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ABSTRACT

The necessity for aquifer characterization and consequent assessment of extent of leachate infiltration
in groundwater system for the growing water demands and overall health benefits of inhabitants can-
not be overemphasized. Although groundwater provides potable water to billions of people worldwide
daily, it also serves as a basic sustenance to other forms of biological populations. The vulnerability
status of boreholes and hand-dug wells to contaminant seepages in the Papalanto community of Ogun
State, South-Western Nigeria was analyzed in this study. It was designed to assess and present the
extent of leachate and pollution from Ewekoro community. Qualitative assessment was determined
utilizing vertical electrical sounding (VES) methods that revealed lower resistivity mostly in traverses 1,
4 and 5, thus suggesting possible leachate to depths above 24.9 m. The depth to the aquifer varied
from 8.5m to 100m while the longitudinal unit conductance (S) and the protective capacity (Pc) values
were generally less than 1.0 Siemens (Pc< 1.0 Siemens) except in few locations around VESPAP2,
VESPAP4, VESPAP10, VESPAP12, VESPAP13, VESPAP20 alongside VESPAP21 and VESPAP22
that were classified as low aquifer protective zone and were characteristics of depositional succes-
sions of overburden layers with no significant impermeable clay/shale overlying rock. Most quality
determinants in the sampled water were within the set guidelines. pH, Temperature, EC, TDS, TSS,
TS and TH were the physico-chemical parameters; NO3, NOz and SO4% represented the anions;
Na2*, Mg3*represented the cations while Cu2*, Pb2*, Cd2* Mnz*, Cr3*, Ni and Al** were the heavy met-
als. Dissolved Oxygen (DO), Biochemical Oxygen Demand (BOD), Chemical Oxygen Demand (COD),
Alkalinity (ALK), CI-, HCOs, Zn?* and Fe3* were found to exhibit elevated concentration values using
the integrated permissible limits of the approved national and international water quality standards for
both water sources. It was concluded that not all the borehole water sources were safe for consump-
tion and many of the hand-dug well waters were of poorer bacteriological qualities; indicative of health
risk to the inhabitants of the area.

Keywords: Leachate; Vulnerability; Resistivity tomography; Protective capacity; Coliforms; Hand-dug
well.

INTRODUCTION groundwater provides potable water to ap-
The significance of quantitative and qualita- prgximgtely 8.2 billion people worldwide
tive groundwater sources to most forms of ~daily with annual growth rate of 0.85% (UN-
life cannot be overemphasized. Though, WS, 2025),it serves as a basic sustenance to
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other forms of biological populations
which include forest plants, arable plants,
ornamental plants and livestock (Ishola ez
al., 2019). It has been established to be the
most reliable resource for meeting rural wa-
ter demand in sub-Saharan Africa
(MacDonald and Davies, 2000). The Unit-
ed Nations World Water Development fo-
cusing on technical and policy responses
required to improve water management and
critical issues revealed the needs to address
global water crisis, especially in the area of
groundwater production and sanitation
(UNWWDR/UNESCO, 2025). From
2021estimates, the agricultural sector domi-
nates freshwater withdrawals (72%), fol-
lowed by industry (15%) and domestic or
municipal use (13%). Sector-specific fresh-
water withdrawals vary considerably as a
function of a country’s level of economic
development. Higher-income countries use
more water for industry, whereas lower-
income countries use 90% or more of their
water for domestic use and agricultural irri-
gation (UNWWDR/UNESCO, 2025). Over
the period of one year starting from 2000
t02001, global freshwater withdrawals in-
creased by 14%, corresponding to an aver-
age growth rate of 0.7% per year(DFID,
2001; UN-WS, 2025). Most of the increase
occurred in cities, countries and regions still
undergoing rapid economic development
(Bjornlund e al, 2018; UNWWDR/
UNESCO, 2025; UNICEF/WHO, 2025).
Population growth does not appear to play
a highly significant role in increasing de-
mand for water. Countries where per capita
water use is low, including several countries
in sub-Saharan Africa, are often those with
fastest growing populations, most especially
Nigeria (UNWWDR, 2020; Mdee ef al,
2022). Twenty-five countries which serve as
home to one-quarter of the world’s popula-
tion face extremely high water stress every

year. Approximately 4 billion people or half
of the world population experience water
scarcity for a part of the year (Oliver and
Boarz, 2019; UNWWDR/UNESCO, 2025).
Pollution, land and ecosystem degradation,
and natural hazards can further compromise
the availability of water resources (Brown
and Kookana, 2019; Venot ez al, 2021). The
situation concerning sanitation is worse, with
3.5 billion people worldwide lacking access
to these services in Latin America and the
Caribbean, and central and Southern Asia
with a mere coverage of 24% in Sub-Saharan
Africa (Wanger ez al, 2009; Siebrits ez al.,
2014; UNWWDR, 2017; Piesse, 2020; Setty
et al., 2020). Artesian wells equipped with
hand-pumps are a common technology
adopted by poor rural communities, and
there were over 250,000 hand-pumps in Afri-
ca in 2003 but recent studies indicate that
about 25% with approximately one in four
hand pumps in sub-Saharan Africa are non-
functional at any given time while a 2015
estimate for sub-Saharan Africa showed that
175,000 out of 680,000 hand-pumps were
not functional (Foster ez al, 2020). In 1994,
estimation reports revealed that 40-50% of
existing hand-pumps in sub- Saharan Africa
were not functioning (IBRD, 1994; Bello e#
al., 2013).This assertion is backed by sup-
portive data and water report from Uganda
(DWD, 2002) and South Africa (Hazelton,
2000), which indicated similar operational
failure rates. Specifically in Nigeria, a signifi-
cant proportion of water schemes are non-
functional, with some sources indicating that
around 50% of rural hand-pumps are dys-
functional and about 46% of water schemes
in the country are not functional (Adeniran ez
al., 2021). The primary reason for these high
failure rates, and hence low sustainability, is
insufficient attention to the operation and
maintenance of the pump (Harvey and
Reed, 2004). This results in decreased well
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yield and production, higher operation
costs, and in severe cases, pump failure, well
closure and depletion of groundwater re-
sources (PPS, 2023). Considering the nega-
tive impacts of poor operation and mainte-
nance, mineral deposits (incrustation) and
biological growth (biofouling) can clog the
well screen and aquifer, reducing the rate at
which water can be pumped thereby reduc-
ing not only the overall well yield but also
the sanitary quality of the groundwater sys-
tem (PADCNR/PAGWIS, 2022; Glennon,
2025 WWJ, 2025). Saltwater intrusion is
another quality challenge because over-
pumping; often due to poorly-managed op-
erations can draw saltwater into freshwater
aquifers, most especially in coastal areas,
rendering the water undrinkable. The im-
pacts on the system efficiency and longevity
are also observable in higher energy cost, a
pump that is not well maintained must work
harder and longer to achieve the same out-
put leading to higher energy costs. Poor op-
eration and maintenance can shorten the
operational lifespan of the pump and well,
making the entire water system unsustaina-
ble in the long-term (Chen e al, 2016;
Glennon, 2025) and while maintenance has
costs, the long term expenses of poor
maintenance including pump replacement,
water treatment as well as overall costs of
well rehabilitation are significantly higher
(CLSM, 2024; Glennon, 2025; WW]J, 2025).
The consequent failure of water infrastruc-
ture like hand-pumps in Nigeria negatively
impacts access to sufficient and quality wa-
ter, particularly in the rural area
(MacAlhster ¢t al, 2022; Adeniran et al.,
2021). Despite the beneficial impacts of
groundwater through borehole sources, its
utilization sometimes has proven to be
source of principal health concerns to the
users (UNEP, 2001; Ajayi and Adejumo,
2011). Each year, about two million people

die as a result of poor sanitation and con-
taminated water, with 90% of these victims
being children. Centre for Disease Control
reported 1.4 million deaths from waterborne
diseases, poor sanitation and hygiene. Alt-
hough diarrhea deaths have decreased, they
still represent a major preventable cause of
death prevailing among young children asso-
ciated with approximately 1.035 million
deaths with over 273,000 of those occurring
under five years old (WHO/UNICEF, 2025).
These hazardous effects emanating from the
presence of toxic elements of environmental
concern in groundwater system; elements
such as Pb, Cd, As, Cr, many of these metals
have been found to act as biological poisons
even at low concentration of parts of per
billion(ppb) levels (Okoronkwo e al, 2005).
Bairds (1995) also observed that these afore-
mentioned elements, though toxic in the
form of cations but when bonded to short
chains of atoms, may not really be toxic as
free elements. Even the most notable metals
with significant commercial applications are
also exempted and hence undesirable for
their indiscriminate release into the environ-
ment (Bunce, 1990). This research aimed at
showcasing the effectiveness of integrating
non-invasive  hydro-geophysical ~methods
with  widely employed biogeochemical
(physico-chemical and microbiogical interac-
tions) approach in groundwater assessment
of Papalanto communities. The two basic
approaches would go a long way in charac-
terizing the groundwater conditions and
proffering solutions to the problems of
groundwater production and quality in the
study area.

