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ABSTRACT

The total longitudinal conductance S obtained from the interpretations of vertical electrical
soundings data acquired near 40 well bores was calibrated using total dissolved solids
(measured in situ) in the sampled wells’ groundwater to determine the overburden protec-
tive capacity and groundwater corrosion in a crystalline basement complex of Ogbomoso
North, southwestern Nigeria. The acidity (pH) and electrical conductivity (EC) were also
measured. Groundwater corrosiveness was determined using the Langelier saturation
index (LSI) and the aggressive index (Al). The computed S of predominantly H-, KH-, QH-,
HA- and HKH- types resistivity curve was 0.037995- 1.10878 mhos. The TDS, pH and EC of the
water samples measured 36-747 ppm, 6.15-9.3 and 74-1491 uS/cm, respectively. The
regression equation of the TDS-based S calibration curve indicates a strong positive correla-
tion (R2 = 0.8932) and revealed the overburden protective capacity ranged from excellent to
good, fair and poor. The computed LSI and Al were —3.61 to 1.2 and 7.8-12.8, respectively.
The high values of both LSI (0.2-1.2) and Al (11.2-12.8) in the southwestern part suggest
groundwater there is strongly corrosive, while low values of —3.6 to —1.2 and 7.8-10.2 in the
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northwestern and southeastern parts indicate non-corrosive groundwater.

1. Introduction

Groundwater is the most important source for domes-
tic, industrial and agricultural water supply in the
world, and is regarded as having more mineral contents
compared to surface water (Mirribasi et al. 2008). The
chemical composition of groundwater has been attrib-
uted to a combination of the composition of water
entering the groundwater reservoir and reactions with
minerals present in the rocks (Zhu et al. 2008;
Iliopoulus et al. 2011). Groundwater vulnerability
assessment is therefore vital for groundwater resources
management and land-use planning (Rupert 2001;
Babiker et al. 2005; Machiwal et al. 2018). However,
while several efforts have been and are being made to
characterise the groundwater facies in an effort to ascer-
tain and assess groundwater quality (e.g. Adabanija et
al. 2015; Olasehinde 2015; Machiwal et al. 2018), little
attention has been given to assessments of the vulner-
ability/susceptibility of geologic material as a medium
to the contaminants that result from pollution of the
groundwater (e.g. Rupert 2001; Babiker et al. 2005;
Akinwumiju and Olorunfemi 2017; Zuquette and
Failache 2018). Furthermore, one of the most common
problems affecting domestic water supplies is corro-
sion, a chemical process that slowly dissolves metal,
resulting in deterioration and failure of plumbing
pipes, fixtures and water-using equipment (Figures 1

and 2). Water with a low pH (i.e. a high level of acidity)
increases the rate of corrosion due to the presence of
hydrogen ions. Untreated corrosive water can dissolve
lead, especially in the absence of protective scale, metal-
lic pipes and other components of water distribution
systems (Edwards and Triantafyllidou 2007; Hu et al.
2012; Pieper et al. 2015; Belitz et al. 2016). The degree of
acidity (pH) and alkalinity (calcium, carbon dioxide,
chloride, sulphate and oxygen), total dissolved solids
(TDS) and temperature are the most important factors
determining corrosion. Though the earth’s medium
acts as a natural filter to percolating fluid (Barker et
al. 2001), the use of chemical products and indiscrimi-
nate waste disposal are potential sources of ground-
water contamination (Obiora et al. 2015). The degree
of contamination has been linked to the permeability,
porosity and thickness of the geologic materials over-
lying the aquifer (Obiora et al. 2015). For instance,
while unconsolidated and non-compacted geologic
material such as coarse sand is capable of enhancing
the percolation of effluents into the subsurface to con-
taminate groundwater (Keswick et al. 1982), clay/clayey
soils of low resistivity and hence low hydraulic conduc-
tivity are inhibitors of contaminants (De Oliveira Braga
et al. 2006). The electrical properties of the geologic
material overlying the aquifer are therefore important
and can be determined using either invasive techniques,
involving electrical borehole logging, or non-invasive
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Figure 1. Effect of corrosion on metallic material: (a) replacement of metallic pipes by PVC after leakage and clogging problems;
(b) corrosion problem on metallic pipe joints; (c) pinhole leaks in copper tubing caused by internal corrosion (adapted from

McFarland et al. 2011).
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Figure 2. Effect of metallic corrosion: (a) gate valve out of order; (b) thread of pipe damaged; (c) gate valve starting to scale and
rusting; and (d) metallic material, pipe, almost changed into soil due to corrosion (Source: Corrosionpedia.com).

