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Abstract: In this paper, one hundred and nine vertical electrical sounding data were

acquired and quantitatively interpreted to delineate the subsurface sequence and deter-

mine the geoelectric parameters. One hundred and eighteen shallow wells with measured

depths to the water table were sampled and thirty-five ground-water samples were anal-

ysed for physicochemical parameters, in a view to assessing the groundwater quality in

Osogbo metropolis, Southwest Nigeria. The delineated subsurface layers included the top-

soil/laterite, weathered layer; partly weathered/fractured basement and the basal fresh

basement with respective resistivities and thicknesses: 13 – 4727 Ωm and 0.2 – 8.9 m; 70 –

641 Ωm and 0.8 – 32.0 m; 18 – 826 Ωm and 1.8 – 27.9; and 349 –∞ Ωm and ∞ m. The main

aquifer unit identified was the weathered layer which was classified into ≤100 Ωm (low),

101 – 350 Ωm (moderate) and 350 – 750 Ωm (high) resistivity zones. Depths to the water

table ranged from 3.1 – 40.7 m. The analysed physicochemical parameters included the pH

(5.31 – 7.33), Electrical Conductivity (EC) (90 – 1709 µs/m); Total dissolved Solid (TDS)

(89 – 1227 mg/L); Ca2+ (1.9 – 93 mg/L); Na+ (9.2 – 349 mg/L); K+ (0.8 – 60 mg/L); and

NO−

3 (0.9 – 4.9 mg/L). The central district of the study area with relatively shallow wa-

ter table (< 12 m) and cluster of ancient waste dumpsites fell within the low resistivity

zone having physicochemical characteristics of high TDS (623 – 1227 mg/L) and EC (903 –

1709 µs/m) and elevated concentrations of Na+ (120 – 349 mg/L), Ca2+ (48 – 93 mg/L)

and K+ (25 – 60 mg/L) relative to WHO (2022) and SON (2015) thresholds for potable
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water and adjudged a poor groundwater quality zone. The pollutant is suspected to be

leachates from waste dumpsites and pit latrines. From the point of view of geoelectric

and physicochemical parameters, the other areas of the metropolis are considered to be

of good groundwater quality.

Key words: aquifer resistivity, basement complex terrain, Osogbo metropolis, physico-
chemical parameters, shallow wells, water quality

1. Introduction

The demand for groundwater for drinking and domestic usages in develop-
ing nations of the world is on the increase (Jeihouni et al., 2018). However,
groundwater must occur in sufficient quantity and quality as a prerequi-
site to achieving a sustainable development in the developing nations of
the world (SEG, 2025). Groundwater experiences variations in chemistry as
it moves from one point to another below the ground surface (Tijani and
Onodera, 2009). Such variations in chemistry could lead to groundwater
quality compromise as its chemical parameters may change to concentra-
tion levels greater or less than a certain worldwide acceptable threshold
(Bayowa et al., 2014). Variations in groundwater chemistry may arise due
to rock-water-interaction and anthropogenic activities. The antropogenic
activities could include indiscriminate disposal of refuse and toxic waste
materials (Adepelumi et al., 2001; Ariyo and Enikanoselu, 2007; Bayowa et
al., 2015, 2023a) and discharge of domestic wastes and industrial effluents
directly on open or excavated ground (Adepelumi et al., 2005; Bayowa et
al., 2012, 2014). Leachates from wastes could percolate through the soil or
through geological features such as faults and fractures into the groundwa-
ter system to contaminate and constitute contamination plumes within the
aquiferous unit(s) (Bernstone and Dahlin, 1997; Buselli and Lu, 2001 and
Bayowa et al., 2012).

Osun State, in southwestern Nigeria, was created in 1991 with Osogbo as
the capital. Since the State creation, the town has witnessed astronomical
increase in population and significant infrastructural, industrial and urban
agricultural activities. The demand for water supply has understandably
increased. The public water supply scheme has been grossly inadequate
leaving the inhabitants to significantly depend on groundwater from wells
and boreholes. However, the groundwater is under serious threat of pol-
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lution. Being an ancient city, Osogbo has many abandoned and active in-
discriminately located waste dumpsites with leachate generating capacities.
Within the central district characterised by old houses, pit latrines are still
being used. Wastes are continuously being generated from existing plants
and fertiliser-aided dry season irrigation farming within the flood plains.

Several authors (e.g. Oyelami et al., 2013; Ojo et al., 2014 and Igboama
et al., 2021) had carried out investigations on the groundwater quality in
some selected parts of Osogbo metropolis. The authors identified dump-
sites and landfills as a major threat to the quality of groundwater resource
in Osogbo metropolis. However, their studies are isolated and far in between
with limited geophysical and/or hydrogeochemical data points within parts
of Osogbo metropolis which do not give a representative regional overview
of the groundwater quality of the metropolis. Again, none of these earlier
studies address the usual interpretational pitfall that classifies all low resis-
tivity weathered layer aquifer as indicative of pollution.

In this study, representatives larger volume of electrical resistivity (verti-
cal electrical sounding (VES)), and physicochemical data were acquired over
the entire metropolis between October 2021 and May 2022 to assess the hy-
drogeologic characteristic, groundwater flow and quality of the groundwater
in the shallow weathered basement aquifers. Weathered basement aquifers
are very important sources of potable groundwater in basement rock under-
lain areas of the world (Macdonald et al., 2005; Bayowa et al., 2023b).

