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Abstract

Groundwater exploitation has over the past two decades become the most cost effective means of providing potable
water for large portion of city dwellers in new settlements areas due to non-available and unreliable pipe-borne
water supply as well as inadequate expansion of existing water supply system to catch up with rapid housing
expansion around Accra, Ghana’s capital. Several private property owners in different part of the city had sought to
the drilling of boreholes to provide water for domestic and industrial use. However, some boreholes drilled are
saline leading to some boreholes either being abandoned or additional financial resources spent in the treatment of
the saline water. Electrical resistivity survey conducted in twenty-two communities by employing Schlumberger
electrode array for resistivity profiling and vertical electrical sounding. A series of 1-dimensional Vertical Electrical
Sounding curves plotted compared with electrical conductivity of wells enabled identification of saline water from
freshwater. The results show that during Vertical Electrical Sounding, most resistivity values (x<0.0170hm) for
Schlumberger electrode array: (AB/2, MN/2) = (27.5m, 0.5m) had high electrical conductivity values above
1500uS/cm, the upper limit for drinking water quality (WHO, 2011).Most often, resistivity values (x> 0.0170hm)
for Schlumberger electrode array: (AB/2, MN/2) = (27.5m, 0.5m) produced freshwater upon test drilling. Also,
intermediate layers with least apparent resistivity thickness of 8.9 m with corresponding apparent resistivity not
more than 42.8 Ohm are also characteristic of saline water. Furthermore, bedrock apparent resistivity not exceeding
460. 50hm are saline. Thus, these three characteristics forms the basis of identifying saline water within the study
area prior to the provision of boreholes in the study area

Keywords:
Schlumberger electrode array,1- dimensional resistivity survey, vertical electrical sounding, groundwater salinity.

1.0 Introduction

Over the past twenty years, groundwater has become the most effective means of providing reliable water supply to
city dwellersespecially in many new settlements of Accra, Ghana’s capital. This isdue to unavailable and unreliable
pipe-borne water supply system coupled with inadequate expansion of existing pipe-borne water systems and
distribution lines that are not able to catch up with continuous expanding housing system in parts of Accra.Since
water had no substitute, a large number of wells had been drilled for communities and property ownersfor domestic
and sometimes industrial water supply. While some wells drilled had fresh water thatmeets the World Health
Organization’s standard for domestic water supply(WHO, 2011), a substantialnumber of the wells had saline water.
The salinity of some wells led tosuch wells to be abandoned if there are no financial resources for treatment of the
water. In order to determine salinity of water prior to test of drilling in southern Ghana, electrical resistivity
surveyhas beenused in this paper to differentiate saline water from fresh water so that test drilling of anomalous
points that can lead to the provision of saline water can be avoided in future groundwater exploration programs and
where necessary, additional cost component are factored into future water projects.
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2.0 The Study Area

The area under study is bounded by longitudes 0.01492° W and 0.16417°W, latitudes5.62686°N and 5.88848°N,
covers a total area of 401.4Km2 approximately. Itforms part of the Ga East and West Municipalities in southern
Ghana (Fig.1.). The area experiences two major seasons. The wet season is in two folds. The first major wet season
starts in March and ends in July with peak rainfall occurring in June. The second minorwet season starts in August
and ends in September (Dickson and Benneh, 2000). The dry season starts in October and ends in early March.
Midway of the dry season, there is a strong dry wind termed Harmattan which affects the area and starts in late
November and end in early January.Geologically,the area is underlain by rocks of the Cape Coast Granitoids of the
Birimian Supergroup of the Paleoproterozoic Era, Togo Structural Unit of the Neoproterozoic Era,and the
Dahomeyan Supergroup (Fig. 1.0). The Togo Structural Units lies midway between the Birimian Supergroup and
the Dahomeyan Supergroup.Between the Birimian Supergroup and the Togo Structural Unit is a small portion of the
Kwahu Formation. While the Togo Structural Unit is underlain by the Dahomeyan Supergroup, the Togo Structural
Unit is underlain by the Birimian Supergroup. The Togo Structural Unit consists of quartzitic sandstones, quartzites,
shales and schists as the main rock types. Rocks of the Dahomeyan Supergroup principally consist of varieties of
felsic and mafic gneisses while the Cape Coast Granite consists of granites and migmatites(Ahmed et al, 1977;
Kesse, 1985).In the eastern part of the study, ephemeral Onyasia River is the main dendritic drainage system with
Labor, Dakobi and Ado as the main tributaries. In the west, perennial Densu River is the main dendritic drainage
system in the area with Adaisu, Honi, Ntafrafra, Tsetsebula, Dobro, Adwenebu, Obabome and Nsaki as the main
tributaries.Several existing boreholes within the area have depths that varied from 46m to 300m.Based on available
records, yields of wells varied from 0.9 m*h to 16.8 m*h. The topography is generally flat in the south but becomes
undulating in the northern part of the study area where the Tog Structural Unit underlying part of the area could be
seen as outcrops,andgentle to steep hills that forms part of Akwapim-Togo Mountain Range.