MATERIALS AND METHODS
Study Area
Papalanto area is at longitude 3.190 E, lati-
tude 6.899 N, located in Ogun-State, Nigeria
(Ishola, 2019; Maptons, 2025). It harbors
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one of the largest outcrops of Ewekoro
limestone that easily attracts attention. It
extends from Ibesse, 4 km east of Papalan-
to, along Papalanto-Shagamu road to Ogun
River, 5km east of Iro community. The
Ewekoro formation at the type locality is
composed of 11m to 12m of limestone. It
is sandy at the Base, grading downward into
the Abeokuta Formation. The Ewekoro
formation is overlain by phosphatic glauco-
nitic grey shale (Jones and Hockey, 1964;
Ishola ez al., 2021).

The local geology of the study area is
Ewekoro formation and is generally con-
sistent with the regional geology of eastern
part of the Dahomey Basin with corre-
sponding lithostratigraphic units (Figure 1)
while the google earth imagery of the se-
lected investigated study area within in
Ewekoro LGA (Figure 2). It predominantly
comprises of the non-crystalline and highly
non-fossiliferous limestone and thinly lami-
nated fissile and probably non-fossiliferous
shale (Ushie ef al, 2014). It is the sedimen-
tary terrain of southwestern Nigeria dis-
played in the map of Ogun state showing
Ewekoro formation as the typical local ge-
ology of the study areas (Figure 3). The ge-
ographical divisions of the study area with-
in Nigerian continental environment are
shown alongside Ewekoro, Itori and
Wasinmi and their surrounding autonomous
communities (Figure 4). The individual in-
vestigated and sampled locations in the
study within Ewekoro Local Government
Area (LGA) are displayed (Figure 5). The
Ewekoro formation consists of intercala-
tions of argillaceous sediment. The rock is
soft and friable but in some places cement-
ed by ferruginous and siliceous materials.
The lithological units in Ewekoro formation
are clayey sand, clay, shale, marl, limestone
and sandstone. The Abeokuta formation

was found to consist of grits, loose sands,
sandstones, kaolinitic clay and shale and was
further characterized as usually having a ba-
sal conglomerate or basal ferruginized sand-
stone (Ishola, 2019; Ishola ez al., 2021).

The Abeokuta formation on surface out-
crops comprises mainly of sand with sand-
stone, siltstone, silt, clay, mudstone and shale
interbeds. It usually has a basal conglomerate
which may measure about 1m in thickness
and usually consists of poorly rounded
quartz pebbles with silicified and ferrugi-
nized sandstone matrix or a softly gritty
white clay matrix. Where there is no con-
glomerate in surface outcrops of Abeokuta
formation, a coarse, poortly-sorted pebbly
sandstone with abundant white clay consti-
tutes the basal bed. The overlying sands are
coarse-grained clayey, micaceous and, pootly
-sorted and indicative of short distances of
transportation or short duration of weather-
ing and possible derivation from the granitic
rocks located to the north. Subsurface data
on the Abeokuta formation were obtained
from Ise-2, Afowo-1, Orimedu-1, Bodashe,
Ileppawi, Ojo-1 and Itori boreholes by
Okosun (1998). The formation has a thick-
ness of 849 m, 898 m, 624 m, 54.4 m and
888 m in Ise-2, Afowo-1, Ileppawi, Itori and
Ojo-1, boreholes, respectively. In the Ise-2
borehole, the essentially arenaceous se-
quence between 1261.5 m and 2142.1 m
which consists of sands, grits, sandstone,
siltstone, clay and shale constitutes the for-
mation (Archibong, 1978). The interval 1076
m — 1907 m which was made up of very
coarse loose sands with sporadic thin inter-
calations of multicoloured shale and lime-
stone represents the formation in Ojo—1
borehole (Chene, 1978; Ishola, 2019). The
strata from 44m to 98.4m in the Itori bore-
hole, consisted of coarse-fine and medium-
grained sand, silt and sandy clay horizons
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constitute the upper portion of the for-
mation. The Ise-2 borehole also penetrated
a basal conglomerate.

Jones and Hockey (1964) presented
Ewekoro limestone and the accompanying
overlying Akinbo shale to be of lateral
equivalents of the Imo formation of east-
ern Nigeria origin. Investigations of other
authors on the stratigraphy and depositional
characteristics of limestone and clay/shale
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deposits in south-western Nigeria also re-
vealed similar lithostatigraphical pattern
(Okosun, 990; Omatshola and Adegoke,
1991; Oladeji, 1992). Extensive and compre-
hensive geological survey and commercial
appraisal of Ewekoro limestone and shale
beds for commercial cement production
were also undertaken by The West African

Portland Cement Company also conducted
(Ishola e al., 2021).
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Figure 2: Google Earth Imagery of the selected Investigated Study Area within Ewekoro

LGA, Southwest Nigeria
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Figure 5: Data Acquisition Map of the Investigated Locations in Papalanto Study
Area in Ewekoro LGA, Southwest Nigeria

Electrical Resistivity Method

The principal field equipment utilized for
the study was AGI Super Sting Farth Resis-
tivity meter which displays the apparent re-
sistivity value digitally as computed from
Ohm’s law. Other materials that accompany
the equipment were measuring tape, 4 reels
of multi-core cables, 4 hammers, where 4
metal electrodes were used for VES (Figure
0). In the VES where Schlumberger config-
uration was adopted, the four electrodes
were symmetrically positioned along a
straight line putting the current electrodes
on the outside and the potential electrodes
on the inside. To change the depth range of
the measurements, the current electrodes
were displaced outwards while the potential
electrodes, in general, were left at the same
position. When the ratio of the distance
between the current electrodes to that be-
tween the potential electrodes became too
large, the potential electrodes were dis-
placed outwards otherwise the potential dif-
ference would become too small to be
measured  with  sufficient  accuracy

(Koefoed, 1979; Alile and Amasadun, 2008).
Measurements of current and potential elec-
trode positions were marked such that AB/2
> MN/2.

Where AB/2 = Current electrode spacing
and MN/2 = Potential electrode spacing.

Generally, the arrangement consisted of a
pair of current electrodes and a pair of po-
tential electrodes. These were driven into the
earth in a straight line to make a good and
firm contact with the earth. The current elec-
trode spacing was expanded over a range of
specified values for field measurements in
the study area. The values of AB/2 increased
as the measurements progressed while the
potential electrodes separations were guided
accordingly. The potential electrodes were
kept at small separations relative to the cur-
rent electrodes separations (Alile and Amasa-
dun, 2008). Twenty five (25) depth sound-
ings were conducted, with current electrode
spacing (AB) ranging from 200-340m, using
Schlumberger Configuration (Figure 06).
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Figure 6: Schlumberger Electrode Configuration on the Field (Ishola, 2016)

The outputs of observed apparent resistivi-
ty dataset for the vertical electrical resistivity
soundings were systematically plotted
against  half-current electrode spacing
(AB/2) on bi-logatrithmic graph sheets. The
obtained field-curves from the plots were
then curve-matched with Schlumberger
master curves for the delineation of the
underlying formations and their number of
layers in successions and the estimation of
the corresponding resistivity and thickness
of each of the delineated layers. The esti-
mated geoelectric parameters were thereaf-
ter used as initial models for computer itera-
tive modeling on a Win-Resist program to
obtain model geoelectric parameters for the
delineated layers (Vander—Velpen, 2004).
The lithology of the delineated geoelectric
layers was established by integrating availa-
ble information from lithologic samples
collected from boreholes and hand-dug
wells, known local geology and previous
studies (Fidelis e a/, 2014; Ishola, 2019;
Ishola ez al., 2025).

Hydro-geochemical Analyses of Water
Samples
The procedure for data collection started

with a reconnaissance survey of the area.
The study initially identified functional wells
and boreholes as those that are frequently in
use with a level of patronage (use) greater
than 30 persons per day. Through this ap-
proach, 50 existing and functional ground-
water sources in the dry season (25 bore-
holes and 22 wells) were randomly and stra-
tegically selected, with their coordinates rec-
orded. Water samples were collected in 1-
litre plastic bottles. Prior to sample collec-
tion, all plastic bottles were rinsed three
times with the sample water. After sampling,
the containers were tightly covered. Physico-
chemical analyses of the water samples were
also undertaken to identify and quantify the
physical properties and chemical compo-
nents of water. This included pH, TSS, Tur-
bidity, Chloride Cations, Anions, Trace Ele-
ments, Total Hardness, which were deter-
mined using standard laboratory methods of
water quality analyses (APHA, 1998). Major
metals and trace metals were determined us-
ing the Inductively Coupled Mass Spectrom-
eter (ICP-MS) and Inductively Coupled Op-
tical Emission Spectrometry (ICP-OES). In
order to improve accuracy and to prevent
cloudiness of the water, water samples were
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filtered to less than 0.45 pm using a Pall
Corporation GN-6 metricell — sterilized
membrane. Minute clay particles were re-
moved before analysis. ICP-OES is useful
in measuring higher concentrations, such as
high levels of contamination. When lower
levels of contamination were identified,
ICP-MS was utilized because of its addi-
tional service for lower detection limits in
analytical measurement. Cell-based ICP-MS
provided an additional tool for the removal
of interferences that might prevent the de-
tection of a contamination incident. Mn,
Cr, Zn, Pb and Cd among others were trace
elements and heavy metals analyzed. These
analyses were undertaken for the purpose
of determining the level of concentration
of elements in water samples and the im-
pacts of the prevailing and elevated concen-
tration levels on the groundwater system of
the study area.