methods, such as vertical electrical sounding (VES; e.g.
Hodlur et al. 2010). Exploratory drilling and geophysi-
cal well logging are equally practical solutions for
exploration programmes (e.g. Kwang et al. 2004) but
can be expensive (Hodlur et al. 2010). Conversely, the
VES technique is simple and inexpensive (Dhakate and
Singh 2005), with ability to image structures at scales
from millimetres to kilometres (Storz et al. 2000;
Linderholm et al. 2008). VES is capable of detecting
changes in the electrical conductivity of the subsurface
layers that reflect the fluid content of such layers
(Hwang et al. 2004) and is useful for hydrostratigraphic
sequencing and analysis (e.g. Ismail et al. 2005; Clifford
and Binley 2010; Mastrocicco et al. 2010). Specifically,
Schlumberger VES arrays are designed to discriminate
electrical resistivity associated with lithologic versus

hydrologic characteristics (Zohdy et al. 1974; Hodlur
et al. 2006). VES data are interpreted in terms of resis-
tivity and thickness - layering parameters — of a geo-
electric layer. The secondary parameters, also known as
geoelectric parameters, are derived from the layering
parameters (Zohdy et al. 1974). These include the Dar
Zarrouk parameters: total longitudinal conductance
and total transverse resistance (Maillet 1947), average
longitudinal resistivity, average transverse resistivity
and anisotropy. The parameters are derived consider-
ing a column of unit square cross-section area out of a
group of layers (Zohdy et al. 1974; Khalil 2006).
Longitudinal conductance has been used to assess
the protective capacity of the overburden units (e.g.
Henriet 1976; Oladapo et al. 2004; Obiora et al. 2015;
Bayewu et al. 2018). However, rather than calibrating



the longitudinal conductance using either in situ or
laboratory measured parameter(s), it is usually mea-
sured in absolute terms without determining the infil-
tration time (e.g. Henriet 1976) or vertical times-of-
travel (e.g. Kalinski et al. 1993) through unsaturated
groundwater protective layers and compared with
values obtained by Henriet (1976), especially in sub-
Sahara Africa (e.g. Oladapo et al. 2004; Ayolabi 2005,
Oladapo and Akintorinwa 2007; Atakpo and Ayolabi
2009, Obiora et al. 2015; Bayewu et al. 2018) the
contributions of the anthropogenic sources or local
geology were not also considered. In the current
study, the overburden protective capacity, computed
as total longitudinal conductance of the overburden
material using geoelectrical layering parameters
obtained from iterative interpretation of VES data
acquired near well bores in Ogbomoso North, south-
western Nigeria, has been calibrated. This was accom-
plished by employing in situ physical parameters,
specifically TDS, for the assessment of the protective
capacity of the aquifer attributed to the capability of
TDS to account for both geogenic and anthropogenic
effects on groundwater as well as its capability as a
good indicator of groundwater mineralisation. High
TDS also enhances the conductivity of current by
water, which promotes metallic corrosion (Singley et
al. 1985, p. 16). The specific objectives include quali-
tative and quantitative determination of the sensitivity
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of groundwater to pollution and corrosiveness. The
aquifers in the area were previously established as
localised and lying within the weathered and fractured
basement (Adabanija et al. 2015).

2. Location, and geological and
hydrogeological setting

The study area is located in Ogbomoso North,
southwestern Nigeria, within longitudes 004°1342"
E-004°17'18'E and latitudes 008°0652"-008°12'48'N
Figure 3. The topography is relatively rugged, with
elevation varying between 330 and 390 m and aver-
aging about 360 m above sea level. The drainage
pattern is dendritic (Figure 3). Stream and river
flow is considerably reduced in the dry season and
sustained by effluent seepage. In the raining season,
the rivers are turbid as a result of high clay content
from the upper reaches, while the smaller streams
become local puddles with small connecting trickles.
The study area exhibits the typical tropical climate
of average high temperatures, high relative humidity
and generally two rainfall maxima regimes during
the rainfall period of March to October. The mean
temperatures are highest at the end of the

Harmattan (averaging 28°C) - that is, from the
middle of January to the onset of the rains in the
middle of March.
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Figure 3. Vertical electrical sounding (VES) and groundwater sampling points.
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Ogbomoso falls within the Precambrian basement
complex of southwestern Nigeria, which comprises
migmatite-gneiss, banded-gneiss, porphyroblastic bio-
tite-gneiss, granite and quartzite (Rahaman 1976).

The quartzites occur as elongated ridges trending
NW-SE and are mostly massive. Schistose quartzites
with micaceous minerals alternating with quartzo-
feldsparthic ones are common in the southern part
(Figure 4). The gneisses are the dominant rock type,
occurring as granite gneisses and banded gneisses with
coarse to medium-grained texture. Noticeable miner-
als include quartz, feldspar and biotite. Structural fea-
tures exhibited by these rocks are foliation, faults,
joints and microfolds which have implications for
groundwater accumulation and movement.