4.0 Method and Material

Electrical resistivity survey is one of the non-evasive geophysical methods thathad been used extensively not only
for groundwater explorations (Boubaya, 2017; Patil et al, 2015; Sajeena et al,2014; Ewusi and Kumah, 2011;
Majumdar and Das, 2011; Tizro et al, 2010;Nejad, 2009; Oyolabi et al, 2009; Onu, 2003;URrish and Frohlich, 1990)
but also identify saline water and freshwater interfaces in different parts of the world ( Gupta et al 2014; Maiti et al,
2013b; Hermans et al, 2012; Song et al, 2007; Hodlur et al, 2006; Edet and Okereke, 2001) as well as environmental
(e.g. Anin et al, 2014) and geotechnical investigations. In order to determine groundwater salinity in the study area,
electrical resistivity survey known to be the most popular for groundwater exploration in Ghana was used for the
study. ABEM Terrameter SAS 300C with four electric cables and 4 stainless steel electrodes were used to carry
electrical resistivity profiling and vertical electrical soundings in 22 selected communities in the area.
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Fig.1.0: Geological map (modified GGSA, 2009) showing locations of research communities.

The Schlumberger electrode array (Sharma, 2002; Telford et al, 1990; Caruthers and Smiths,1992) were used forthe
electrical resistivity profiling and vertical electrical sounding. While the resistivity profiling was used to determine
the lateral variation of electrical resistivity along predefined traverses in communities, the vertical electrical
sounding was used to determine the vertical variation of electrical resistivity with depth of anomalous points
identified during the resistivity profiling (Nath et al, 2000; Lowrie, 1997). During the Vertical Electrical Sounding,
(VES), the expanding electrode procedure was adopted and electrical resistivity values were plotted as readings
were in progress in order to obtain a smooth curve. The minimum and maximum current electrode spacing for
vertical electrical sounding was 1.5 m and 83 m respectively. When the resistivity value obtained during vertical
electrical sounding was not able to provide a best line of fit (in this case, smooth curve), readings were repeated
several times to ensure consistent valueswere obtained. Where a value obtained does not enable best line of fit to be
obtained, correction was done on the curve so as to obtain best line of fit. A series of VES curves for all successful
wells with their corresponding electrical conductivities were then compared to determine the series of VES curve
that could make the water saline or fresh.For quality control purposes, the water quality parameters were checked on
the basis of percentage charge balance error(C.B.E) of £5% (Apello and Potsma, 2005).

Also, during electrical resistivity profiling for electrode array, values recorded should appear consistent on the
equipment menu. Furthermore, value of a particular electrode spread used for profiling should not vary substantially
from that of vertical electrical sounding for the Schlumberger electrode array for that particular point. Apparent
resistivity results of anomalous points were imported into ‘Resist Software” for correction of curve and modeling of
data in order to obtained the various subsurface layers of the underlying rocks (Vander Velpen, 1988). During
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modeling, iteration of resistivity values was done for each data set to ensure minimum root mean square error was
obtained. The VES curves of prolific aquifers were also compared with the electrical conductivity of the successful
wells.In addition, the modeled results of Vertical Electrical Sounding of successful boreholes were compared with
the electrical conductivity of successful boreholes. The results were to establish any relation that exist among

electrical resistivity values, electrical conductivities of wells and modeled VES results.

Table 2.0: Modeled results, profile values for (27.5m, 0.5m)electrode spread and electrical conductivities.