The electrical resistivity method is a veritable tool in mapping resistivity
variations in the aquifer system within basement complex or sedimentary
terrain (Zume et al., 2006). Electric current is injected into the ground
through two current electrodes while the resulting potential is measured
across another pair of potential electrodes to enable the estimation of the
ground resistance to the flow of current. The method is fast, inexpensive
and environment non-invasive (Zonge et al., 2005 and Lowrie, 1997). Freeze
and Cherry (1979) showed that there is correlation between ion concentra-
tion in the groundwater and the electrical resistivity (or conductivity). Very
low aquifer resistivities could be an indication of potential contamination of
groundwater within an aquifer system in the presence of high concentrations
of Total Dissolved Solids (TDS) (Frohlich and Urish, 2002; Bayode et al.,
2012; Bayowa et al., 2023a). However, the resistivity of clay-sized particles
in an aquifer could overlap significantly with that of contaminant plumes
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making it difficult for resistivity alone to be used as index of pollution. This
informed the incorporation of physicochemical data analyses of groundwa-
ter samples with aquifer resistivity in this study (Senos Matias et al., 1994;
Ebraheem et al., 1997; Kayabalıet al., 1998; Bayowa et al., 2014 and Olla et
al., 2015).

The study objectives include to: (i) delineate the subsurface sequence
and generate the geoelectrical parameters (ii) develop the groundwater flow
map (iii) determine the physicochemical properties of the groundwater sam-
ples from shallow wells (iv) assess the impact of waste dumpsites and pit
latrines on the quality of the groundwater, and (v) use the aquifer resistivity
and physicochemical characteristics of the groundwater samples to assess its
quality.

2. The study area

Osogbo lies within latitudes 7.72◦ N and 7.84◦ N and longitudes 4.5◦ E and
4.62◦ E (Fig. 1a,b). It is located in the tropical rain forest with the wet
and the dry climatic seasons between the months of April and October and
November and March respectively (Olayiwola and Olaitan, 2019). The av-
erage annual temperature and rainfall of the area are 26.1 ◦C and 1241 mm
respectively (Adejuwon and Jeje, 1975). The tropical deciduous rain forest
type dominates the study area.

The topographic elevation is over 243 metres (800 feet) above the mean
sea level. River Osun and its numerous tributaries dendritically drain the
metropolis (Faniran and Jeje, 1983; Osun State Government, 2025). The
area is accessible through numerous tarred and untarred roads and foot
paths as highlighted in the google image of the environment (Fig. 1b).

The metropolis is underlain by the Precambrian Basement Complex
rocks which include schist, banded gneiss, amphibolite schist and pegmatites
(Fig. 1a). The schist is medium grained rock that is composed of mica (mus-
covite and biotite), quartz and feldspar. The rock unit underlies Oreniwon,
Owode, Olupona, Woru and Igbona area. The banded gneiss is made up of
alternating mafic (dark hornblende) and quartzo-feldspathic (light) miner-
als which define banding with gradational contact (Rahaman, 1989). This
lithologic unit is found in the area around Oke Bale, Forest Reserve, Testing
Ground and Akogun. The strongly foliated amphibolite schist underlies the
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northwestern edge of the study area. It is composed of amphiboles, mica
and hornblende.

Pegmatites are coarse grained intrusive rocks that are composed mainly
of feldspars, mica and quartz with accessory minerals such as tourmaline
and garnet. This rock type occupies the northern flank of the metropolis.

In their fresh state, with extremely low (< 3%) porosity and virtu-
ally zero permeability, the basement rocks are poor hydrogeological units.
Weathering and stress induced fractures and faults enhance porosity and
permeability to improve water retaining and transmitting capacities of the
basement rocks. The weathered basement and fractured basement columns
constitute the aquifer units. In most areas and for shallow wells (depths
<35m), the weathered layer constitutes the main aquifer. The aquifer sys-
tem is recharged by surface precipitation (rain water) and base flow while
it is discharged through wells, tubewells, boreholes and springs and, evapo-
transpiration.

Fig. 1a. Base map showing geology and VES, wells, major dumpsite locations in Osogbo
metropolis and geoelectric section profiles A – B and C – D (inset is the Administrative
map of Nigeria). Modified from Bayowa, et al. (2023b).
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Fig. 1b. Google image of the environment of the study area (Google Maps, n.d. – https://
mapsplatform.google.com/maps-products/earth/capabilities/.

3. Methodology

This study involved georeferencing of active and abandoned waste dump-
sites around Osogbo metropolis using the Garmin Geographic Positioning
System (GPS) and field-based data acquisition/laboratory data analyses.
The field data involved (i) acquisition of VES data around the study area
(ii) measurement of static groundwater levels (iii) in situ measurements of
the physical parameters of the groundwater directly from shallow wells and
groundwater sampling and subsequent analyses in the laboratory for cations
and anions concentrations. The details of the data acquisition and analyses
are discussed below.
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3.1. Geoelectrical investigation

The ABEM Signal Averaging System (SAS) 1000C Terrameter was used
to acquire one hundred and nine (109) VES data within the study area
(Fig. 1). The Schlumberger array was used with maximum half current
electrode spacing (AB/2) of 100 m. The acquired data were presented as
VES curves whose interpretation involved partial curve matching with 2-
Layer model curves and auxiliary curves. The resulting geoelectrical pa-
rameters (layer resistivities and thicknesses) were refined using WinResist
1-D forward modelling software. The interpretation procedures are well
documented in Zohdy et al. (1980), Telford et al. (1990), Lowrie (1997)
and Sharma (2004). The VES geoelectrical interpretation results were clas-
sified in terms of subsurface lithology and an iso-resistivity contour map
developed for the weathered layer aquifer unit.

3.2. Hydrological investigation

Depths from the ground level to the static water level (SWL) in one hundred
and eighteen (118) Garmin Geographic Positioning System (GPS) georefer-
enced shallow wells were measured with GAMICOS 100 m water level meter
and the water table elevation (groundwater head) at each well site deter-
mined by subtracting the depth to the SWL from the well head elevation.
The SWL and water table elevation data were used to generate water table
and groundwater elevation contour maps using Kriging gridding and Surfer
11 software. Contour intervals of 2 m and 5 m respectively were used to
avoid overcrowded contour lines.