Hydrogeologically, the fractured/weathered basement
constitutes the aquifer units (confined/unconfined)
within the area, while the conductive zones comprise
clay and sandy clay/clayey sand. Both the basement relief
map and the basement resistivity map display a horst
model with correspondence between depressions and
low-resistivity zones (fracture basement) at the western
part of the study area, which could be regarded as a

4°10'0"E 4°15'0"E

groundwater discharge or collection zone. The ground-
water recharge zone is located in the north and northeast
(Adabanija et al. 2015).

3. Material and method

3.1. Determination of physico-chemical
parameters

The detailed field investigation was preceded by a
reconnaissance survey involving an inventory of
wells. Forty wells (Figure 1) of depth 8-45 m were
eventually selected, from which groundwater samples
were collected. Physical parameters — namely, electri-
cal conductivity (EC), pH, temperature and TDS -
were measured in situ using a pre-calibrated portable
handheld HI98130 meter.

3.2. Groundwater corrosion indices

The corrosiveness of water can be estimated by the
calculation of one or more corrosion indices. A corro-
sion index is a mathematical formulation based on the

4°20'0"E
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Figure 4. Geologic map of Ogbomoso (after Afolabi et al. 2013).



concentrations of various chemical constituents and
the physical properties of the water. The corrosion
indices used are empirical formulations derived from
experimental work and comprise the following.

3.2.1. Langelier saturation index

The Langelier saturation index (LSI) is an equilibrium
model derived from the theoretical concept of satura-
tion and provides an indicator of the degree of satura-
tion of water with respect to calcium carbonate
(Langelier 1936). The Langelier saturation level
approaches the concept of saturation using pH as a
main variable. Thus, the LSI can be interpreted as the
pH change required for water to reach equilibrium.
Water with an LSI of 1.0 is 1 pH unit above saturation.
Reducing the pH by 1 unit will bring the water into
equilibrium. This occurs because the portion of total
alkalinity present as CO;>~ decreases as the pH
decreases, according to the equilibrium describing
the dissociation of carbonic acid.

The algebraic difference between the actual pH of a
sample of water and its computed pHs is called the
calcium carbonate saturation index. Hence, the satura-
tion index equals pH minus pHs.

Langelier Saturation Index (LSI)= pH — pHs (1)
where
pHs = A + B — log(Ca*") —log(total alkalinity) (2)

Ca®* and total alkalinity are expressed as mg/L of
equivalent calcium carbonate. For the calculation of
pHs, factor A was calculated at any temperature using
the following equation:

A = 2.24961—.017853 T+.00008238 T*—.00000041 T*

3)

Factor B was calculated using the following equation,
from Larson and Buswell (1942):

N W

B=9.7+
1.0+ 53, /F +5.5u

u = (0.000025 x TDS) ()

The LSI indicates whether water is supersaturated
or undersaturated with respect to calcium carbo-
nate, and thus whether or not a protective film of
calcium carbonate can be precipitated on pipe
interiors. Negative LSI values indicate undersatura-
tion with respect to calcium carbonate, indicating
calcium carbonate scale is not likely to form; other-
wise, the water is supersaturated and calcium car-
bonate precipitation is favoured (Langelier 1936).
LSI values close to zero are considered borderline
(Roberge 2007).
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3.2.2. Aggressive index
The aggressive index (AI) is essentially a simplified
version of the LSI, and is given by the equation:

Al = pH + log [AH] (6)

where A is alkalinity and H is calcium hardness (or
concentration of calcium expressed as mg/L of equiva-
lent CaCOs;; American Water Works Association
1977).

Al values of 12.0 or greater indicate non-aggres-
sive (non-corrosive) water. Values from 10.0 to 11.9
indicate that the water is moderately aggressive,
whereas values of less than 10.0 indicate the water is
highly aggressive. Like the LSI, the AI indicates the
degree of saturation with respect to calcium carbo-
nate, but a value of 12.0 indicates saturation for the
AT; this corresponds to an ionic strength of approxi-
mately 0.01 and a temperature of approximately 14°C
(Schock and Buelow 1981, p. 636). A value of 12.0 for
the AI approximates a value of zero for the LSI.

The AI was used in the United States in a nationwide
survey of the corrosiveness of drinking-water supplies
and generally was found to estimate adequately the
aggressiveness of the waters tested (Millette et al.
1980). Although the AI is a less rigorous expression
than the LSI, the AI has been used extensively and is
useful as an indicator of water quality where the data
needed to calculate the LSI are not available.