No | Community Modeled Curve- | Resistivity Electrical Formation/Rock Type

Results type (27.5m, 0.5m) | Conductivity

(uS/cm)

11261 1.3 Togo Structural Units
1 Adenkrebi 21848 5.2 AK 0.186 335 Quartzite Sandstone

39104 1838

41452

11494 1.1 Togo Structural Units

2 533 33 HKH 0.063 1871 Quartzite, Sandstone
2| Kponkpo 31776.2 16.1

4 440.7 12.0

5 924.1

11620 0.7 Togo Structural Unit/
3 Oyarifa 2 125 120 H 0.018 1438 Quartzite Sandstone

3 218.8

11547 14 Togo Structural Unit/
4 Akporman 2 1988 2.8 KH 0.036 550 Quartzite Sandstone.

3 979 222

4 175.6

1 149 20 Togo Structural Unit/

2 50.2 65 KH 0.020 871 Quartzitic sandstone
5 Atomic 3 12.1 205

Quarters 4 76.1

11141 11 Togo Structural Unit/
6 Taifa Burkina | 2 30.5 3.2 HK 0.117 1305 Quartzitic sandstone

3 3345 35.2

4 276.6

16849 10 Birimian Supergroup
7 Adom 2 27.1 20.6 H 0.017 2350 Granite

3 433.8

1 646 0.9 Togo Structural Unit
8 Ofankor 27845 8.1 K 0.144 479 Quartzitic sandstone

Market 3 117.0

11178 2.1 Birimian Supergroup
9 Sapeiman 2 15.810.9 H 0.011 1581 Granite

31855

1 8499 15 Togo Formation
10 | Dedeiman 21185.0 2.9 KH 0.259 Quartzitic sandstone

3 549.7 35.6 307

4 627.0
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13886 1.1 Birimian Supergroup
11 | Ayikai Doblo | 2 428 9.5 H 0.006 2420 Granite
/Atisoworyor | 3 460.5
13039 1.5 Birimian Supergroup
12 | Akotoshie 2 339 89 H 0.016 2050 Granite
3135.0
11378 0.7 Birimian Supergroup
13 | Gatsikope 2 612129 H 0.036 890 Granite
3376.2
12931 15 Birimian Supergroup
14 | Ntafrafra 2 224 9.1 H 0.015 3320 Granite
3 419.6
Table 2.0: Continued.
No | Community Modeled Curve- Resistivity Electrical Formation/Rock Type
Results type (27.5m, Conductivity
0.5m) (uS/cm)
11002 1.9 H Birimian Supergroup
15 | Adjeiman 2 25.3 10.6 0.018 587 Granite
Kpalafia 3813.1
1 8.3 13 H Birimian Supergroup
16 | Ebenezer 2 66.4 226 0.033 593 Granite
3576.3
1 681 1.7 H Birimian Supergroup
17 | Atsiato 2 134 28.4 0.006 2300 Granite
3 839
1973 1.2 Birimian Supergroup
18 | Trebakope 2256 14.2 H 0.008 2690 Granite
31132
1 1052 1.2 Birimian Supergroup
19 | Oshuman 2 314 159 H 0.014 2080 Granite
3 974
11155 1.1 Birimian Supergroup
20 | Papaase 2 65.213.2 H 0.063 1304 Granite
3 110.5
12531 1.4 Togo Structural Unit
21 | Manchie 2142.316.3 H 0.071 479 Quartzitic sandstone
3 515.3
13219 0.9 Birimian Supergroup
22 | Kuntunse 2 108.3 14.7 H 0.075 906 Granite
West 3 446.4

