Both types of 

aquifer are normally discontinuous and limited 

in area. Due to the sandy clay nature of the 

weathered overburden, the groundwater occurs 

mostly under semi-confined or leaky conditions 

(Kortatsi, 1994).  

 

MATERIALS AND METHODS 

Field data acquisition involving apparent terrain 

conductivity and vertical electrical sounding 

(VES) data were collected using Geonics EM 34

-3 conductivity meter and McOhm - EL resistiv-

ity meter respectively. Geonics EM 34-3 instru-

ment was used with 20 m intercoil spacing for 

all the profiles to collect data for horizontal di-

pole (HD) and vertical dipole (VD) modes at 

each station. Essentially, apparent conductivity 

measurements were recorded in millisiemens per 

metre (mSm-1). For each station the coplanar 

horizontal dipole (HD) mode reading was taken 

before that of the coplanar vertical dipole (VD) 

mode, to probe depths of 15 m and 30 m respec-

tively (McNeill, 1980). For the Geonics EM34.3 

equipment the depths probed by coplanar hori-

zontal dipole mode, XHD is related to the inter-

coil spacing, S by XHD = 0.75S. Similarly, 

depths probed by coplanar vertical dipole mode, 

XVD is given by XVD = 1.5S. This allowed a 

maximum depth of 30 m to be probed with inter-

coil spacing of 20 m. The readings were made at 

station interval of 10 m for each traverse. The 

objective of the EM survey was to identify frac-

tured and deeply weathered zones, which have 

high potential for groundwater accumulation for 

further VES investigation. Therefore, promising 

and potential groundwater sites were identified 

and detailed or further VES investigation con-

ducted at those selected stations. The VES data 

were acquired up to a depth of investigation of 

70 m at each EM selected point using McOhm – 

EL resistivity meter.  

 

Fig. 3: Geohydrological provinces and river  

 systems of Ghana  

(Source: Kortatsi, 1994) 

Study area 



RESULTS  

Electromagnetic data can be presented and ana-

lysed according to the manner in which they 

were acquired. The measured parameters may be 

plotted as profiles, or gridded and contoured to 

identify anomalous zones. These approaches 

tend to be qualitative and first-order data inter-

pretation (Reynolds, 1997). The quantitative 

interpretation of electromagnetic anomalies is 

complex (Kearey et al., 2002). However, con-

ductivity data obtained during the electromag-

netic survey usually plotted against distance as 

profiles for qualitative interpretation to identify 

the expected weathered or the fault zones of the 

study area for further VES investigation. The 

vertical electrical sounding field curves can be 

interpreted qualitatively using simple curve 

shapes, semi-quantitatively with graphical model 

curves, or quantitatively with computer model-

ling (Reynolds, 1995). Hence, from the VES 

field data quantitative interpretation has been 

made with computer modelling using IX1D v 3 

software to identify low resistivity anomalous 

zones with depth and apparent resistivity.  

Figure 4 shows EM terrain conductivity profile 

B at Tarikom-Kuug. The HD mode indicates a 

apparent conductivity variation along a smooth 

curve from 16 mS/m at the station 10 m to a 

constant value of 10 mS/m from stations 50 to 

80 m. The conductivity value then falls sharply 

from 10 mS/m at the 80 m point to 8 mS/m at 

the 90 m point which then remains constant from 

stations 90 and 120 m. The VD mode shows an 

erratic behaviour with a sharp increase in the 

terrain conductivity of 5 mS/m at the 10 m point 

to a relatively high value of 14 mS/m at the 20 m 

point and the 30 m crossover anomaly point. The 

terrain conductivity value then decreases sharply 

from 14 mS/m at the 30 m point to 11 mS/m at 

the 40 m point and then increases sharply to a 

value of 12 mS/m at the 50 and 60 m station 

points. From the 60 m point the apparent con-

ductivity value falls sharply to a value of 8 mS/

m at the 80 m point and then increases to 12 mS/

m at the 100 m point. The terrain conductivity 

falls sharply again from the 12 mS/m at the 100 

m point to 7 mS/m at the 110 m and 120 m sta-

tion points. The crossover point 30 m was se-

lected for further VES investigation because the 

VD mode shows a relatively high apparent con-

ductivity value suggesting a fault or fractured 

zones which may have high potential of water 

storage. 