3.3. Electrical resistivity surveying

An electrical resistivity survey procedure employing
VES was conducted using Schlumberger electrode
configuration within 1.0-3.0 m around the existing
40 hand dug/deep wells (Figure 3) in the study area.
The half current electrode (AB/2) spacing ranged
within 1.0 to 75.0 m while the potential electrode
(MN/2) was varied between 0.25 and 6.0 m. The resis-
tance R measured as a result of the passage of current I
at each sampled point was inserted into the following
equation:

p,= KR (7)

to obtain apparent resistivity p, (K is the geometric
factor). The VES data are presented as apparent resis-
tivity curves, field curves, or depth sounding or profile
by plotting p, against AB/2 on a bi-logarithm sheet.
The apparent resistivity curves were then interpreted
using a manual partial curve-matching technique to
obtain the initial layering parameters, which were
subsequently subjected to computer iterative interpre-
tation using Winresist software.

3.4. Determination of aquifer vulnerability

The aquifer vulnerability was determined by consider-
ing the Dar Zarrouk parameters (Henriet 1976),
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namely transverse resistance (T) and longitudinal con-
ductance (S), explicitly defined by Equations (8) and
(9), respectively, for a unit horizontal layer of a simple
stratified model:

T=hp=h/o (8)
and
S=h/p=ho (9)

where h is the thickness of the saturated layer mea-
sured in metres and p is the electrical resistivity of the
layer in ohm-metres.

This is because the combination of thickness and
resistivity, as expressed by Dar Zarrouk parameters,
can be used as a base for the evaluation of properties
such as aquifer transmissivity and protection of ground-
water resources (Henriet 1976; De Oliveira Braga et al.
2006; Golam et al. 2016). In some other applications,
Dar Zarrouk parameters have been used to illustrate
non-uniqueness problems associated with the interpre-
tation of VES, employing T and S to explain equivalence
for K-type apparent resistivity curve (p; < p, > p3) and
H-type apparent resistivity curve (p; > p, < ps3) geoelec-
trical models, respectively (Adabanija 2009). However,
based on low resistivities of the clay layer the protective
capacity of the overburden could be considered as pro-
portional to the ratio of thickness to resistivity, the
longitudinal conductance S (De Oliveira Braga et al.
2006). In this study, the water table can be represented
on a sounding curve as a conductive or low-resistivity
layer (Deppermann and Homilius 1965) overlain or
underlain by a relatively high-resistivity layer(s)
(Figure 5), thereby describing an H-type curve. The
longitudinal conductance S was calculated for all H-
type and its admixture to determine the protective
capacity of the overburden overlying the aquifer. The
computed S was then subsequently calibrated using the
results from the analysis of water samples (specifically,
TDS) to assess the protective capacity of the aquifer.

Resistivity
Depth
Resistive

Conductive

Resistive

This is attributed to the fact that the TDS could account
for both geogenic and anthropogenic effects on ground-
water and was also measured in situ.

4, Results and discussion
4.1. Electrical soundings

The sounding curves in the study area are grouped on
the basis of the resistivity relationship between the
layers constituting the apparentresistivity section.
These include H, HA- (p;> p.< ps< p4), HKH-
(p1> p2< p3> pa< ps), KH- (pi1< po> ps3< py) and
QH- (p1> p2> ps< ps) apparent resistivity curve
types, indicating the association between conductive
or low-resistivity layers of a sounding curve overlain/
underlain by a more resistive layer and the water
table (Deppermann and Homilius 1965; Adabanija
et al. 2008). The percentage distributions (Figure 6)
indicated the curve types were in the order H type >
KH type > QH type > HA type > HKH type. The
interpretation indicated the H-type apparent resistiv-
ity curve (Figure 7(a)) is made up of three layers,
comprising 0.8-1.8 m thick topsoil with a resistivity
ranging between 50 and 3152 Q.m, an intermediate
conductive layer of resistivity 11-135 Q.m and 2.3-
13.0 m thick, and a third layer with resistivity ranging
from 95 to 6207 Q.m (Table 1). The KH type (Figure
7(b)), QH type (Figure 7(c)) and HA type (Figure 7
(d)) are four-layer models of apparent resistivity
curves. The summary of the interpretation of the
layering parameters (Table 1) indicated the thickness
of the topsoil was 0.5-1.4 m, 0.9-1.3 m and 0.6-1.6 m
with corresponding resistivity of 34-879 Q.m, 75-
1138 OQ.m and 25-804 Q.m for KH type, QH type
and HA type, respectively. While the second layer is
conductive and has a resistivity of 30-839 ).m and
17-171 Om with corresponding thickness of 1.1-4.5
m and 1.6-6.9 m for QH type and HA type, respec-
tively, the 0.8-6.5 m thick second layer of KH type is