4.0 Results and Discussions

Summary results of all VES point drilled and their corresponding electrical conductivities of water quality were
indicated on Table 2.1. Also,on this Table 2.1 are the types of resistivity curves (Nath et al, 2000) obtained from the
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study. Few of the modeled VES point drilled in research communities are indicated in Fig.2a-2f. Fig. 3 also
displayed the plot of electrical resistivity against electrode spacing using Schlumberger electrode array. Resistivity
results of the wells show the existence of H, K, KH, AK, and HKH-types resistivity curves in the area. The H-type
resistivity curve is the most dominant and occurred at Oyarifa, Adom, Sapeiman, Atisoworyor (Ayikai Doblo),
Akotoshie, Gatsikope, Ntafrafra, Adjeiman Kpalafia, Ebenezer, and Atsiato. Drilled points at Akporman, Atomic
Quarters, Adoteiman, Taifa Burkina Market, and Dedeiman showed a characteristic KH-type curves.The anomalous
points drilled at Adenkrebi, Kponko and Ofankor Market showed respectively AK, HKH and K-type resistivity
curves. Thus, the resistivity curves indicated that the subsurface structures within the study area consist of 3, 4 and
5-layer. Most often the higher number of subsurface structures were identified at Adenkrebi, Kponkpo, Akporman,
Atomic Quarters, Taifa Burkina.While Adenkrebi, Kponkpo and Akporman are located within the Togo Structural
Units, Atomic Quarters and Taifa Burkina are also underlain by the Dahomeyan Supergroup. This suggest that
multiple structures that are mostly considered as water-bearing fractures for fairly homogeneous rocks exist in both
Togo Structural Units and the Dahomeyan. Most H-type resistivity curve are associated with the Brimian
Granite.Electrical conductivities of wells varied from 307uS/cm to 3320uS/cm. Thirteen (13) communities
havewells with electrical conductivities less than 1500 pS/cm, the recommended upper limit for drinking water
quality(WHO, 2011). Nine (9) communities: Akotoshie (2050 uS/cm), Adom (2350 uS/cm), Atisowoyo(2420
uS/cm), Kponkpo (1871uS/cm), Ntafrafra (3320 pS/cm), Oshuma (2080 pS/cm), Sapeiman (1581uS/cm), and
Trebakope(2690 puS/cm) have electrical conductivities that exceed the upper limit for drinking water quality.
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The imaginary line AB drawn (Fig. 3.0) suggest that at Schlumberger Electrode Spacing: (27m, 0.5m) andmoving
upward, the salinity decreases making the water fresher and as one moves downward, the salinity increases making
the water unsuitable for drinking.
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Fig.3: Plots of vertical electrical soundings curves for successful wells in study area.

Comparing the shapes of the VES curves and the electrical conductivities of wells, there exists a general trend which
makes some VES curve to have a higher electrical conductivity than others. From the curve, almost all curves whose
measured resistivity at (27.5m, 0.5m) falls below the imaginary line labeled AB havehigherelectrical conductivity
(>1500 uS/cm) than those above the line at the same array spread for measurements. The imaginary line AB depicts
a measured value of 0.017Q at the (27.5m, 0.5m) electrode array and hence any measured valued higher than 0.017
Q shall be above the imaginary line AB and this means a reduction in the electrical conductivity and hence the
decrease in salinity of the water.

Measured resistivity at (27.5m, 0.5m) during Vertical Electrical Sounding at Dedeiman is highest (0.2590hm) and
therefore has leastelectrical conductivity of 307uS/cm. On the same line of reasoning, higher electrical resistivities
measured at Adenkrebi(0.186 ), Ofankor Market (0.144 Q) and Manchie (0.071 Q) measured at (27.5m, 0.5m)
electrodearray, shows a corresponding lower electrical conductivity of 335uS/cm, 479uS/cm and 479uS/cm
respectively.Also, at Taifa Burkina, measured resistivity of 0.117 Q had a corresponding higher electrical
conductivity of 1305uS/cm.At Akporman (.036 Q) and Kpalafia (0.018 Q) measured electrical conductivities were
550uS/ecm and 587uS/cm respectively.Furthermore, measured electrical resistivity values at most 0.017 Q measured
using (27.5m, 0.5m) electrode spread for Papaase (0.031Q), Oshuman (0.014Q), Adom (0.017Q),
Atsiwoato(0.012Q), Trebakope(0.008Q2), Ntafrafra (0.015 Q),andSapeiman (0.011Q) have higher electrical
conductivities:1304 puS/cm,2080 pS/cm, 2350 pS/cm, 2300 pS/cm,2690 puS/cm,3320 uS/cm, and1581 uS/cm
respectively. In general, measured resistivity values exceeding 0.017 Q have electrical conductivities less than
1500uS/cm but those with values < 0.017 Q have electrical conductivities exceeding 1500 pS/cm,the upper limit of
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drinking water quality.Most often for intermediate layers with apparent resistivity values at most 42.8 Qm have
electrical conductivities exceeding 1500 uS/cm. In addition, bedrock apparent resistivities not exceeding 460.5 Qm
are characteristic of saline water.