Bacteriological Quality Determination

The facilities used for this study such as pe-
tri-dishes, pipettes, inoculation loops and
culture media, were adequately sterilized
using appropriate laboratory methods
(DIFCO, 1984; Ajayi and Adejumo, 2011).
Nutrient agar (NA), Eosine Methylene Blue
(EMB), and MacConkey broth were the
media used for these analyses and each of
them serves as a differential medium for the
consequent isolation of gram negative bac-
teria and screens the isolates for lactose fer-
mentation. Glucose, Mannitol, Lactose,
Fructose and Galactose were primarily uti-
lized as sugars used for the fermentation
test. Motility indole ornithine fluid media
were utilized for the motility and indole test.
The preparation of all the media were in
accordance with approved laboratory stand-
ards as well as the manufacturer’s instruc-
tions and specifications, coupled with ade-
quate sterilization in an autoclave at the

temperature of 121°C for 15 minutes time
interval (Ajayi and Adejumo, 2011; Bello ez
al., 2013).

Total Bacterial Count

The determination of the total bacterial
count was carried out in the laboratory by
application of the pour plate technique, us-
ing standard methods (APHA, 1985; Bello ez
al., 2013). The enumerations of bacteria in
the samples were achieved by using the Nu-
trient agar medium. Isolations of Staphylo-
coccus aureus were achieved by using the
Mannitol salt agar (MSA) because of its high
salt content (7.5 — 10%) that selectively in-
hibits the growth of most bacteria allowing
only salt tolerant staphylococci to flourish
meaning that the high salt level created an
osmotic environment that was lethal to most
bacteria but can be tolerated by staphylococ-
ci. The selectivity prevented the growth of
other bacteria including most gram-negative
bacteria and other gram-positive bacteria
that are salt tolerant. The presence of man-
nitol and phenol red acted as a differential
agent as staphylococcus aureus fermented
mannitol thereby producing acids that turned
the medium’s colour from red to yellow indi-
cating positive results (Aryal, 2022). The
combination of selective and differential
properties makes MSA a valuable tool for
isolating and presumptively identifying path-
ogenic staphylococcus aureus from mixed
samples while Salmonella-Shigella agar (SSA)
was utilized for the isolation of Salmonella
species because its formulation selectively
inhibits the growth of gram-positive bacteria
and coliforms, allowing Salmonella species to
thrive. The medium was differential using
lactose to differentiate non-lactose-
fermenting  Salmonella from lactose-
fermenting bacteria, and incorporates ferric
citrate and thiosulphate to produce black-
centered colonies from hydrogen sulphide
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produced by Salmonella (Dekker and Frank,
2015). Also, the combination of the selec-
tive and differential properties made SSA a
valuable for isolating Salmonella from the
analyzed groundwater samples in the study
area.

Totral Coliform Count

The determination of the total coliform
count was accomplished by adopting the
Most Probable Number (MPN) method
using MPN index with 3-3-3 regimen (Rijal,
2025; Addo ez al, 2009). MacConkey broth
was utilized for this purpose as the resultant
production of acid and gas on incubation at
the temperature of 37°C for 48 hours time
intervals was utilized to indicate positive
outputs (Fawole and Oso, 2001; Ajayi and
Adejumo, 2011; Bello ez al, 2013).

Faecal Coliform Count

Eosin Methylene Blue medium was em-
ployed in the pour plate technique for the
determination of faecal coliform count. E.
coli strains appeared as greenish metallic
sheen colonies on the Eosin Methylene
Blue (EMB) agar, which was further con-
firmed by the capacity of the identified or-
ganism to ferment lactose at temperature of
44.50C while Aerobacteracrogenes appeared
as large pinkish mucoid colonies (Burnett
and Beuchat, 2001; Ajayi and Adejumo,
2011).

Biogeochemical Tests and Identification
of Microbial Isolates

Identifications of all isolates were undertak-
en by adapting to standard methods in ac-
cordance with the accompanied laboratory
procedures as described by APHA, (1985),
Fawole and Oso, (2001) and Burnett and
Beuchat, (2001). Morphological and biogeo-
chemical characteristics of the microbial
isolates were used for the identification of

the isolates according to Baron ef al., (1990),
Benson (1990) and Bitton (1994). The Ber-
gey’s Manual of determinative bacteriology
by Buchanan and Gibbons (1974) was used
to compare the characteristics with the re-
sults obtained.

RESULTS AND DISCUSSIONS

Representative inverse model curves for the
geoelectric parameters obtained from the
computer iteration of the resistivity sound-
ings revealed that the resistivity sounding
curves obtained from the surveyed area were
representative of a typical 4-layer (H type),
with a few 5-layer (KH). The H-type curve,
with about 82.4% of occurrence and the KH
-type curve, with about 17.6% of occur-
rence, were deduced from the area (Figure
7). The H and KH curves, which are often
associated with groundwater possibilities
(Omosuyi, 2010) were pertinent to the study
area. The interpreted geoelectric parameters
provide information on aquifer thickness
and transmissivity allowing for estimations
of potential groundwater yield and suitability
for boreholes. The shape of the sounding
curves (H, KH types) reflects the variations
in electrical resistivity with depth, allowing
for the identification of different subsurface
layers including topsoil, clay, weathered/
fractured and fresh basement rock (Oyedele
and Adeyemo, 2001; Omosuyi ¢z al, 2008).
The geoelectric parameters of the lithologic
units were delineated from the interpreted
sounding curves (Table 1). Geoelectric pa-
rameters from Vertical Electrical Sounding
(VES) interpret subsurface lithology and hy-
drology, directly impacting groundwater pro-
duction by identifying aquifer depths, thick-
nesses, and potential yields. Sounding curves
reveal variations in resistivity, indicating
weathered/fractured zones for groundwater
storage while lower resistivity can suggest
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saline water or contamination, impacting
groundwater development and quality since
electrical resistivity methods primarily re-
flect variations in ground resistivity (Okafor
and Mamah, 2012; Aizebeokhai and
Oyebanjo, 2013; Aizebeokhai and Oyeyemi,
2014). Low resistivity zones within these
layers particulatly in weathered/fractured
basement were interpreted as potential wa-
ter saturated zones or aquifers while high
resistivity could indicate dry non-aquiferous
layer (Aizebeokhai ef al, 2010a; Aizebeokhai
et al, 2010b). Interpreted geoelectric units
such as weathered/fractured basement, are
directly correlated to potential aquifer loca-
tions for development, while the protective
capacity of underlying layers, like clay, is
essential for groundwater quality mainte-
nance. The geoelectric parameters of the
delineated layers showed consistency among
the sounding curves; particularly in the
deeper sections where the model resistivi-
ties and thicknesses were relatively uniform
(Table 1). The delineated geoelectric sec-
tions (from the topmost layer to the under-
lying layers) were characterized as top soil,
sandy clay/clayey sand, shale/clay, sand
lens, lateritic/kaolinitic clay, clayey sand,
clay/shale, sandstone, weathered limestone
and saturated sandstone. The topsoil was
mainly composed of lateritic and alluvium
soil and was characterized with low to high
resistivity value that ranged from 9.78 —
157.23Q2m with a mean value of
157.23£316.80. The top soil was under-
lained by a relatively high resistive layer that
was laterally continuous across the study
area; this layer is desctribed as sandy clay/
clay/clayey sand. The large variation ob-
served in the model resistivity of this layer
can be linked to the possible effect of dif-
ferences in the extent of compaction of the

unit alongside the lateral changes in mineral-
ogy. Underlying the second geoelectric layer
was a low resistivity sandy-clay or shale/clay
unit observed to be laterally discontinuous in
the study area while the aquiferous lithologi-
cal units were karstic limestone, saturated
sandstone and sand (Ishola, 2019).