3.3. Hydrogeochemical investigation

Thirty five (35) of the referenced wells were sampled for groundwater and
analysed for physicochemical parameters. Temperature, hydrogen potency
(pH), total dissolved solids (TDS) and electrical conductivity (EC) of the
groundwater were measured in-situ using XL830L KPY Origin Handheld
Digital Multimeter. Groundwater samples were collected in 1litre polyethy-
lene bottles that had been pre-washed with detergent and de-ionized water
and finally rinsed with the groundwater. All water samples were collected
without pre-pumping because all the sampled wells were actively in use.
Water samples were collected in duplicate bottles at each station – one set
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for cations and the other for anions. Those that were meant for cation
analysis were acidified to pH < 2 with 10% nitric acid. The samples were
then labelled and appropriately packed before they were taken to the lab-
oratory within 24 hours of sampling. All samples were later stored in the
refrigerator prior to analyses. Major ions (K+, Na+, Mg2+, Ca2+, Cl−,
SO2−

4 , NO−

3 , HCO
−

3 , CO
2−
3 ) concentrations of 35 samples were analysed at

SMO Laboratory Services in Ibadan, Nigeria. All water samples were first
filtered through a 0.43 µm membrane and then analysed for major cations
using Atomic Absorption Spectrometer (AAS); HCO−

3 and CO2−
3 (by acid

titration); Cl− (by AgNO3 titration); NO−

3 (phenol-disulphuric acid colori-
metric method) and SO2−

4 (by BaCl2 titration). The standard procedures as
outlined in Eaton et al. (1995) and USEPA (1983) were ensured during the
analyses. All the analyses were replicated for each sample and the average
and standard deviation computed. Those results with standard deviation
greater than 5% were rejected.

The hydrochemical data were processed for univariate (range, mean,
standard deviation, coefficient of variation) statistical analysis and co-varia-
tions plots. Using the RockWorks16 software, the hydrochemical data were
plotted on trilinear Piper diagram (Piper, 1994) which was used to deter-
mine the hydrochemical facies of the groundwater. Spatial geochemical
maps of the hydrochemical parameters were generated using Kriging grid-
ding method and Surfer 11 software.

The potability of the groundwater was ascertained based on compliance
of measured parameters with World Health Organisation (WHO, 2022) and
Standard Organization of Nigeria (SON, 2015) standards.

4. Results

4.1. Geoelectrical investigation

The VES curves vary from simple 3-Layer A and H types to complex 4 – 6
Layer KH, QH, HKH, KHK, HAKH and KHKH types (Fig. 2) depending
on the subsurface geology and the spread length of the electrode array. The
H and the KH types account for over 50% of the total. The VES interpreta-
tion results were displayed on W–E and and N–S geoelectric setions (Fig. 3)
which show that areas underlain by schist are characterised by 3 – 4 Layer
H and KH curves while the banded gneiss and pegmatite underlain areas
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are typified by 3 – 6 Layer H, AKH, KHK, HKH, KHKH and HAKH curves.
The 3 – 6 geoelectric layers delineated identified four geologic layers which

are the topsoil/laterite, weathered layer, partly weathered/fractured base-
ment and the fresh basement (Fig. 3). The geoelectric parameters (layer
resistivities and thicknesses) are respectively 13 – 4727 Ωm and 0.2 – 8.9 m;
70 – 641 Ωm and 0.8 – 32.0 m; 18 – 826 Ωm and 1.8 – 27.9 m and 349 –∞ Ωm.
The two identified aquifer units are the weathered layer and the partly
weathered/fractured basement.

Fig. 2. Vertical Electrical Sounding (VES) resistivity type curves from the study area (a)
H type (b) KH type (c) HKH type and (d) HAKH type.

Figure 3 shows that the weathered basement layer is thicker (up to 22 m)
over the schist and thinner (<12 m) over the banded gneiss and pegmatite.
The partly weathered/fractured basement aquifer unit was majorly identi-
fied within the banded gneiss and pegmatite. This aquifer unit occurs as
confined aquifer (Olorunfemi and Fasuyi, 1993) and beneath the fresh base-
ment rock (see Fig. 3).
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Fig. 3. 2D Subsurface geoelectric sections along (a) West –East Profile (A–B) and
(b) North – South Profile (C –D) (see Fig. 1a).

The depths of the wells adopted in this study generally range from 6.0 –
50.7 m but are generally <35 m and hence must have terminated at the bot-
tom of the weathered layer. Hence the aquifer unit that is most relevant to
groundwater quality assessment in this study is the weathered layer aquifer.
The relevance of this aquifer resistivity to groundwater quality evaluation is
in the fact that the measured resistivity values are significantly influenced by
the chemical composition (ionic concentrations and hence chemical quality)
of the saturating groundwater, as expressed by the Archie’s formula:

Rr = aφ−mRw , (Sheriff, 1991 ) (1)

where Rr is the resistivity of a fully saturated formation, φ is the formation
porosity, Rw is the resistivity of the saturating water (determined by the
ionic concentration) and a and m are constants.

4.2. Hydrological investigation

The drilled depths of the wells used in this study range from 6.0 – 50.7 m
while the depths to the SWL in the wells within the study area vary from
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3.1 to 40.7 m below the ground level (Appendix 1). The SWL contour map
(Fig. 4) reveals pockets of shallow (< 12 m) water level in the southwest
(close to Orenwon and Forest Reserve), central (around Railway Station
and Osogbo District Council) and north/northeastern part. Areas with
moderate to deep (> 12 m) water levels are located in the southeastern
(Owode/Oke Osun) and northwestern part, and are sandwiched between
areas with shallow water table in the central, north central and northeast-
ern part (Fig. 4). The groundwater head (water level elevation) generated
from the SWL and well head elevation ranges from 287.5 to 356.7 m (Ap-
pendix 1). The groundwater head map (Fig. 5) reveals pockets of converg-
ing groundwater flow in the northcentral, central (around Isale Aro, Oke
Bale and Osogbo District Council), southeastern (around Oke Oshun and
Owode) and west of Woru while groundwater diverging zones characterise
Igbona/GRA, Ota Efun, Testing Ground and southwest of Owode (Fig. 5).
This complex groundwater flow pattern is characteristic of the basement

Fig. 4. Water table contour map of Osogbo metropolis showing areas of shallow water
level (coloured in blue) and areas of deep water level (coloured in brown).
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Fig. 5. Groundwater elevation contour map of Osogbo metropolis showing directions of
water flow including axes of groundwater convergence and divergence.

complex terrain and a consequence of localised and discontinuous aquifer
system (Satpathy and Kanungo, 1976) and undulating basement bedrock
topography.