Also, Manchie and Ofankor Market are underlain by Togo Structural Unit and have different resistivity values
(0.071Qm for Manchie, and 0.144 Qm for Ofankor Market) but has the same electrical conductivity (479 uS/cm).
This suggests that there is no direct relationship between using electrical resistivity to determine the electrical
conductivity of a successful well. This is because the measured electrical resistivity is the bulk electrical resistivity
of the rock and the geological signatures within the rock mass. The mineralogical composition of the same and
different rock types, the degree of weathering, the rate of dissolution of the minerals of the rock in the water through
water-rock interactions, the duration of water- rock interaction,different weathering states, topography and seasonal
variation of infiltration of rainwater into the subsurface regime or the seasonal variation of water table could be the
primary cause of these phenomena (e.g.Apello and Postma, 2005; Hiscock, 2006).

The only exceptional case was Kponkpo where measured resistivity based on the array was 0.063 Q with a
corresponding electrical conductivity of 1871 uS/cm. It worth to explain that Kponkpo is located at the foot of a long
stretching hill and the area is underlain by Togo Structure Unit with sandstone as the main rock type. Sandstone
normally consists of albite, kaolinite, montmorillonite, calcite, dolomite, siderite and orthoclase. All these minerals
do not contain chlorine as its constituents. Albite, and montmorillonite are sodium bearing minerals and under
intense weathering conditions, can lead to the leaching of sodium into the environment. Intense weathering at
thelocation and the immediate hill over the years, possibly led to leaching of weathered material particularly sodium
silicate minerals like albite (sodium felspar) and montmorillonite within the weathered sandstone rock into the
environment. Also, leached into the environment was chlorine as residue from organochlorine pesticides used for
farming activities in the area for more than 5 decades. Sodium ion from the sodium bearing minerals in the
sandstone and chlorine from the organochlorine pesticides could be responsible for the formation of soluble salt
particularly sodium chloride as both ions have high affinity for each other. Sodium chloride as a soluble salt dissolve
through infiltration of rainfall into the subsurface regime contributing to the elevated electrical conductivity at
Kponkpo. A plot of resistivity measured and the corresponding electrical conductivities (Fig.3)can enable us
differentiate between freshwater and salinewater of the study area on the basis of measured electrical resistivity.
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Fig.3.0: Graph of Electrical Conductivity of wells and resistivity measurements at (27.5m, 0.5m).

The result show that saline water (electrical conductivity > 1500 uS/cm) are associated with measured resistivity <
0.017 Ohm-m) for (27.5 m, 0.5m) Schlumberger array for electrical resistivity profiling and sounding.

5.0 Conclusions.

The use of electrical resistivity survey for vertical electrical soundings of twenty-two anomalous points identified
during electrical resistivity profiling in communities in study areasuggests the presence of 3, 4- and 5-layer
subsurface structures. Modeled results show that H, the most dominant curve with K, KH, AK, and HKH-types as
other resistivity curves. Multiple resistivity layers exist more in the Togo Structural Unit and the Dahomeyan
Supergroup than the Birimian Supergroup. Freshwater and saline water exist in areas underlain by the Birimian
Granitoids and the Togo Structural Units. Most often,groundwater with high electrical conductivities exceeding
1500 pS/cmexists more within the granite more than the quartzitic sandstone. A plot of all VES curves for twenty-
two sounding points suggest that vertical electrical sounding valuesfor Schlumberger electrode separation:
(27m,0.5m) that have values exceeding 0.017 Qare likely to be an indication of freshwater, values less or equal to
0.017 Qare more likely to be saline water. Also, intermediate layers of appreciable thickness exceeding 8.9 m with
corresponding apparent resistivity less than 42.8 Qmare most likely to produce saline water.Furthermore, a
maximum bedrock apparent resistivity values of 460.5 Qm are likely to produce saline water.Finally, suspected
organochloride pesticides usageidentified in a well at Kponkpo that showed elevated electrical conductivity need to
be further investigated to identify the widespread use of these carcinogenic compounds in the environment and to
provide remediation measures if required.
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