In the entire study locations, where the lon-
gitudinal conductance (§) and hence, the
protective capacity (P) values in the study
areas were less than 1.0 Siemens (P.< 1.0
Siemens); they were classified as low aquifer
protective capacity and were characteristics
of depositional successions of overburden
layers with no significant impermeable clay/
shale overlying rock. Such subsurface model
is an indication of high infiltration rates
from precipitation as well as surface contam-
inants into the aquifer system. However, the
investigated locations where the protective
capacity values were greater than 1.0 (P.< 1.0
Siemens) imply that these locations have
considerable layers of clay separating the
subsurface aquiferous zones (Table 1). In
addition to high transmissivity and low pro-
tective capacity values in most of the investi-
gated locations in the study area, 92% of the
aquifers were very close or relatively close to
the surface (<100m) and thus prone or vul-
nerable to contamination over large areas,
once the aquifer receives a load of contami-
nant dose from surface to near surface. Nev-
ertheless, despite the vulnerability status of
the subsurface aquiferous zone of the study
area to contaminant seepages emanating
from the surface, the groundwater potential
of the study area in terms of yield was high
due to the recorded high transverse unit re-
sistance (KR) values making it a suitable ter-
rain for the development of boreholes of
potable water supply (Ishola, 2019).
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Table 1A: Computed Geoelectric Parameters of Papalanto

VES Station Top Soil Resistivity Depth  to Longitudinal Probable Ag-
Aquifer m) Conductance (S) uifer System

(22m)
VESPAP1 52.9 46.7 0.2779927 Confined
VESPAP2 9.78 78 0.6681476 Confined
VESPAP3 56.5 74.5 0.4145107 Confined
VESPAP4 53.6 85.1 0.3463714 unconfined
VESPAP5 61 85.4 0.3475925 Confined
VESPAP6 62.9 84.4 0.2509664 Confined
VESPAP7 60.3 80 0.2174386 Confined
VESPAPS 65.8 96.5 0.2587825 Confined
VESPAP9 67.5 65.3 0.4762947 Confined
VESPAP10 625 100 0.5595971 Confined
VESPAP11 53.1 62.2 0.3818059 Confined
VESPAP12  56.6 92.1 0.4767821 Confined
VESPAP13  70.1 92.2 0.5898912 Confined
VESPAP14 558 54.6 0.4262295 Confined
VESPAP15  51.1 61.6 0.3768276 Confined
VESPAP16 828 93.4 0.3257761 Confined
VESPAP17 769 87.7 0.3431142 Confined
VESPAP18 67.3 100 0.4612546 Confined
VESPAP19  60.5 64.8 0.5839416 Confined
VESPAP20 558 83 0.2308633 Confined
VESPAP21 125 38.7 0.1983077 Unconfined
VESPAP22 1428 8.5 0.7264337 Confined
VESPAP23 36 45.14 0.2551724 Unconfined
VESPAP24 244 13.4 0.6824669 Unconfined
VESPAP25 915 20.44 0.0168369 Unconfined
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Table 1B: Computed Geoelectric Parameters of Papalanto

Transmissivity

(m2 s)

Protective
Capacity
(Siemens)

VES Station Inferred Lithology Hydraulic
Conductivity
(m/s)

VESPAP1 Limestone/ Sandstone  25.99945%10 3
VESPAP2 Limestone /Sandstone  36.07765%10 3
VESPAP3 Limestone 25.99945x10 3
VESPAP4 Limestone/Sandstone 27.28436x10 3
VESPAP5 Limestone /Sandstone  15.15111%10°3
VESPAP6 Limestone /Sandstone  9.420362%10 3
VESPAP7 Limestone /Sandstone  7.114063%10 3
VESPAPS8 Limestone /Sandstone  7.645165%10 3
VESPAP9 Limestone 43.78772%x10 3
VESPAP10 Limestone 29.44822x10°3
VESPAP11 Limestone 29.13189%10 3
VESPAP12 Limestone/ Sandstone  23.50642%10 3
VESPAP13 Limestone 39.47523x10 3
VESPAP14 Limestone 39.30507x10 3
VESPAP15 Limestone 27.90019%10 3
VESPAPI16 Limestone /Sandstone  22.03150%10°3
VESPAP17 Limestone /Sandstone  24.90014x10 3
VESPAP18 Limestone/ Sandstone  26.18727%10 3
VESPAP19 Limestone 45.81967x10 3
VESPAP20 Limestone /Limestone  6.962047%10 3
VESPAP21 Limestone+Sand 47.60194x10°3
VESPAP22 Limestone+Sand 2.894540x1073
VESPAP23 Limestone+Sand 36.49566x10 3
VESPAP24 Limestone+Sand 30.24326x10 3
VESPAP25 Limestone+Sand 38.91086x10 3

899.57924x10°3

1284.3642x10 3
1039.9764x10 3

914.02590%x10°3

524.22824%10 3
335.36487x10 3
284.56253%x10 3
256.11304%10 3
1532.5703%10 3

883.44667%x10 3
1101.1855%10 3

655.82905%10 3
1097.4115x10 3

1391.3994x10°3
1629.3710x10 3
586.03803%x10 3
804.27456%x10 3
785.61815%10 3
1612.8524x10°3
257.59575%10 3

1489.9407x103
9117.8015%10°3

1273.6987x10 3
804.47081x10 3
762.65272x10 3

697.1194x10°3

1270.718%10°3
946.2723%x10 3

1221.122%10°3

972.7759%10 3
895.0159%10 3
920.3866%10 3
947.0069%10 3
601.8433%10 3

1052.631%10 3
800.4118%10 3

1178.201%10 3
8137.687x10°3

646.1538%x10 3
852.2359x10 3
574.0627%x10 3
590.1750%x10 3
856.1643%x10 3
730.7996%x10 3
1099.046%10°3

2172.471%x10 3
4.997065%10 3

366.9919%10 3
7.114774X10 3
17.48502%10 3

Biogeochemical characteristics of Pa-
palanto Groundwater Sources

The mean value of pH for Papalanto bore-
hole was 6.7820.11 while that of tempera-
ture was 20.56£0.87 (Table 2). The standard
deviation values for both parameters
showed that the wvariation between the
measured values was not much. The pH of
the groundwater in the study area varied
from 6.4 to 6.87 with an average value of
6.78%0.11 in boreholes (Table 2); and 6.70
to 7.85 with an average value of 7.11£0.40

in hand-dug wells indicating alkaline nature
of the samples; this was confirmed by the
very high detected values of Alkalinity in the
study area with a value range of 180.74 to
1481.11 and a mean value of 487.75£515.95
in boreholes and a value range of 286.78 to
1711.11 with a mean value of 408.852391.94
in wells (Table 3); these could still be in the
normal ranges for waters purported to be
safe and wholesome for consumption. This
pH range was close to neutrality and would
allow the growth of most bacterial species.
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Eniola e al, (2007) obtained similar pH
ranges of 6.54 — 7.80 and 6.54 to 7.90 for
borehole water samples stored indoor and
outdoor in containers of different colours.
The Electrical Conductivity (EC) values var-
ied from 645.00 uS/cm to 911.00 uS/cm
with an average value of 487.752515.95
uS/cm in boreholes (Table 2) and 630.00
uS/cm to 845.00 uS/cm with an average
value of 757.16%56.61 uS/cm in wells
(Table 3). This is directly related to the ionic
concentrations present in the groundwater
and its lower values contribute to lower sa-
linity and total dissolved concentration. The
TDS values in boreholes were very low and
varied between 6.90 and 8.98 mg/L, with a
mean value of 8.4110.71 mg/L and varied
in wells for drinking purpose between 7.80
to 10.40 mg/L with a mean value of
8.08£0.66 mg/L; the maximum allowable
TDS guideline value prescribed by the
WHO (WHO, 2012) is 1000 mg/L. All the
groundwater samples both  boreholes
(Tables 2) and hand-dug wells (Tables 3)
came under fresh water type and were very
much suitable for drinking purpose; as the
values of TDS in them were lower than
1000 mg/L. The lower TDS may be due to
lack of serious percolation of channel water
containing solids, agricultural wastes, and
industrial seepages. Although the country
rocks are also important sources of increas-
ing dissolved solids in the groundwater, oth-
er sources of dissolved solids in the
groundwater of the study area included hu-
man activities like agricultural runoff,
wastewater discharges and road particulate
matters as well as other natural surface phe-
nomena like saltwater intrusions into coastal
part, leaching of salt deposits and saline
soils. These soutces can introduce contami-
nants and minerals into the groundwater
system, increasing the concentration of the
total dissolved solids (TDS) beyond were

naturally present in the bedrock (Benham,
2024). Dissolved Oxygen (DO) ranged from
6.70 to 7.84 with a mean value of 7.00£0.32
in boreholes (Tables 2), and 7.20 to 8.98 with
a mean value of 8.56%0.52 in wells (Tables
3), making well water higher than the set per-
missible standards.