4.3. Hydrogeochemical investigation

The physicochemical parameters of the analysed groundwater samples as
well as permissible limits of WHO (2022) and SON (2015) are contained in
Table 1. The water temperature ranges from 21.60 to 34.30 ◦C with a mean
of 29.83 ◦C. The pH values vary from 5.31 – 7.33 with a mean of 6.33.

The EC, TDS and salinity range from 90.2 to 1709.0 µS/cm, 59.0 to
1227.4 mg/L and 0.04 to 0.85 ppt, respectively. The concentration ranges
of the anions and cations are contained in Table 1. Iso-concentration maps
were generated for the physical (Fig. 6) and major anions and cations
(Fig. 7) that could be relevant in the assessment of groundwater quality.
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Table 1. Descriptive statistics for physicochemical parameters of groundwater samples
collected from Osogbo metropolis between October 2021 and May 2022.

Parameters No Min Max Ave STD CV (%) WHO(2022) SON (2015)

Temp. (◦C) 35 21.6 34.3 29.83 1.6 5.36 – –
pH 35 5.31 7.33 6.33 0.56 9.93 6.5 – 8.5 6.5 – 8.5
EC (s/m) 35 90.20 1709.01 396.75 310.82 78.34 2500 1000
TDS (mg/l) 35 59.00 1227.36 269.87 221.33 82.01 600 500
Salinity (ppt) 35 0.04 0.85 0.19 0.15 79.99 – –
TH (mg/L) 35 7.36 299.88 11.02 88.19 76.68 – –
Ca2+ (mg/l) 35 1.91 92.56 27.27 23.71 86.93 75 75
Mg2+ (mg/l) 35 0.32 36.24 11.4 9.35 81.96 50 20
Na+ (mg/l) 35 9.24 348.94 45.39 56.34 124.12 200 200
K+ (mg/l) 35 0.83 60.02 12.22 13.76 112.63 12 –
Cl− (mg/l) 35 0.89 36.20 14.40 8.52 59.15 250 250
HCO−

3 (mg/l) 35 ND 0.44 0.04 0.09 120.99 120 –
SO2−

4 (mg/l) 35 0.08 31.04 5.11 7.61 148.82 250 100
NO−

3 (mg/l) 35 ND 4.91 2.57 1.17 45.37 50 50
WQI 35 14.39 109.05 31.44 18.27 58.11 – –

ND – not detected; Temp. – Temperature; EC – Electrical Conductivity; TDS – Total
Dissolve Solid; TH – Total Hardness; WQI – Water Quality Index; WHO – World Health
Organisation; SON – Standard Organization of Nigeria.

5. Discussion of results

5.1. Resistivity attribute

An aquifer resistivity can be used as an index of its groundwater quality since
the said resistivity is majorly determined by the resistivity of the ground-
water contained in the aquifer, as demonstrated in Eq. (3). For the present
study, the weathered layer resistivity values range from 7.0 – 641 Ωm which
fall within the observed weathered layer resistivity values for similar base-
ment complex environment (Idornigie et al., 2006 and Olorunfemi, 2020).
The weathered layer aquifer resistivity map (Fig. 8) was therefore generated
using the litho-classification by Idornigie et al. (2006) of low ≤ 100 Ωm
(clay), moderate 101 – 350 Ωm (sandy clay) and high 351 – 750 Ωm (clayey
sand).

The low resistivity zones occur in the far north, extreme west, southeast
of Owode and the central district (including Osogbo District Council, Oke
Bale, Isale Aro). Areas with moderate to high resistivities are characterised
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Fig. 6. Hydrochemical maps (a) pH, (b) EC (c) TDS and (d) salinity distributions in
groundwater of Osogbo metropolis.

by resistivity closures that surround the low resistivity central district which
include Woru, Igbona, Testing Ground, GRA, West of Railway Station, Os-
ogbo Forest Reserve in the west, Orenwon, Ota Efun, Akogun and Olupona
in the northeast and the eastern flank. These areas are developing (modern)
districts of the metropolis.

Dumpsite-generated-leachate-impacted basement complex environment
are characterised by relatively low (<100 Ωm) topsoil/weathered basement
resistivity (Bayode et al., 2012, Odipe et al., 2018 and Bayowa et al., 2023a)
which overlap with the resistivity of clay. This demonstrates the limitation
of the resistivity attribute as an index of pollution in basement complex
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Fig. 7. Hydro-chemical maps of (a) Na+, (b) Ca2+, (c) K+, (d) Mg2+, (e) Cl− and (f)
SO2−

4 contents of groundwater in Osogbo metropolis.
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Fig. 8. Weathered layer aquifers resistivity map of the study area.

environment and the necessity to integrate geoelectric attribute with other
attributes including constraining geoelectrical interpretations with georef-
erenced locations of existing waste dumpsites. In this study, twelve (12) of
the sixteen georeferenced waste dumpsites (constituting 75% of the total)
fall within the central metropolitan district and the low resistivity zone.
This could indicate that leachates from these waste dumpsites could have
impacted the weathered basement aquifer resistivity values. The remaining
four dumpsites are located within the moderate resistivity (101 – 350 Ωm)
zone.