Pa-1>Pa<Pa+1

High

Pa-l Resistivity

Low
Pa Resistivity
(WaterTable)

High
Resistivity

Pa+1

Figure 5. A conceptual geometry of water-bearing formation and overlying/underlying layers in the basement complex using a

geoelectrical section (after Adabanija et al. 2008).
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Figure 6. Pie chart representation of categories of apparent
resistivity curves obtained from the study area.

relatively resistive, at 80-1224 Q.m. However, the
third layer is relatively conductive and has a resistiv-
ity of 37-105 Q.m, 14-112 Q.m and 50-283 Q.m for
KH type, QH type and HA type, respectively, with
corresponding resistivity of the fourth layer of 110-
3267 Q.m, 74-926 Q.m and 577-2975 Q.m.

The HKH type depicts a five-layer model (Figure 7(e))
with resistivity of first, second, third, fourth and fifth
layers of 179-199 Q.m, 87-128 Q2.m, 231-323 Q.m, 55-

1000
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103 Q.m and 191-525 Q.m, respectively (Table 1). It has
the thickest overburden, ranging from 43.7 to 46.7 m.

4.2. Lithology logs

The lithology logs of some of the borings based on drill
cuttings (Oladunjoye et al. 2013) and the geoelectric
signatures of the corresponding VES values obtained
in the current study are shown in Figure 8.

The lithology log of a boring around a geoelectri-
cally characterised H-type section (Figure 8(a)) indi-
cates reddish lateritic clay within 0-3 m depth
underlain by clayey sand with clay and sand in
respective proportions of 40% and 60%, at 3.1-
6.1 m depth. Brownish/reddish-stained quartz
(about 50%) obtained thereafter indicates a weath-
ered zone from 6.1 m through 12 m depth. The
proportions of lateritic pan and feldspar were 40%
and 10%, respectively, in this interval. However, the
cuttings decreased in size while the proportion of
feldspar initially increased through 12 m to 16 m

1000
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Figure 7. Showing samples of apparent resistivity curves in the study area: (a) H type; (b) KH type; (c) QH type; (d) HA type; and (e)

HKH type.
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Table 1. Summary of layering parameters and apparent resis-
tivity curve types obtained from the interpretation of vertical
electrical sounding (VES) data acquired near wells and bore
holes in Ogbomoso North, southwestern Nigeria.

Resistivity (Q.  Thickness Curve Depth to interface
Layer m) (m) type (m)
1 50-3152 0.8-1.8 H -
2 11-135 2.3-13.0 0.8-1.8
3 95-6207 - 3.1-14.8
1 34-879 0.5-1.4 KH -
2 80-1224 0.8-6.5 0.5-14
3 37-105 3.3-18.1 13-79
4 110-3267 - 4.6-26.0
1 75-1138 0.9-1.3 QH -
2 30-839 1.1-4.5 0.9-1.3
3 14-112 4.3-30.2 2.0-5.8
4 74-926 - 6.3-36.0
1 25-804 0.6-1.6 HA -
2 17-171 1.6-6.9 0.6-1.6
3 50-283 9.9-19.4 2.2-85
4 577-2975 - 12.1-27.9
1 179-199 1.1 HKH -
2 87-128 2.7 1.1
3 231-323 17.3-17.8 3.8
4 55-103 22.6-25.1 21.1-21.6
5 191-525 - 43.7-46.7
Apparent Resistivity
3 (Ohm. metres)
1 0_110' 0-
Cun'e'nx Elecrsdes 10° "
Spacing, AB/2
(metres) s
)
10
2y
102
(@)
Apparent Resistivity
(Ohm . metres)
10.1 lol 0:
10°
Current Electrodes }
Spacing, AB/2 3
(metres) Py
&
~
10! =
R
rs
=
102

(b)

and subsequently decreased at 18.2 m depth, where
the boring was terminated.

The lithology logs obtained from one of the wells, with
geoelectrical characteristics indicating an HKH-type sec-
tion (Figure 8(b)), comprise lateritic pan/indurated lateri-
tic fragments at 0-1 m depth underlain by lateritic pan
held in place by clay at 1-3 m depth. The clay contents are
probably responsible for the lower resistivity compared
with the relatively higher resistivity of the first layer. This
was, however, truncated by highly weathered material of
different grain sizes comprising quartz, feldspar and bio-
tite at 3-6 m depth, also of low resistivity. The succeeding
relatively higher resistivity layer is as exemplified by fresh
cuttings material with an order of abundance of mafic
minerals > feldspar > quartz, suggesting gneiss at 6-9 m
depth. Fines grains of biotite and quartz were subse-
quently obtained, indicating a weathered layer at 9-
18 m depth. However, cuttings of larger sizes, consisting
of equal proportions of quartz and biotite with a certain
proportion of feldspar, were obtained at 18-26 m depth.