The SO4* ranges were between 0.03 and
11.88 mg/L; with an average of 9.60%3.65
mg/L in boreholes; in wells, it ranged be-
tween 9.37 and 14.62 mg/L; with an average
value of 10.314+1.32 mg/1L. which is very im-
portant and widespread environmental prob-
lem in many irrigated agricultural regions.
Sulphate concentration was less than 400
mg/L in the groundwater samples; indicating
the lower influence of accumulation of solu-
ble salts in the soil, anthropogenic activity
and lower sulphate fertilizer application.
NOs concentrations were found to range
between 0.12 to 0.14 mg/L with an average
of 0.12+0.008 mg/L in boreholes and 0.11
to 0.14 mg/L with an average of 0.13£0.007
mg/L in wells, making both results falling
below the WHO recommended a value of
45 mg/L. The highest mean value of
403.81%£318.40 was recorded for HCOs3 fol-
lowed by 314.80£88.15 for Cl while the
lowest mean value of 0.0001%0.0003was rec-
orded for AI3+. COD, BOD and DO exhibit-
ed an increasing order of value concentra-
tions of and COD>BOD>DO respectively.
The elevated value of standard deviation
over the mean in the boreholes (Table 1)
compared to the hand-dug wells revealed a
wider variation in the distribution of alkalini-
ty in the borehole water sources of the sam-
pled parameters in the hydrogeologic envi-
ronment of the study area (Tables 1 and 2).
Very high variability in the concentrations of
both the physico-chemical and elemental
parameters (e.g. HCOs, Ni, Cr, Co, AP,
Pb?*) resulted in the standard deviation be-
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ing higher than the mean values for such
elements (Tables 2). Unlike the heavy met-
als, Sulphur is a non-metallic element also
detected in small concentrations in both
water sources exhibiting a mean concentra-
tion of 1.41%0.65 in boreholes and
3.28+1.41 in hand-dug wells. Sulphur is not
a heavy metal and its oxidation state varies
commonly, ranging from —2 to +06 rather
than having a fixed charge like Zinc. The
sources and processes responsible for the
present behaviour of sulphur principally
present as SO4% in the groundwater system
of both water sources in the study area
could probably be attributed to possible
infiltration of river water from the oxidative
dissolution of the constituent formation
rock (Massmana ef al, 2003). In natural
conditions, the concentration of NO3 does
not exceed 10 mg/L in groundwater; con-
centrations beyond this is an indication of
anthropogenic pollution, which is mainly
due to poor sanitary conditions and indis-

criminate use of higher fertilizers for higher
crop yields (Subba-Rao ez al,, 2012).

The concentration of bicarbonate was ob-
served from 90.37 to 778.62 mg/L, with a
mean value of 403.81%£318.40 in boreholes
and 143.38 to 855.11 mg/L with a mean val-
ue of 203.94%196.01 in wells, making sam-
ples from both groundwater sources higher
than the available set standards; the higher
concentration of HCOj3 compared to chlo-
ride concentration in the groundwater infers
that mineral dissolution also occurs (Subba-
Rao et al., 2017; Selvam ez al, 2018). This is
supported through the use of a bubble plot
displaying the dominant hydro-geochemical
parameter which is principally harnessed to
illustrate the ranking contribution and rela-
tionship between the water quality parame-
ters and their respective aquifer characteris-
tics such as rock-water interaction for domi-
nant groundwater chemistry (Figure 8).
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Figure 8: Bubble plot of Dominant Hydro-geochemical Parameters of Papalanto
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Table 2A: Descriptive Statistics of the Concentration Values of Physico-Chemical and Ele-
mental Parameters of Papalanto Boreholes (N=25)

Parameters Min Max Range MeantSD
pH 0.40 0.87 0.47 6.78%0.11
TEMP (°C) 25.00 28.00 3.00 26.56+0.87
EC (uScm 1Y) 645.00 911.00 266.00 703.48%£92.31
DO (mg/L) 6.70 7.84 1.14 7.00%0.32
BOD (mg/L) 16.90 21.65 4.75 20.021+1.84
COD (mg/L) 25.00 38.88 13.88 32.38%+3.05
TDS (mg/L) 6.90 8.98 2.08 8.41+0.71
TSS (mg/L) 0.12 0.31 0.19 0.23%0.05
TS(mg/L) 0.66 0.99 0.33 0.86%0.10
TURB (NTU) 0.10 1.11 1.01 0.24%+0.33
ALK (mg/L) 180.74 1481.11 1300.37  487.75%515.95
TH (mg/L) 12.06 29.96 17.90 26.9114.91
THC (mg/L) 0.12 0.21 0.09 0.19%0.03
NaZ*(mg/L) 38.40 45.87 7.47 42.58+2.04
K+*(mg/L) 48.60 58.47 9.87 55.17£2.60
Ca?*(mg/L) 12.10 28.72 16.62 24.02%14.17
Mg3*(mg/L) 1.94 4.47 2.53 3.47%£0.66

Cl- (mg/L) 71.80 382.04 310.24 314.80+88.05
NOs (mg/L) 0.12 0.14 0.02 0.12£0.008
NO2 (mg/L) 0.01 0.02 0.01 0.02£0.003
S04 (mg/L) 0.03 11.88 11.85 9.60%3.65
NH4* (mg/L) 0.80 1.78 0.98 1.47£0.28
PO*(mg/L) 8.70 10.77 2.07 10.14%0.57
HCO3 (mg/L) 90.37 778.62 688.25 403.81+318.40
MgCO3(mg/L) 8.72 13.98 5.26 11.54+1.40
Cu?+ (mg/L) 0.00 0.03 0.03 0.02%0.01
Pb2+ (mg/L) 0.00 0.0006 0.0006 0.0006%0.0005
Cd?* (mg/L) 0.00 0.0004 0.0004 0.0004%0.0005
Mn2+(mg/L) 0.01 0.03 0.02 0.02%0.009
Zn** (mg/L) 1.11 1.85 0.74 1.43%0.25
Fe3* (mg/L) 0.03 1.17 1.14 0.40%0.42

Cr (mg/L) 0.00 0.0004 0.0004 0.0004%0.0005
Ni (mg/L) 0.00 0.0003 0.0003 0.0003%0.0005
S (mg/L) 0.38 2.47 2.09 1.41£0.65
Al** (mg/L) 0.00 0.0001 0.0001 0.0001£0.0003
I (mg/L) 0.02 0.04 0.02 0.03£0.008
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Table 2B: Descriptive Statistics of the Concentration Values of Physico-Chemical
and Elemental Parameters of Papalanto Boreholes (N=25)

Parameters WHO NESREA NSDWQ USEPA NAFDAC
(mg/L)  (mg/L) (mg/L) (mg/L) (mg/L)
pH 6.5-9.5 7.00-850  6.50-8.50  6.50-8.50  6.50-8.50
TEMP (°C) 27 NA NA 27 27
EC ( 1) 1200 NA 900 1200 1000
DO H£M) 7.5 NA 7.5 NA NA
BOD (mg/L) 10 NA 10 NA NA
COD (mg/L) NA NA NA NA NA
TDS (mg/L) 100 1500 500 500 500
TSS (mg/L) > 10 >10 NA NA NA
TS(mg/L) 1500 NA NA NA NA
TURB (NTU) <4 5.0 5.0 5.0 5.0
ALK (mg/L) 200 500 100 100 100
TH (mg/L) <200 100-300 500 NA 100
THC (mg/L) NA NA NA NA NA
Na2+(mg/L) <200 NA 200 NA 200
K+(mg/L) 12 200 NA 200 10
Ca2*(mg/L) 75 NA NA 75 75
Mg3*(mg/L) 20 15 NA 20 20
CI- (mg/L) 250 200 250 100 100
NOs (mg/L) 50 45 NA 10 10
NO; (mg/L) <3.0 NA NA NA NA
SO (mg/L) 400 500 200 250 100
NH,+ (mg/L) 1.50 NA NA NA NA
POs-(mg/L) NA NA NA NA NA
HCO5(mg/L) 100 NA NA NA NA
MgCOs3(mg/L) 10 NA NA NA NA
Cu?* (mg/L) 2.0 NA 1.0 1.3 1.0
Pb2+ (mg/L) 0.01 0.01 0.01 0.01 0.01
Cd?* (mg/L) 0.003 0.003 0.001 0.005 0.005
Mn2+(mg/L) 0.1 0.2 0.5 0.4 2.0
Zn2* (mg/L) 0.01 NA NA NA NA
Fe** (mg/L) 0.3 0.3 0.3 0.3 0.3
Cr (mg/L) 0.05 0.05 0.05 0.05 0.05
Ni (mg/L) 0.02 0.05 NA NA 0.05
S (mg/L) 250 NA NA NA NA
AB* (mg/L) 0.2 NA NA 0.2 0.5
I (mg/L) NA NA NA NA NA

Drinking Water Standard Specifications given by WHO (2004), NESREA (2010), NSDWQ (2007),
USEPA (2007) and NAFDAC (2011) and Statistical Information of ion Concentrations.
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KEY: NA— Not Available in the National Guidelines and Standards Drinking Water Quality; WHO—World
Health Organization; NESREA—National Environmental Standard Regulation Agency; USEPA—United
State Environmental Protection Agency; NSDWQ—National Standards for Drinking Water Quality;
NAFDAC—National Food and Drug Administration and Control.