Based on the above, areas with weathered basement resistivity >350 Ωm
such as Ota Efun, Akogun, lupona, Orenwon, Woru, west of Railway Sta-
tion and Osogbo Forest Reserve have tendency for groundwater devoid of
pollution while the groundwater in the low resistivity zone most especially
in the central district of Oke Bale, Isale Aro and Osogbo District Council
may have been polluted by leachates from the waste dumpsites. Similarly
low soil/subsoil resistivity values (<100 Ωm) of 12 – 71 Ωm; 13 – 40 Ωm and
< 78 Ωm were observed within basement complex underlain waste dump
sites at Akure (Ojo et al., 2023), Ijemikin (Odipe et al., 2018) and Ile-Oluji
(Oni et al., 2023) in southwestern Nigeria.
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5.2. Hydrology and groundwater flow

The large variation (3.1 – 40.7 m) in the depth to the water table is typical of
the basement complex terrain (as similarly observed by Olorunfemi et al.,
1999 and Akinwumiju and Olorunfemi, 2016) where such depths depend
on the geology, the land surface slope (geomorphology) and the basement
bedrock relief. The water table is generally shallow in the valley, deep on
the hilltop and intermediate on the slope (Olorunfemi, 1990), and is often
said that the water table virtually mirrors the surface topography.

The variability in depth gives rise to a complex water table map (Fig. 2)
(as also observed by Olorunfemi et al., 1999) with several isolated shallow
and deep depth closures. Because the depths are not normalised against any
topographic reference, the map is very rarely of any hydrogeologic signifi-
cance beyond giving an idea of depth at which groundwater is likely going
to be encountered. Water table map could however be relevant in pollution
study (and hence groundwater quality assessment) since areas with shallow
water table are more susceptible to pollution through interaction of waste
dumpsite generated leachates and groundwater. This makes the central dis-
trict, most especially, Oke Bale, south of Testing Ground and areas around
Osogbo District Council/Railway Station with clusters of waste dumpsites
potential poor groundwater quality zones.

The groundwater table (head) map (Fig. 5) is referenced against the
mean sea level and is hence compensated for topographic variation and
therefore hydrologically and geologically relevant (Olorunfemi and Okhue,
1992 and Olorunfemi et al., 1999). Figure 5 displays a complex multi-
directional groundwater flow pattern (as similarly observed by Akinwumiju
and Olorunfemi, 2018) due to discontinuos (isolated) aquifer system with
limited lateral and vertical extents. The map identifies basement depres-
sions in the areas around Oke Aro, Oke Bale – Owode, Oke Osun and Woru
with axes of groundwater convergence and, basement ridges around Otae-
fun, Igbona – GRA, Osogbo Forest Reserve and Testing Ground with axes
of groundwater divergence which give a regional picture of the groundwa-
ter flow system. The basement depressions are characterised by relatively
thick overburden and hence potential zones for groundwater accumulation
while the basement ridges have relatively thin overburden, low storativity
and are groundwater diverging (radiating) zones with limited promise for
groundwater development.
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The relevance of the groundwater head map to groundwater quality eval-
uation is in the assessment of the influence of groundwater flow on pollution
migration. However, because the flow pattern in the basement complex area
is multi-directional (Olorunfemi et al., 1999), the influence on pollution mi-
gration will be difficult to assess except at localised level.

5.3. Hydrogeochemistry and groundwater quality

The closeness of the mean water temperature of 29.83 ◦C with the average
local mean annual temperature of 28.30 ◦C suggests a shallow active water
circulation (Mazor, 1991). About 83% of the sampled groundwater has pH
values of < 7 which makes the groundwater generally slightly acidic. Also,
about 63% of the water samples display pH values less than the minimum
permissible level (6.5 – 8.5) for both WHO (2022) and SON (2015). The
pH values greater than 7 were recorded for alkaline groundwater at the
central part of the study area and around Osogbo District Council, Oke
Bale and Isale Aro (Fig. 6a) with shallow water table and clustered waste
dumpsites that display low resistivity values (<100 Ωm) typical of leachate
polluted area. Relatively high values of EC (750 – 1709 µs/m), TDS (450 –
1227 mg/L) and salinity (0.4 – 0.85 ppt) were observed in the central part
of Osogbo (Figs. 6b,c,d) which could be attributed to the effect of leachate
from the dumpsites ubiquitous around Osogbo District Council, Oke-Bale
and Isale Aro area.

Groundwater samples around the north, west, east, northeast, southeast,
southwest, northwest and southern parts of the study area which include
locations such as Igbona, Ota-Efun, Akogun, Olupona, Owode, Oke-Osun,
Orenwon and Woru show TDS values lower than the WHO (2022) and SON
(2015) standards of 500 & 600 mg/L for drinking water and are therefore
classified as freshwater zones (FMHSW – https://health.gov.ng/). How-
ever, groundwater samples from around Oke Bale and Isale Aro areas show
TDS and EC values of 623 – 1227 mg/L and 903 – 1709 µs/m which are above
permissible level of 500 & 600 mg/L and 1000, respectively (Figs. 6b,c) and
hence not potable. Interaction of leachates from the ancient wastes dump-
sites with groundwater around the central part of the study area is most
likely responsible for the high TDS and EC values.

The results of the analysed groundwater samples show that Na+ domi-
nates the cations followed by Ca2+ with less abundance in K+ and Mg2+.
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The anions are dominated by Cl−, followed by SO2−
4 and NO−

3 , with lower
concentrations of HCO−

3 (Table 1). Most of the samples show cations and
anions contents lower than WHO (2022) and SON (2015) limits for drink-
ing water while Ca2+, K+ and Na+ concentrations exceeded the permissible
limits of 75, 12 and 200 mg/L, respectively for both standards. Magnesium
ion content is below the WHO permissible limit but higher than the SON
(2015) recommended limit of 20 mg/L for water samples collected around
Osogbo District Council, Isale Aro, Railway Station and Owode (Fig. 7).
The Osogbo central district comprising of Osogbo District Council, Isale
Aro and Oke Bale are typified by enhanced anion and cation concentration
closures of Na+ (120 – 349 mg/L), Ca2+ (48 – 93 mg/L), K+ (25 – 60 mg/L),
Mg2+ (15 – 36 mg/L), Cl− (18 – 36 mg/L) and SO2−

4 (8 – 31 mg/L) relative
to the adjoining areas (Figs. 7a-f). The strong spatial variability expressed
by high coefficient of variation (CV) values were recorded for all the ions,
and in particular for those of Na+, K+, HCO−

3 and SO2−
4 which are greater

than 100% (Table 1). The vertical variation plots show higher distribution
of EC, TDS, Ca2+, K+, SO2−

4 and Cl− at shallower depths than deeper
depths (Fig. 9) suggesting that their concentrations in the analysed water
samples derived mostly from surface-originated processes especially anthro-
pogenic sources.