Lithology

4 Clayey sand

Weathered
basement

10°

Lithology

Lateritic pan

Lateriric pan/Clay

Weathered material
(Biotite + Quartz)
Gneiss Boulder
Weathered basement

Gneiss (Fractured)

-180mE

Figure 8. One-dimensional resistivity models and lithology logs of some sampled wells: (a) H-type model geoelectric section; (b)
HKH-type model geoelectric section.



Large cuttings but with felsic mineral banding in approxi-
mately equal proportions were obtained at 26-35 m. This
indicates fractured gneiss at 18-35 m depth.

4.3. Groundwater samples: physical parameters

The results of some physico-chemical parameters of
groundwater samples collected from well bores in the
study area are shown in Table 2, while the spatial
distributions are illustrated in Figure 9.

Table 2. Summary of physical parameters/corrosive index of
groundwater and longitudinal conductance, Ogbomoso North,
southwestern Nigeria.

Parameter

(n = 40) Minimum  Maximum Mean WHO Maximum

EC (uS/cm) 74 1491 90.67 1000 -

TDS (ppm) 36 747 145 500 1500

pH 6.15 9.3 7.6 7.0-8.5 9.5

Al 7.8 12.8 9.98 - -

LSI -3.61 1.20 -1.61 - -

S (mho) 0.037995 1.10878  0.27009 - -
Electrical
Coductivity
(uS/cm)

1450
1350
1250
1150
1050

L — |
Okm Lilkm  22km  3.3km

(a)

Okm 1.1km 2.2km

NRIAG JOURNAL OF ASTRONOMY AND GEOPHYSICS . 253

4.3.1. Electrical conductivity

The EC values are 74-1491 uS/cm (Table 2) with an
average value 90.67 uS/cm. The EC as recommended
by the World Health Organization (WHO 2011) stan-
dard in domestic water is 1000 pS/cm. Thus, the EC
value around the southwestern part, Isale Afon and
Saja area (Figure 9(a)), is above the WHO standard
and hence not good for drinking purposes, while the
water in all other parts is good for domestic purposes.

4.3.2. Total dissolved solids

The TDS values range from 36 to 747 ppm (Table 2)
and averaged 145 ppm in the study area. The TDS
values for the groundwater around the southwestern
(Isale Afon and Saja) area (Figure 9(b)) are above the
WHO (2011) standard and it is therefore not good for
drinking purposes, while groundwater in the remain-
ing parts is good for domestic purposes. This is corro-
borated by the results obtained by ranking TDS of the
groundwater in the area (Figure 10(a)) into four quar-
tiles according to increasing TDS and the WHO

Ladokup 2

(b)

Ladokun 2

3.3km

Figure 9. Spatial distribution of physical parameters of groundwater in Ogbomoso North, southwestern Nigeria: (a) electrical

conductivity; (b) total dissolved solids; (c) pH.
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Figure 10. (a) Ranking based on WHO (2011); and (b) changes in TDS values with depth in the study area.

(2011) acceptable level, indicating just 2% of the sam-
ples had TDS groundwater contents exceeding 500
ppm. However, 49% of the samples contained TDS
of less than 100 ppm with pH ranging between 6.15
and 9.30 - that is, greater than 5.5, and at depths of
about 45 m and deeper (Figure 10(b)) suggest the
influence of water-rock interaction on the TDS level
(Rasolofonirina et al. 2004). In contrast, the TDS con-
tent of groundwater at depths of less than 10 m was the
highest, with a median value of 170 ppm (Figure 10
(b)), suggesting the influence of anthropogenic effects
and thereby justifying the use of TDS for calibration of
total longitudinal conductance. These indicate the
TDS decreases with depth (Figure 10(b)), suggesting
a depth of 35 m as the interface between shallow and
deep groundwater or between fractured/fresh base-
ments in the area, as corroborated by fractured gneiss
at 18-35 m depth (Figure 8(b)). Furthermore, high EC
as well as high TDS at Isale Afon and Saja suggest a
relationship between EC and TDS as exemplified by
Figure 11. The regression analysis of the plots indi-
cates a linear relationship described by the following
equation:

y = 1.998x 4 0.9716 (10)

where x and y are TDS and electrical conductivity, respec-
tively, with a correlation coefficient (R®) of 1, suggesting a
strong correlation between EC and TDS. Comparing the
equation with that of a straight line, as follows:

y=mx+c (11)

indicates the intercept ¢ = 0.9716, while the gradi-
ent m has a value of +1.998, revealing a direct
relationship between EC and TDS - that is, the
higher (lower) the EC, the higher (lower) the
TDS. Thus, knowledge of either EC or TDS could
be used to estimate the other, particularly in any
location within the study area where measurements
were not made.