Table 3A: Descriptive Statistics of the Concentration Values of Physico-Chemical and El-

Parameters Min Max Range MeanZSD
pH 6.70 7.85 1.15 7.11£0.40
TEMP (°C) 22.00 31.00 9.00 25.12%1.99
EC (yScm 1) 630.00 845.00 215.00 757.16%56.61
DO (mg/L) 7.20 8.98 1.78 8.56+0.52
BOD(mg/L) 17.90 22.75 4.85 19.76%1.48
COD (mg/L) 31.40 36.83 5.43 34.38+1.38
TDS (mg/L) 7.80 10.40 2.60 8.08%0.66
TSS (mg/L) 0.35 0.53 0.18 0.45%0.04

TS (mg/L) 0.61 1.04 0.43 0.90£0.10
TURB (NTU) 0.11 0.34 0.23 0.24£0.05
ALK (mg/L) 286.78 1711.11 1424.33 408.851+391.94
TH (mg/L) 14.84 29.76 14.92 19.34%3.61
THC (mg/L) 0.00 0.43 0.43 0.04+0.12
Na2+ (mg/L) 34.40 52.64 18.24 41.5314.03
K+ (mg/L) 41.01 61.44 19.83 45.37+£4.94
Cat (mg/L) 9.61 11.95 2.34 11.10£0.75
Mg3* (mg/L) 4.24 9.99 5.75 7.42%1.26

Cl- (mg/L) 70.61 226.39 155.78 196.40£56.00
NO; (mg/L) 0.11 0.14 0.03 0.13%0.007
NO; (mg/L) 0.01 0.05 0.04 0.03£0.009
SO4* (mg/L) 9.37 14.62 5.25 10.31+1.32
NH4* (mg/L) 0.11 0.75 0.64 0.17£0.17
PO (mg/L) 8.60 9.85 1.25 9.25%0.42
HCOj (mg/L) 143.38 855.11 711.73 203.94%196.01
MgCO3(mg/L) 10.43 14.04 4.21 11.25%1.04
Cu2* (mg/L) 0.03 0.06 0.03 0.05£0.01
Pb2* (mg/L) 0.00 0.02 0.02 0.007£0.005
Cd2* (mg/L) 0.00 0.0009 0.0009 0.0009£0.0003
Mn2+ (mg/L) 0.02 0.06 0.04 0.04£0.01
Zn?* (mg/L) 0.84 4.23 3.39 2.31%1.26
Fe3* (mg/L) 0.05 1.52 1.47 0.80£0.38

Ni (mg/L) 0.00 0.00 0.0006 0.0006%0.0005
S (mg/L) 1.14 5.25 4.11 3.28%1.41
AP+ (mg/L) 0.00 0.01 0.01 0.002+0.004

I (mg/L) 0.00 0.06 0.06 0.04£0.02

Si (mg/L) 0.00 0.04 0.04 0.01%0.01
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Table 3B: Descriptive Statistics of the Concentration Values of Physico-Chemical and Ele-
mental Parameters of Papalanto Hand-Dug Wells (N=25)

Parameters WHO  NESREA NSDWQ USEPA NAFDAC
(mg/L) (mg/L) (mg/L) (mg/L)  (mg/L)
pH 65-95 7.00-850 650850  6.50-850  6.50-8.50
TEMP (°C) 27 NA NA 27 27
EC ( Scm) 1200 NA 900 1200 1000
DO (thg/L) 7.5 NA 7.5 NA NA
BOD(mg/L) 10 NA 10 NA NA
COD (mg/L) NA NA NA NA NA
TDS (mg/L) 100 1500 500 500 500
TSS (mg/L) > 10 >10 NA NA NA
TS (mg/L) 1500 NA NA NA NA
TURB (NTU) <4 <5.0 <5.0 <5.0 <5.0
ALK (mg/L) 200 500 100 100 100
TH (mg/L) <200 100 -300 500 NA 100
THC (mg/L) NA NA NA NA NA
Na2* (mg/L) <200 NA 200 NA 200
K* (mg/L) 12 200 NA 200 10
Ca?* (mg/L) 75 NA NA 75 75
Mg3+ (mg/L) 20 15 NA 20 20
CI- (mg/L) 250 200 250 100 100
NO; (mg/L) 50 45 NA 10 10
NO; (mg/L) <30 NA NA NA NA
SO (mg/L) 400 500 200 250 100
NH,* (mg/L) 1.50 NA NA NA NA
PO (mg/L) NA NA NA NA NA
HCO5 (mg/L) 100 NA NA NA NA
MgCO;3(mg/L) NA NA NA NA NA
Cu2* (mg/L) 2.0 NA 1.0 1.3 1.0
Pb2* (mg/L) 0.01 0.01 0.01 0.01 0.01
Cd2+ (mg/L) 0.003 0.003 0.001 0.005 0.005
Mn2+ (mg/L) 0.1 0.2 0.5 0.4 2.0
Zn2* (mg/L) 0.01 NA NA NA NA
Fe3* (mg/L) 0.3 0.3 0.3 0.3 0.3
Ni (mg/L) 0.02 0.05 NA NA 0.05
S (mg/L) 250 NA NA NA NA
A3+ (mg/L) 0.2 NA NA 0.2 0.5
I (mg/L) NA NA NA NA NA
Si (mg/L) NA NA NA NA NA

Drinking Water Standard Specifications given by WHO (2004), NESREA (2010),
NSDWQ (2007), USEPA (2007) and NAFDAC (2011) and Statistical Information of
Ion Concentrations.
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KEY: NA— Not Available in the National Guidelines and Standards Drinking Water Quali-
ty; WHO—World Health Organization; NESREA—National Environmental Standard Reg-
ulation Agency; USEPA—United State Environmental Protection Agency; NSDWQ— Na-
tional Standards for Drinking Water Quality; NAFDAC — National Food and Drug Ad-

ministration and Control.

Colour is an important physical quality of
water which affects its acceptability by con-
sumers. Ninety percent (90%) of the bore-
hole water samples were within the accepta-
ble limit of 5 TCU (WHO, 1985; NSDWQ,
2007). The mineral composition of the site
could affect the colour of the water espe-
cially if iron compounds are present. The
turbidity of the borehole water samples
ranged from 0.10 tol.11INTU in boreholes
(Tables 2) and 0.11 to 0.34NTU in hand-
dug wells (Table 3). The variations in tur-
bidity exhibited between boreholes and
hand-dug wells in the study area were possi-
bly due to their distinct construction and
depth, leading to different exposure to sur-
face contamination and aquifer conditions.
The hand-dug wells are more susceptible to
higher turbidity because the shallower
depths, direct infiltrations, wider openings
and over exposure to the environment, hu-
man and animal wastes among others; al-
lowing surface runoff, pollutants and sedi-
ment to infiltrate easily. Boreholes, being
deeper with higher aquifer protection status,
often screened and much more controlled
and engineered with materials and construc-
tion methods create a protective barrier
against infiltration from the surface, prevent
larger sediment and particulate matter from
entering the well and access naturally fil-
tered and more protected deeper aquifers,
resulting in significantly lower turbidity
(Odu et al., 2020; Osayande and Umukoro,
2025; Gromicko, 2025; Ishola ez al, 2025).
This is also in conformity with the accepta-
ble values (NSDWQ, 2007). Turbidity re-
sults from the presence in the borehole wa-
ter samples of particulate matters such as

clay, silt, finely divided organic matter etc.
These colloidal materials provide adsorption
sites for chemicals that may be harmful to
health or cause undesirable tastes or unpleas-
ant odours (Adekunle ¢z a/, 2007). The tem-
perature of any water body affects the rate
of proliferation of microorganisms (Pelczar
et al., 2005). The temperature range of 25-28
0C in the case of borehole water samples
(Table 5) and 22-31 9C for well water sam-
ples could be regarded to be suitable for the
growth of heterotrophic bacterial species
when present in the sample (Table 6). On the
morphological characteristics of the bacteria
isolates, all the twelve (12) isolates had
smooth colony surface, 17% (2) and 83%
(10) respectively exhibited irregular and cir-
cular shape. Based on the displayed colour
pigmentations, 25% (3) were white, 50% (6)
were milky white, while black, green and
pink exhibited 8% (1) each. On the basis of
optical characteristics 58% were translucent
while 42% were opaque based on the optical
characteristics. On the general response to
spore formation, 8% showed positive re-
sponse to spore formation while 92%
showed negative response to spore for-
mation (Table 4).