Chloride and sulphate content in groundwater is usually used as an in-
dicator of surface contamination sources because they are conservative in
natural environment. Chloride and sulphate in groundwater are likely to be
influence by Cl/SO4 salts such as NaCl (cooking salt), CaSO4 (cement ma-
terial), MgSO4/K2SO4 (fertilizers) and CaCl2 (deicing salt). In the case of
the study area, the vertical distribution of Cl− and SO2−

4 , whose concentra-
tions are exactly balanced by Ca2+ and K+ suggest that cement materials
and fertilizers possibly influence the concentrations of these ions (Panigrahy
et al., 1996).

5.3.1. Geochemical facies

The evolving groundwater types were identified by plotting major ions chem-
istry in the Piper (1994) diagram. The Piper plot (Fig. 10) classifies Osogbo
groundwater samples mainly as Na+K-Cl (zone 7) with minor Na+K-Cl-
SO4 (zone 6) water types. In terms of cationic concentrations, 71% of the
sampled groundwater plotted in alkali-rich water zone while 26% plotted in
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Fig. 9. Co-variation plots of well depth (m) vs. physicochemical parameters of groundwa-
ter samples from Osogbo metropolis. Note the negative correlations of EC, TDS, Na+,
Ca2+, K+, SO2−

4 and Cl− with well depth suggesting input possibly from shallow sources.

calcium-rich water zone. In term of anionic contents, the analysed samples
are dominated by chloride water type (81%) while the remaining 9% plotted
in sulphate water zone. Various processes among which are anthropogenic
contamination, rock-water interaction, biogeochemical processes and solu-
tion kinetics can control the evolving groundwater chemistry (Kim et al.,
2005; Srinivasamoorthy et al., 2014). The hydrochemical composition, ver-
tical variation with depth and the water types (Na-Cl and Ca-Cl) suggests
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that water chemistry is regulated mainly by two processes; mineral weath-
ering through rock-water interaction and anthropogenic contamination.

Chloride and sulphate are essentially conservative in natural environment
and originate mostly from land surface contaminations. Although, Cl− and
SO2−

4 concentrations in the groundwater of Osogbo metropolis are within
the permissible and safe limit of WHO standards, they are however high
(>30 mg/L) around Osogbo District Council (most urbanised with residen-
tial buildings) and Akogun (agricultural area) respectively. The high Cl−

and SO2−
4 contents in groundwater of these areas could be from household

sewage and fertilizer inputs respectively. The concentrations of Na and K
in the groundwater, on the other hand, may be controlled by weathering
of minerals, which generally regulates the contents of the major cations in
groundwater (Kim et al., 2005).

Fig. 10. Piper plot of major ion chemistry of groundwater in Osogbo metropolis two main
water types; Na-Cl and Ca-Cl.

Sodium- and potassium-bearing minerals are abundant in the silicate
rocks of the study area. Therefore, the evolution and spatial variability of
these major ions (Na+, K+, Cl− and SO2−

4 ) in the groundwater of Osogbo
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metropolis can be used to infer the geochemical processes taking place in
the area.

5.4. Synthesis of results and groundwater quality assessment

The integration of the results obtained from geoelectrical and physicochem-
ical data gives an insight into the groundwater quality of different zones
in the study area. The weathered layer aquifer isoresistivity map classifies
the study area into three geoelectric zones with resistivities in the range of
≤100 Ωm (low), 101 – 350 Ωm (moderate) and >350 Ωm (high). Majority of
the georeferenced waste dumpsites fall within one of the low resistivity zones
which is suspected to be conductive-leachate-induced and around Osogbo
District Council, Isale Aro and Oke Bale whose groundwaters are charac-
terised by relatively high TDS (450 – 1227 mg/L), EC (750 – 1709 µs/m),
and elevated concentrations of Na+ (120 – 349 mg/L), Ca2+ (48 – 93 mg/L),
K+ (25 – 60 mg/L), Mg2+ (15 – 36 mg/L), Cl− (18 – 36 mg/L) and SO2−

4 (8 –
31 mg//L) with respect to WHO (2022) and SON (2015) permissible levels
for potable water and hence can be rated as of poor quality. This central
district has tendency for groundwater contamination due to the relatively
shallow water table depths and leachates from ancient dumpsites and pit
latrines situated around this ancient part of the metropolis. The Na+K-Cl
and Na+K-Cl-SO4 groundwater facies suggest that contamination in the
area is controlled by rock-water interaction and anthropogenic activities.
However, the anthropogenic contamination is probably more severe in the
area.

The integration of aquifer resistivity with hydrochemical attributes en-
ables the differentiation of unpolluted weathered layer aquifers from the
polluted ones (in spite of overlapping low resistivity values) with the for-
mer characterised by physicochemical elemental concentration levels that
are within the WHO (2022) and SON (2015) permissible levels for potable
water, thereby resolving the resistivity pitfall.