Figure 5 shows a four layered model at the sta-

tion B at  30 m along profile at Tarikom-Kuug 

community. It shows a stepwise rise in the ap-

VE

Fig. 4: EM terrain conductivity profile B at Tarikom-Kuug 



parent resistivity value from 5.5 up to about 450 

Ωm in the weathered zone. This indicates a 

weathered zone of relatively high apparent con-

ductivity. The depth to the basement rock is 

about 30 m with the apparent resistivity of 250 

Ωm. This station point was therefore recom-

mended for drilling. When a borehole of vertical 

depth 40 m was drilled, groundwater zone  was 

intercepted at a depth of about 22 m and the esti-

mated yield found to be 140 litres per minute 

with the lithologic log as shown in figure 6.  

The lithologic log is made up of four layered 

sections. The first section is the topsoil or over-

burden of thickness 5 m. Beneath the overburden 

is the weathered zone from 5 to 27 m consisting 

of highly weathered granite with mica, underlain 

by moderately weathered dark granite from 27 to 

36 m. The fourth layer is the basement rock be-

ginning at a depth of 36 m and consisting of hard 

fresh fractured dark to light granite with mica. 

Figure 7 is the terrain apparent conductivity for 

profile B at Gumbo Community. It shows sharp 

decrease from 9 mS/m to 7 mS/m between 10 

and 20 m station points for the HD mode. The 

conductivity value of 7 mS/m then remain con-

Fig. 5:  VES Model Curve at station B at 30 m at Tarikom-Kuug Community 
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Fig. 6: Lithologic Log of borehole at 30 m 

point on  profile B at the Tarikom-Kuug.  

stant up to the 60 m station point indicating a 

homogeneous subsurface at a depth of 15 m 

from 20 to 60 m points. The conductivity values 

for the HD mode then increases from 60 to 120 

m station points from 7 to 26 mS/m. The VD 

mode of profile B shows a general erratic varia-

tion along the whole profile length with a rela-



tively high conductivity value of 15 mS/m at the 

“crossover” point of 90 m. This point suggest a 

probable fractured zone, hence selected for the 

VES investigation. However, verification profile 

perpendicular to profile B across the point 90 m 

gave a relatively high terrain conductivities of 

13 mS/m and 17 mS/m respectively for the HD 

and VD modes at 10 m extension (Ext.) from the 

90 m point. As a result the VES investigation 

was made for this extension point rather than the 

90 m station point. 

Fig.7   EM terrain conductivity profile B at Gumbo 

Fig. 8 VES Model Curve at station B on 90 m extension at Gumbo 



Figure 8 shows a three layered model. The VES 

curve indicates a drop in apparent resistivity 

from 57 Ωm at a depth of 16 m down to a value 

of 23 Ωm. The depth to the basement rock is 

about 20 m. Between the vertical depth range of 

45 to 70 m within the basement rock is the ap-

parent resistivity ranging from 53 to 75 Ωm. 

This may be a weathered zone or  fractures 

within basement rock. Hence the site was recom-

mended for drilling. However, borehole was not 

successful as the yield was very low. 

Fig.9: EM terrain conductivity profile A at  

 Tetako Primary School. 

Figure 9 shows terrain apparent conductivity for 

profile A at the Tetako Primary School area. The 

profile shows relatively rather low apparent con-

ductivity below 10 Ωm for both HD and VD  

station points along the whole profile.  The ap-

parent conductivity for the VD mode responses 

show more positive peaks  than HD mode re-

sponses from 30 to 100 m. The VD mode shows 

that the relatively higher apparent conductivity 

at a depth of 30 m may be a weathered zone of 

large extent but with crossover points with posi-

tive peaks at 30 m, 60 m and 90 m with the same 

apparent conductivity value 9 Ωm. However, 

verification across each point indicated a rela-

tively higher apparent terrain conductivities than 

HD responses at 10 m extension (ext.) from 

point A.  Hence its selection as a point for fur-

ther VES investigation. 

A three layered model is revealed by the VES 

model curve as shown in figure 10. The curve 

indicates a decrease in the apparent resistivity 

value from 110 Ωm in the overburden down to 

about 57 Ωm in the second layer and then begin 

to increase. This indicates that the second layer 

may be weathered or fractured  zone containing 

Fig.10:  VES Model Curve at station A at 90 m extension at  

  Tetako Primary School. 



moisture. The vertical depth of the weathered 

zone is about 14 m and the depth to bedrock is 

approximately 20 m with a relatively higher ap-

parent resistivity of about 296 Ωm, hence the 

site is recommended for drilling.   

rain conductivity from 9 Ωm to about 19 Ωm 

between the stations 10 m and 40 m . The appar-

ent conductivity then gradually decreased from 

value of 19 Ωm to a value of 18 Ωm at the 80 m 

station point along the profile. Thereafter  the 

apparent terrain conductivity then increase  

again from 18 Ωm to 22 Ωm at the 100 m station 

point. The observable anomalous zone was be-

tween 20 and 45 m where the is a crossover 

anomaly point presumed to be fracture zone 

which may act as suitable aquifer. Thus, station 

at 40 m point was selected for further VES in-

vestigation. 