The total hetetrophic bacterial count in bore-
hole waters sampled ranged from zero to
6.83x102 cfu/ml and 3.2X10%2 to 9.8x102
cfu/ml, respectively. Similatly, the total coli-
form count of the borehole waters analyzed
ranged from zero (0) to sixteen (16) MPN
index of coliform/100 ml (Table 5) while
that of well waters ranged from 10 to 1216
MPN index of coliform/100 ml of the wa-
ter samples (Table 6). All the borehole sam-
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ples are well below the limit of 100 cfu/ml
(Table 5) while about 76 % of the well wa-
ter samples having count within the limit of
100 cfu/ml allowed for potable water
(INSDWQ, 2007). Generally, almost all the
borehole water samples had zero count of
faecal coliform except in PAPBH7, PAP-
BH10 and PAPBH22 while in well water
samples, the faecal coliform count ranged
from zero to 4.1X102cfu/ml (Table 6). Bello
et al, 2013 reported Total bacterial count
examination of borehole and well water
samples in Ijebu-Ode (another town in
Ogun State) South-West Nigeria ranged
from zero to 2.5%X102 cfu/ml and zero to
8.1x102 cfu/ml respectively, total coliform
count of the borehole waters analyzed
ranged from zero to 16 MPN index of coli-
form/100 ml while that of well waters
ranged from 16 to 1100 MPN index of coli-
form/100 ml of the water samples. Erah ¢
al .,(2002) in a study conducted on the qual-
ity of ground water in Benin City, Nigeria
found unacceptable levels of aerobic bacte-
ria and fungi present in borehole water of
Teboga District of Benin City. In another
similar work, Eniola ¢/ 4/, 2007 obtained a
range of 5.0x102 to 7.0X102 cfu/ml for
stored borehole water samples. In this
study, almost all the borehole water samples
were devoid of faecal coliform except PAP-
BH9, PAPBH10 and PAPBH22 whose fae-
cal coliform count ranged from 0.6X102 to
2.5%102 cfu/ml. These affected boreholes
and other boreholes might not be free of
total coliforms which were probably from
the environmental sources that were non-

faecal in origin. WHO, 2017 specified that
potable drinking water should be devoid of
total coliform in any given sample. The bore-
hole water (PAPWW4) with the highest bac-
terial count also had the highest total coli-
form count of 1216X102 cfu/ml (Table 6).
20% of the borehole water samples had zero
total coliform counts while none was ob-
served for the well water samples. Results of
total coliforms obtained in this study is dis-
similar to that of Rogbesan e a/.,(2002) who
in their study reported the presence of total
coliform outside the range allowed by WHO
in over sixty percent of their samples.

Twelve (12) genera of bacteria were isolated
from both borehole (Table 7) and well wa-
ters (Table 8). These included: Staphylococcus
anreus spp, Enterococcus spp, Escherichia coli spp,
Kiebsiella spp, Salmonella spp, Aerobacter aerogenes
spp, Proteus spp, Pseudomonas aeroginosa spp, Bac-
ctlus spp, Streptococeus spp, Alealigenes spp, and
Flavobacterium spp. On Eosin Methylene Blue
(EMB) agar, E. coli strains appeared as
greenish metallic sheen colonies while Aero-
bacter aerogenes appeared as large pinkish mu-
coid colonies (Table 4). Baccilus spp and strep-
tococcus spp were not isolated in borehole but
jointly had a frequency of occurrence of
7.83% in hand-dug wells. It was, however,
observable that Ewnterococcus spp were most
dominant in the borehole waters analyzed as
they were isolated (Table 7) while Enterococcus
spp and Escherichia coli spp were much more

dominant with other genera in hand-dug
wells (Table 8).
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Table 4A: Morphological Characteristics of Bacterial Isolates

Isolate Type Pigmentation Shape Edge Optical char-
/color acteristics
Staphylococcus aureus spp White Circular Entire Translucent
Enterococcus spp White Irregular Lobate Translucent
Escherichia coli spp Milky Circular Entire Opaque
white
Kilebsiella spp Milky Circular Entire Translucent
white
Salmonella spp Black Circular Entire Translucent
Aerobacter aerogenes spp  Milky Circular Entire Opaque
white
Proteus spp White Irregular Lobate Translucent
Pseudomonas spp Milky Circular Entire Opaque
white
Baccilus spp Milky Circular Entire Opaque
white
Streptococcus spp Green Circular Entire Translucent
Alcaligenes spp Pinkish Circular Entire Opaque
Flavobacterium spp Milky Circular Entire Translucent
white
Table 4B: Morphological Characteristics of Bacterial Isolates
Isolate Types Consistency Colony  Spore for- Gram’s  Motility
surface  mation reaction
Staphylococcus aureus Butyrous Smooth  Negative  -verod +
spp
Enterococcus spp Viscid Smooth  Negative  -verod +
Escherichia coli spp Butyrous Smooth  Negative  -verod +
Klebsiella spp Swarmy Smooth  Negative  -verod +
Salmonella spp Butyrous Smooth  Negative  -verod +
Aerobacter aerogenes  Butyrous Smooth  Positive +verod +
spp
Proteus spp Viscid Smooth  Negative  -verod +
Pseudomonas spp Butyrous Smooth  Negative  -verod +
Baccilus spp Mucoid Smooth  Negative  -verod +
Streptococcus spp Butyrous Smooth  Negative  -verod +
Alcaligenes spp Mucoid Smooth  Negative -verod +
Flavobacterium spp Viscid Smooth  Negative -verod +
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Table 5: Bacteriological Counts of Borehole Water Sample in Papalanto

SAMPLE DO BOD COLOUR THBC  TCC FCC
CODE (mg/L) (mg/L) (TCU) (x102cfu/ (MPN/  (x102cfu/
ml) 100ml)  ml)
PAPBH1  6.70 17.90 5 6.25 16 0
PAPBH2  6.75 17.94 5 6.28 16 0
PAPBH3  6.80 16.90 5 0 0 0
PAPBH4  6.80 16.92 6 0 0 0
PAPBH5  6.80 18.70 5 5.63 16 0
PAPBH6  6.80 18.60 5 5.01 13 0
PAPBH7  7.80 17.10 4 5.32 11 0
PAPBHS  7.84 17.60 5 432 13 0
PAPBHY  7.84 17.62 5 4.84 16 2.5
PAPBH10  6.94 20.50 5 5.83 11 0.6
PAPBH11  6.82 20.70 5 6.83 9 0
PAPBHI12  6.87 21.22 5 6.43 11 0
PAPBH13  6.91 21.58 5 5.76 10 0
PAPBH14  6.96 21.40 5 6.34 12 0
PAPBH15  6.94 21.60 5 5.83 6 0
PAPBH16  6.97 21.63 5 5.32 11 0
PAPBH17  6.96 21.10 5 2.27 15 0
PAPBHI8  6.96 21.12 5 2.25 14 0
PAPBH19  6.96 21.12 5 2.28 11 0
PAPBH20  6.96 21.62 6 5.32 13 0
PAPBH21  6.96 21.63 4 0 14 0
PAPBH22  6.98 21.63 5 0 13 0.9
PAPBH23  6.98 21.65 5 0 0 0
PAPBH24  6.98 21.63 5 1.43 0 0
PAPBH25  6.98 21.63 5 1.62 0 0

Standard Specifications by WHO (1996); USEPA (2002) Guidelines

Key: PAPBH = Papalanto Borehole Water; DO = Dissolved Oxygen; BOD= Biological
Oxygen Demand; THBC = Total Heterotrophic Bacteria Counts; TCC = Total Coliform
Counts; FCC = Total Faecal Coliform Counts
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Table 6: Bacteriological Counts of Well Water Sample in Papalanto

SAMPLE DO BOD COLOUR THBC TCC FCC
CODE (mg/L) (mg/L) (TCU) (X102cfu/ (MPN/1 (X10%cfu/
ml) 00ml) ml)
PAPWW1 8.00 18.60 5 5.6 43 2.0
PAPWW2 8.40 18.64 10 4.6 68 2.7
PAPWW3 8.10 17.90 10 5.2 42 4.5
PAPWW4 8.10 17.94 15 9.8 1216 8.3
PAPWW5 8.12 17.98 10 6.2 74 3.8
PAPWWG6 8.70 19.10 10 3.2 65 4.7
PAPWW7 8.80 20.21 5 5.2 38 4.3
PAPWWS 7.40 18.91 5 6.1 32 3.2
PAPWW9 7.20 18.61 5 8.5 1102 7.6
PAPWW10  8.90 19.72 10 6.25 10 3.6
PAPWW11  8.92 19.72 5 6.83 18 4.1
PAPWW12  8.95 19.75 5 5.88 15 4.5
PAPWW13  8.92 20.11 5 8.8 200 2.8
PAPWW14  8.96 20.72 5 6.1 22 0
PAPWW15  8.20 17.96 6 4.0 98 0
PAPWW16  8.25 17.94 6 7.9 115 0
PAPWW17  8.31 18.21 5 7.9 325 0
PAPWW18  8.96 20.71 5 8.1 28 0
PAPWW19  8.94 20.90 5 8.0 78 2.8
PAPWW20 8.94 21.20 10 9.6 1023 8.3
PAPWW21 892 21.43 5 7.2 38 4.4
PAPWW22  8.98 21.41 6 6.1 14 2.6
PAPWW23  8.96 21.49 5 6.2 27 0
PAPWW24  8.96 22.15 5 6.3 19 0
PAPWW25  8.98 22.75 5 6.4 24 0