4.3.3. Acidity (pH)

The acidity of the groundwater samples in the study area
ranged between 6.15 and 9.3 (Table 2) with a mean of
7.6. Based on the permissible limit of 7.0-8.5 recom-
mended for drinking purposes (WHO 2011), the
groundwater in the northwest-west (Ajeikose,
Challenge, Federal area), and the northeast (Abaa area)
(Figure 9(c)) is considered acidic (pH < 7.0), and is
capable of causing health problems such as acidosis.
However, the pH values of the groundwater in the east-
ern and southern parts are above the WHO (2011)
standard, suggesting a high sodium bicarbonate content.

4.4. Groundwater corrosion

The groundwater corrosion based on the LSI and Al is
presented in Table 2. The LSI varied from -3.61 to 1.20
with an average of —1.61 for all the samples analysed,
while AI ranged between 7.80 and 12.8 with a mean of
9.98. Based on the LSI interpretation of the New Jersey
Department of Environmental Protection (1985)
(Table 3), the groundwater in the northwestern and
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Figure 11. Plot of EC against TDS.

Table 3. Interpretation of the LSI (adapted from Langland and
Dugas 1996).

Langelier Tendency of water

LSl < -2 Intolerable corrosion

-20< LSI<-05 Serious corrosion

-05<LSI<0 Seriously corrosive but non-scale-forming
LSI=0 Balanced but pitting

0<LSI<05 Slightly scale-forming and corrosive
05<LSI<2 Scale-forming but non-corrosive

southeastern parts of the study area (Figure 12(a)) is non-
corrosive, with LSI ranging between —3.6 and —1.2, while
the high LSI values for the groundwater in the south-
western part, 0.2-1.2, indicate it is corrosive. However,
according to Singley et al. (1985), Al values from 10.0 to
11.9 indicate that the water is moderately aggressive, and
for values less than 10.0, the water is considered to be
highly aggressive. Based thereon, the groundwater in the
northwestern and southeastern parts, with Al values of
7.8-10.2 (Figure 12(b)), is non-corrosive, but the
groundwater in the southwestern part with Al values of

Ladokun 2
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11.2-12.8 is strongly corrosive. This suggests similar
results from the LSI and Al assessments of corrosiveness
of groundwater, corroborating the interpretation of Al as
a simplification of the LSI.

4.5. Total longitudinal conductance

The total longitudinal conductance ranged between
0.037995 and 1.10878 mhos with a mean value of
0.27009 mhos (Table 2). The spatial distribution
(Figure 13) indicated the total longitudinal conduc-
tance is low, ranging from 0.05 to 0.35 mho, in the
northwestern and southeastern parts of the study
area; high in the southwestern part, ranging from
0.4 to 0.7 mho; and highest at Aroje, where it is
greater than 0.75 mho.

4.6. Calibration of total longitudinal conductance

The results from the calibration of total longitudinal
conductance S by TDS is illustrated by the plot of median
TDS values (ranked into four subsets or quartiles accord-
ing to increasing TDS and the corresponding median
values of S; Figure 14). They indicate a strong positive
correlation, with an R* value of 0.8932, between TDS and
S, as exemplified by the regression equation:

TDS = 651.84S — 0.0895 (12)

This is corroborated by the spatial distribution maps
in Figures 9(b) and 13, showing that areas of high total
longitudinal conductance, specifically in the south-
west, also have high TDS. Such areas also have high
EC (Figure 9(a)), high LSI (Figure 12(a)) and high AI
(Figure 12(b)).

Ladokun 2

B
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Figure 12. Corrosive index plot of groundwater in Ogbomoso North, southwestern Nigeria: (a) Langelier saturation index; (b)

aggressive index.
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Figure 14. Total longitudinal conductance calibration curve
based on median ranked TDS and median total longitudinal
conductance.

4.7. Aquifer overburden protective capacity

The overburden protective capacity of the aquifers,
determined by ranking the total longitudinal conduc-
tance in terms of the TDS based on classification in
Figure 10(a) using Equation (12), is depicted in
Table 4. It indicates the aquifer overburden protective
capacity is poor, fair, good and excellent when the
total longitudinal conductance exceeds 0.7657 mho,
ranges within 0.4619-0.7657 mho, varies within
0.1535-0.4604 mho and is less than 0.1535 mbho,
respectively. In contrast, the overburden protective
capacity rating using the TDS computed from
Equation (12), employing the total longitudinal unit

Table 4. Overburden protective capacity rating for crystalline
basement groundwater in Ogbomoso North, southwestern
Nigeria.