6. Conclusions

In this study, aquifer resistivities, physicochemical parameters, and static
groundwater level data were used to evaluate hydrologic characteristic,
groundwater flow and quality in Osogbo metropolis. The study concludes

170



Contributions to Geophysics and Geodesy Vol. 55/2, 2025 (149–179)

as follows:

1. Based on integrated aquifer resistivity and physicochemical parameters
constrained by permissible thresholds of WHO (2022) and SON (2015),
the groundwater within Osogbo metropolis is of good quality save the
central district area comprising of Osogbo District Council, Oke Bale
and Isale Aro whose groundwater shows evidence of pollution.

2. The polluted central district is characterised by relatively low aquifer
resistivity (< 100 Ωm), high TDS (623 – 1227 mg/L) and EC (903 –
1709 µs/m) and elevated concentrations of Na+ (120 – 349 mg/L), Ca2+

(48 – 93 mg/L) and K+ (25 – 60 mg/L). Other areas are characterised
low-medium-high (up to 641 Ωm) aquifer resistivity and groundwater
whose physicochemical parameters fall below the WHO (2022) and SON
(2015) thresholds for potable water.

3. The pollution of the central district groundwater is suspected to be asso-
ciated with relatively shallow water table and leachates from the ancient
waste dumpsites and pit latrines common within the core of the ancient
city.

4. The groundwater flow pattern is complex and multi-directional as is typ-
ical of a basement complex terrain. This makes it difficult to assess the
influence of the groundwater flow pattern on pollution movement.

5. The integration of aquifer resistivity with hydrochemistry enables the
differentiation of polluted weathered layer aquifers from the unpolluted
ones in spite of their overlapping resistivity values.
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Appendix 1

Table A1. Well location, depth and water level data.

Well Latitude Longitude Elevation Well Depth Static Water Water Level

No (N) (E) (m) (m) Level Elevation
(m) (m)

1 07◦49.67′ 04◦36.63′ 374 24.80 20.10 353.90
2 07◦49.52′ 04◦36.53′ 373 18.70 16.27 356.73
3 07◦48.35′ 04◦35.34′ 371 50.70 40.69 330.31
4 07◦49.40′ 04◦35.13′ 372 31.87 18.60 353.40
5 07◦47.41′ 04◦33.12′ 362 14.24 10.80 351.20

6 07◦48.19′ 04◦32.16′ 345 16.80 13.90 331.10
7 07◦47.92′ 04◦31.38′ 354 33.90 24.30 329.70
8 07◦46.82′ 04◦30.94′ 341 18.50 16.90 324.10
9 07◦47.14′ 04◦31.67′ 339 22.20 12.10 326.90

10 07◦46.82′ 04◦32.51′ 351 25.20 22.10 328.90
11 07◦45.45′ 04◦31.45′ 334 23.80 23.00 311.00

12 07◦44.22′ 04◦33.69′ 323 16.40 13.70 309.30
13 07◦45.81′ 04◦33.31′ 324 23.40 15.20 308.80
14 07◦46.48′ 04◦33.81′ 311 12.90 10.40 300.60
15 07◦45.46′ 04◦34.51′ 320 8.95 5.30 314.70
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Table A1. Continued from the previous page.

Well Latitude Longitude Elevation Well Depth Static Water Water Level
No (N) (E) (m) (m) Level Elevation

(m) (m)

16 07◦47.30′ 04◦35.69′ 334 12.50 5.20 328.80
17 07◦46.94′ 04◦36.14′ 331 20.40 14.60 316.40
18 07◦46.81′ 04◦36.78′ 337 21.90 11.80 325.20
19 07◦47.28′ 04◦36.24′ 332 17.10 15.40 316.60
20 07◦46.50′ 04◦35.21′ 326 17.70 14.95 311.05
21 07◦46.57′ 04◦36.51′ 335 24.50 21.20 313.80

22 07◦48.08′ 04◦34.92′ 323 11.20 6.60 316.40
23 07◦47.88′ 04◦34.61′ 345 28.20 14.60 330.40
24 07◦46.72′ 04◦34.92′ 350 29.80 17.30 332.70
25 07◦46.00′ 04◦35.28′ 354 28.20 19.70 334.30
26 07◦45.32′ 04◦34.50′ 348 30.80 27.30 320.70
27 07◦46.34′ 04◦32.52′ 339 30.00 20.30 318.70
28 07◦47.45′ 04◦30.13′ 341 34.50 30.00 311.00

29 07◦46.51′ 04◦34.70′ 329 16.80 4.65 324.35
30 07◦47.10′ 04◦33.22′ 342 18.00 16.10 325.90
31 07◦48.92′ 04◦31.54′ 329 19.30 17.80 311.20
32 07◦47.82′ 04◦35.18′ 362 42.60 30.20 331.80
33 07◦48.49′ 04◦34.85′ 325 12.80 9.80 315.20
34 07◦48.41′ 04◦33.60′ 340 23.60 18.40 321.60

35 07◦47.86′ 04◦32.51′ 345 30.80 17.20 327.80
36 07◦46.38′ 04◦34.98′ 353 42.60 31.50 321.50
37 07◦45.45′ 04◦33.62′ 354 12.50 8.40 345.60
38 07◦46.30′ 04◦31.59′ 352 28.70 27.20 324.80
39 07◦46.12′ 04◦31.12′ 343 6.00 3.10 339.90
40 07◦47.41′ 04◦32.31′ 343 17.10 13.20 329.80
41 07◦48.06′ 04◦33.64′ 350 42.10 34.80 315.20

42 07◦47.41′ 04◦31.87′ 350 14.80 13.00 337.00
43 07◦46.32′ 04◦32.65′ 351 33.00 25.20 325.80
44 07◦45.70′ 04◦35.86′ 370 21.00 19.10 350.90
45 07◦44.67′ 04◦32.50′ 356 21.40 17.20 338.80
46 07◦43.66′ 04◦35.86′ 357 34.80 26.30 330.70
47 07◦45.44′ 04◦33.85′ 366 29.80 25.90 340.10
48 07◦44.52′ 04◦30.18′ 353 30.70 23.40 329.60