The VES model curve shown in figure 13 indi-

cates a three layered model. There is a drop in 

appartent resistivity value of 1343 Ωm in the 

overburden down to a minimum value of 66 Ωm 

in the weathered zone. The vertical thickness of 

the weathered zone is about 40 m which may be 

suitable for a large quantity of groundwater ac-

cumulation. The depth to the bedrock is about 45 

m with the resistivity value decreasing from this 

depth instead of increasing. Point A 40 m was  

recommended for drilling. 

The geologic section of depth 43 m in figure 14 

represents the lithologic log after drilling the 

recommended site.  It indicates a hard lateritic 

top soil of vertical thickness 3 m and a weath-

ered zone of vertical depth 43 m consisting of  

moderately weathered dark granite. This showed 

Highly weathered 
granite 
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dark granite 

Hard fresh dark 
granite 
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Fig.11: Lithologic Log of Borehole at the 90 m 

extension on profile A at Tetako Pri-

mary School. 

Lithologic log for the site A 90 m drilled is as 

presented in figure11. Groundwater zone was 

intercepted at a depth of about 15 m with an 

estimated yield of 10 litres per minute. The 

lithologic log indicates a weathered zone at the 

vertical depth of about 14 m. The weathered 

zone consists of a section of highly weathered 

granite on top of moderately weathered dark 

granite. Underlying the moderately weathered 

dark granite is the basement rock which is made 

up of hard fresh dark granite.  

The plot in figure 12 represents  the EM terrain 

conductivity for profile A of length 100 m. The 

trend of curve for the HD mode indicates a grad-

ual increase in apparent  terrain conductivity 

from about 11 Ωm at station point 10 m to a 

value of  25 Ωm at station at 100 m. For the VD 

mode, there is a sharp increase in apparent ter-

Yes 

Fig.12 EM terrain conductivity for profile A at   

 Biringu Primary School. 



Fig.13 VES Model Curve at station A 40  m at Biringu Primary School. 
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Fig. 14: Lithologic Log of Borehole at 40 m 

point on profile A at Biringu Primary 

School 

a deep weathered zone at a vertical depth be-

neath with an estimated water yield of about 500 

litres per minute. 

DISCUSSION     

With the use of EM and resistivity methods in 

this study it was possible to effectively identify 

aquifer zones for groundwater resources at the 

Bawku West District in the Upper East Region 

of Ghana. The geophysical techniques identified 

groundwater zones by delineating anomalous 

zones with relatively higher apparent terrain 

conductivity and low apparent resistivity values. 

The EM method was found to be more useful in 

the study area than the resistivity method as a 

result of outcrops and hard  laterites that made 

the ground fixing of electrodes very difficult in 

some of the communities and the consistency 

with which the McOhm – EL registered current 

errors in some of the communities. Eleven (11) 

VES investigations were successfully conducted 

out of twenty (20) identified electromagnetic 

survey points. However, all the 20 points were 

recommended for drilling. That implies the other 

stations were recommended for drilling on the 

bases of their EM apparent conductivity data 

alone. Only one of the recommended points was 

unsuccessful after drilling, thereby giving bore-

hole success rate for wet wells to be 95%. 



CONCLUSION 

Experience with the use of the EM and resistiv-

ity methods is considered the key component in 

the success of the study. Results of geophysical 

data interpretations were confirmed by geology  

or lithological interpretation obtained from con-

firmatory drilling work or drill logs. The results 

indicated water bearing or aquifer zones at 

depths ranging from 10 to 40 m in the study area 

with mean aquifer depth 21.5 m. Estimated 

groundwater yield range between 10 and 500 

litres per minute with mean of 136.8 litres per 

minute. Thus, interpretation of the geophysical 

data correlated well with the lithological inter-

pretation, as well as the groundwater potential 

zones identified in the study area. The aquifers 

were mainly deep weathered and fractured zones 

in the basement rock. Therefore, in the study 

area the aquifers are found in crystalline granitic 

rocks within the basement rocks at mean depth 

of 21.4 m. 
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