Total longitudinal con-  Overburden protective

TDS (ppm) ductance (mho) capacity rating
<100 <0.1535 Excellent
100-300 0.1535-0.4604 Good
301-499 0.4619-0.7657 Fair
>500 0.7672 and above Poor

conductance as is standard in most literature (e.g.
Oladapo et al. 2004; Ayolabi 2005; Oladapo and
Akintorinwa 2007; Atakpo and Ayolabi 2009; Obiora
et al. 2015; Bayewu et al. 2018), based on Henriet
(1976), is given in Table 5. It indicates the overburden
protective capacity ratings show fair agreement (mod-
erate/ Good-fair) at a total longitudinal conductance
interval of 0.2-0.69 mho. This could be attributed to
the fact that while the calibration equation for the total
longitudinal conductance and hence overburden pro-
tective capacity rating was based on TDS values vis-a-
vis the WHO (2011) acceptable values, the longitudi-
nal unit conductance which in terms of aquifer pro-
tection gets a dimension of time; infiltration time
(Henriet 1976) or vertical times-of-travel (Kalinski et
al. 1993), which should be determined for unsaturated
ground water protective layers. Furthermore, while
the calibration in the current study was based on
values for the parameters obtained in a typical crystal-
line basement environment, Henriet’s (1976) applica-
tion was for a set of carboniferous limestone basins but
had been used in different geologic terrain, basement
complex (e.g. Oladapo et al. 2004; Oladapo and
Akintorinwa 2007; Obiora et al. 2015; Bayewu et al.
2018) and sedimentary environment (e.g. Ayolabi
2005; Atakpo and Ayolabi 2009). These suggest over-
burden protective capacity rating is site specific - that
is, dependent on the local geology and the prevailing
anthropogenic influences — and should be determined
as such.

Table 5. Overburden protective capacity rating based on
Henriet 1976 vis-a-vis the current study.
Henriet (1976), Oladapo et al. (2004)

Current study

Total longitudi-  Overburden Overburden
nal conductance protective capa- protective capa-
(mho) city rating TDS* city rating
>10 Excellent 7170 Poor

5-10 Very good 3259-6518.4  Poor

0.7-4.49 Good 456.2-2926.76 Poor

0.2-0.69 Moderate 130.28-449.68 Good-fair
0.1-0.19 Weak 65.09-123.76  Excellent-good
<0.1 Poor <58.58 Excellent

* Based on regression equation (12) for calibration of total longitudinal
conductance.



5. Conclusion

The overburden protective capacity and groundwater
corrosion in the basement complex of Ogbomoso
North, southwestern Nigeria, was determined. The over-
burden protective capacity assessment was based on cali-
bration of the total longitudinal conductance S computed
from iterative interpretation of vertical electrical sound-
ings acquired near well bores using in situ measured total
dissolved solids of the water samples from the well bore.
The groundwater corrosion was determined using the
Langelier saturation index and the aggressive index.

The total longitudinal conductance computed for the
apparent resistivity curves which were predominantly
H type and its admixture (namely KH, QH, HA and
HKH types), ranged from 0.037995 mhos to 1.10878
mhos. The computed LSI and Al ranged from —3.61 to
1.20 and from 7.8 to 12.8, respectively. While high LSI
(0.2-1.2) and AI (11.2-12.8) values in the southwestern
part suggest the groundwater in this section of the study
area is strongly corrosive, the low values of LSI (-3.6 to
—1.2) and AI (7.8-10.2) in the northwest and south-
eastern parts indicate the groundwater there is non-
corrosive. These findings suggest the groundwater cor-
rosion in the study area is localised.

The regression equation obtained from the S-cali-
brated curve based on TDS indicates a strong positive
correlation (R* = 0.8932). The calibrated curve revealed
the overburden protective capacity ranged from excel-
lent to good, fair and poor with corresponding S values
of <0.1535 mho, 0.1535-0.4604 mho, 0.4619-0.7657
mho and > 0.7672 mho, respectively, for the study
area, based on equivalent TDS values vis-a-vis the
WHO tolerance levels. However, the overburden pro-
tective capacity rating using Henriet total longitudinal
conductance intervals indicated otherwise, based on
TDS values using the calibrated equation obtained for
the study area: it showed fair agreement (moderate/
good-fair) at a total longitudinal conductance interval
of 0.2-0.69 mho. These indicate that overburden pro-
tective capacity ratings are site specific, dependent on
the local geology and the prevailing anthropogenic
influences, which should be determined.

The corroboration of S and spatial distribution
maps of TDS, LSI and AI suggest a groundwater
corrosion index can be used as proxy for overburden
protective capacity assessments.
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