49 07◦45.30′ 04◦30.34′ 350 24.00 13.30 336.70
50 07◦44.79′ 04◦35.40′ 331 31.30 20.40 310.60
51 07◦44.46′ 04◦34.20′ 337 22.80 15.40 321.60
52 07◦45.45′ 04◦33.62′ 343 34.70 30.40 312.60
53 07◦43.97′ 04◦32.53′ 330 16.30 10.20 319.80
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54 07◦43.16′ 04◦34.27′ 342 34.90 29.30 312.70
55 07◦44.81′ 04◦34.73′ 337 27.90 10.60 326.40
56 07◦44.81′ 04◦34.21′ 334 15.20 14.10 319.90
57 07◦45.09′ 04◦34.73′ 343 32.40 19.70 323.30
58 07◦45.31′ 04◦32.28′ 337 31.20 25.30 311.70
59 07◦45.72′ 04◦32.28′ 339 24.80 18.40 320.60

60 07◦45.89′ 04◦31.86′ 343 19.50 11.70 331.30
61 07◦43.77′ 04◦34.00′ 342 32.50 21.80 320.20
62 07◦44.07′ 04◦35.23′ 354 38.10 29.70 324.30
63 07◦45.72′ 04◦33.91′ 339 29.20 22.50 316.50
64 07◦44.61′ 04◦32.65′ 329 17.20 13.20 315.80
65 07◦47.99′ 04◦31.68′ 319 25.40 15.40 303.60
66 07◦48.42′ 04◦36.16′ 314 6.20 6.00 308.00

67 07◦49.64′ 04◦35.01′ 314 16.20 12.50 301.50
68 07◦48.66′ 04◦34.41′ 315 17.10 9.00 306.00
69 07◦47.97′ 04◦33.97′ 323 32.80 24.70 298.30
70 07◦50.09′ 04◦32.25′ 333 32.80 24.70 308.30
71 07◦49.44′ 04◦31.67′ 315 24.70 18.50 296.50
72 07◦48.80′ 04◦31.57′ 327 23.00 13.60 313.40

73 07◦50.03′ 04◦30.34′ 334 24.70 18.50 315.50
74 07◦50.13′ 04◦34.64′ 330 17.60 10.40 319.60
75 07◦50.01′ 04◦33.40′ 327 27.20 17.60 309.40
76 07◦49.73′ 04◦32.02′ 315 19.00 8.50 306.50
77 07◦48.24′ 04◦31.40′ 334 27.80 18.30 315.70
78 07◦47.29′ 04◦30.80′ 337 28.40 13.30 323.70
79 07◦48.96′ 04◦31.24′ 351 36.10 24.10 326.90

80 07◦49.47′ 04◦30.21′ 355 34.40 26.60 328.40
81 07◦49.67′ 04◦30.76′ 343 28.90 23.10 319.90
82 07◦49.70′ 04◦31.81′ 335 18.70 9.50 325.50
83 07◦48.61′ 04◦32.56′ 340 18.90 14.80 325.20
84 07◦47.72′ 04◦33.42′ 343 18.50 16.20 326.80
85 07◦47.65′ 04◦34.27′ 353 19.20 15.10 337.90
86 07◦46.94′ 04◦33.14′ 344 24.70 18.70 325.30

87 07◦46.75′ 04◦33.65′ 334 7.10 5.80 328.20
88 07◦46.60′ 04◦32.65′ 322 13.30 7.20 314.80
89 07◦44.48′ 04◦33.10′ 327 20.80 20.10 306.90
90 07◦44.14′ 04◦32.21′ 312 11.80 3.50 308.50
91 07◦44.73′ 04◦31.07′ 317 16.60 6.00 311.00
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92 07◦45.41′ 04◦31.32′ 311 15.70 12.70 298.30
93 07◦44.69′ 04◦32.56′ 328 15.70 12.70 315.30
94 07◦45.42′ 04◦33.61′ 308 9.30 5.60 302.40
95 07◦46.89′ 04◦32.79′ 307 9.30 7.10 299.90
96 07◦46.71′ 04◦31.28′ 325 27.10 15.30 309.70
97 07◦46.50′ 04◦30.40′ 333 29.10 20.20 312.80

98 07◦46.21′ 04◦30.11′ 310 14.60 10.90 299.10
99 07◦45.61′ 04◦30.21′ 329 45.40 36.90 292.10

100 07◦45.72′ 04◦32.52′ 330 15.30 13.00 317.00
101 07◦48.44′ 04◦32.28′ 331 28.00 16.90 314.10
102 07◦45.71′ 04◦33.51′ 333 21.60 16.30 316.70
103 07◦47.50′ 04◦32.35′ 335 31.70 24.00 311.00
104 07◦45.23′ 04◦33.14′ 319 32.50 21.60 297.40

105 07◦45.23′ 04◦34.75′ 321 26.90 20.70 300.30
106 07◦47.58′ 04◦35.25′ 329 24.30 18.40 310.60
107 07◦46.08′ 04◦30.73′ 322 13.70 11.50 310.50
108 07◦45.02′ 04◦32.20′ 327 16.20 13.20 313.80
109 07◦46.19′ 04◦33.05′ 307 20.80 19.50 287.50
110 07◦46.45′ 04◦32.65′ 309 19.40 17.20 291.80

111 07◦47.32′ 04◦33.15′ 311 15.10 11.10 299.90
112 07◦44.66′ 04◦34.38′ 336 18.30 15.20 320.80
113 07◦43.91′ 04◦33.18′ 339 25.90 22.40 316.60
114 07◦43.36′ 04◦34.50′ 324 23.20 19.30 304.70
115 07◦43.61′ 04◦35.00′ 324 31.90 21.30 302.70
116 07◦44.48′ 04◦34.30′ 324 19.60 15.50 308.50
117 07◦44.49′ 04◦33.08′ 311 21.20 15.00 296.00

118 07◦44.32′ 04◦32.59′ 315 18.80 12.60 302.40

179