Standard Specifications by WHO (1996); USEPA (2002) Guidelines

Key: PAPBH = Papalanto Borehole Water; DO = Dissolved Oxygen; BOD= Biological
Oxygen Demand; THBC = Total Heterotrophic Bacteria Counts; TCC = Total Coliform
Counts; FCC = Total Faecal Coliform Counts
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Table 7A: Biogeochemical Characterization of Bacteria Isolates in Borehole Water
Samples (PAPBH1-PAPBHS) of Papalanto Southwest Nigeria

Bacteria Iso- Freq PAP PAP PAP PAP PAP PAP PAP PAP

lates (%) BH1 BH2 BH3 BH4 BH5 BH6 BH7 BHS

Staphylococ- 2 - — — — - - = —

cus aureus spp (5.88)

Enterococcus 6 + + — — + — _ _

spp (17.7)

FEscherichia 3 — — — — — _ _ _

coli spp (8.82)

Kilebsiella spp 3 — — — — _ _ _ i
(8.82)

Salmonella 4 — — — — _ _ _ _

spp (11.8

Aerobacter 5 + + — — — T + _

aerogenes spp  (14.7)

Proteus spp 5 - - — — — — _ _
(14.7)

Pseudomonas 3 - + — — + + _ _

spp (8.82)

Baccilus spp - — — — — — _ _ _

Streptococcus - - - - - — - _ _

spp

Alcaligenes 2 - — — — - - + _

spp (5.88)

Flavobacte- 2 - — - — — — _ _

rium spp (5.88)

Key: + =Positive Test; — = Negative Test.
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Table 7B: Biogeochemical Characterization of Bacteria Isolates in Borehole Water
Samples (PAPBH9-PAPBH16) of Papalanto Southwest Nigeria

Bacteria Iso- Freq PAP PAP PAP PAP PAP PAP PAP PAP

lates No BHY9 BHI10 BHI11 BHI12 BH13 BH14 BH15 BHI6
(%)

Staphylococcus 2 - - - - - - - -

aureus spp (5.88)

Enterococcus 6 + - - - - - - -

spp (17.7)

Escherichia coli 3 - - - - - - - +

spp (8.82)

Klebsiella spp 3 + + - - - - - -
(8.82)

Salmonella spp 4 - - - - + + - -
(11.8

Aerobacter aer- 5 - - + - - - - -

ogenesspp (14.7)

Proteus spp 5 - - - + - - + -
(14.7)

Pseudomonas 3 - - - - - - - -

spp (8.82)

Baccilus spp - - - - - - - - -

Streptococcus - - - - - - - - -

spp

Alcaligenes spp 2 - - - - - + - -
(5.88)

Flavobacterium 2 - + - - - - - +

spp (5.88)

Key: + =Positive Test; — = Negative Test.
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Table 7C: Biogeochemical Characterization of Bacteria Isolates in Borehole Water
Samples (PAPBH17-PAPBH25) of Papalanto Southwest Nigeria

Bacteria Iso- Freq PAP PAP PAP PAP PAP PAP PAP PAP PAP
lates No BH17 BH18 BH19 BH20 BH21 BH22 BH23 BH24 BH2
(%) 5
Staphylococ- 2 - - - — + + — _ _
cus aureus spp  (5.88)
Enterococcus 6 + + — — _ _ _ _ _
spp (17.7)
Escherichia 3 + + — — _ _ _ _ o
coli spp (8.82)
Kilebsiella spp 3 - - — — — — _ _ _
(8.82)
Salmonella 4 - - - - + + - - —
spp (11.8
Aerobacter 5 - - — — — _ _ _ _
aerogenes spp  (14.7)
Proteus spp 5 - — + + + _ _ _ _
(14.7)
Pseudomonas 3 - — — — — — _ _ _
spp (8.82)
Baccilusspp - - - — — — _ _ _ _
Streptococcus - - - — — — _ _ _ _
spp
Alcaligenes 2 - - — — — — _ _ _
spp (5.88)
Flavobacte- 2 - - — — — — _ _ _
rium spp (5.88)
Key: + =Positive Test; — = Negative Test.
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Table 8A: Biogeochemical Characterization of Bacteria Isolates in Well Water Samples
(PAPWW1—-PAPWWS) of Papalanto Southwest Nigeria

Bacteria Isolates Freq. PAP PAP PAP PAP PA PAP PAP PAP
No (%) WW1 WW2 WW3 WWwW4 PWW5 WW6 WW7 WWS8
Staphylococcus aureus  15(9.05) - - — + + T ¥ —
spp
Enterococcus spp 19(11.7) + + — + + + + _
Escherichia coli spp 18(10.5) + + - — + + + —
Klebsiella spp 14(8.43) + + + + — —
Salmonella spp 14(8.43) + + + + — — —_ _
Aerobacteraerogenes 9(5.42) - - - — +
spp
Proteus spp 13(7.83) - - + + + + — —
Pseudomonas spp 12(7.23) - - - - + + + +
Baccilus spp 13(7.83) - - - - + + + +
Streptococcus spp 13(7.83) + + - - + + + +
Alcaligenes spp 13(7.83) + + + + + + - —
Flavobacterium spp 13(7.83) + + + + — — _ _
Key: +=Positive Test; — =Negative Test.

Table 8B: Biogeochemical Characterization of Bacteria Isolates in Well Water Samples
(PAPWWI9—-PAPWW16) of Papalanto Southwest Nigeria

Bacteria Isolates Freq PAP  PAP PAP PAP PAP PAP PAP PAP
No (%) WW9 WWI10 WWI1l WWI12 WWI3 WWIi4 WWI15 WWI16

Staphylococcus 15(9.05) + + — ¥ ¥ — —
aureus spp
Enterococcus 19(11.7) + + - - + + — _
spp
Escherichia coli  18(10.5) + + + + + + + +
spp
Klebsiella spp 14(8.43) + + - + + + + +
Salmonella spp 14(8.43) - - - + + + + +
Aerobacter aero-  9(5.42) - - + + — — — +
genes spp
Proteus spp 13(7.83) + + + + - - - +
Pseudomonas 12(7.23) - - + + — — + +
spp
Baccilus spp 13(7.83) - - - - + + T +
Streptococcus 13(7.83) - - + + + + + +
spp
Alcaligenes spp  13(7.83) - - + + + - - +
Flavobacte- 13(7.83) - + + + + + — _
riumspp

Key: +=Positive Test; — = Negative Test.
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Table 8C: Biogeochemical Characterization of Bacteria Isolates in Well Water Samples
(PAPWW17—PAPWW?25) of Papalanto Southwest Nigeria

Bacteria Iso- Freq PAP PAP PAP PAP PAP PAP PAP PAP PAP
lates No(%) WWI17 WWI18 WWI19 WW20 WW21 WwW22 WWwW23 WWw24 WW25
Staphylococcus  15(9.05) + + + + - - + + +
aureus spp
Enterococcus 19(11.7) + + + + + + + + +
spp
Escherichia 18(10.5) + + + + - - - + -
coli spp
Kilebsiella spp 14(8.43) - - + + - - - - -
Salmonella spp  14(8.43) - - + + - - - + +
Aerobacteraer-  9(5.42) + - + + + + - - -
ogenes spp
Proteus spp 13(7.83) + - - — — — + + +
Pseudomonas 12(7.23) - - + + - - - + +
spp
Baccilus spp 13(7.83) + + - - + + - + +
Streptococcus 13(7.83) - - - - + + - - -
spp
Alcaligenes 13(7.83) + - + + - - - - -
spp
Flavobacte- 13(7.83)  + + + - - + - - -
rium spp
Key: += Positive Test; — = Negative Test.
The presence of Kiebsiella spp and Aerobacter the community.
aerogenes spp in some of the borehole and
well water samples is unacceptable from the CONCLUSION

public health point of view. These organ-
isms could be pathogenic. Therefore, there
is need for caution when using these con-
taminated water sources for any purpose.
The depth of the borehole ranged from 32
m to 108 m with average depth of 75.36 m
while that of the hand-dug wells ranged
from approximately 5 m to 17 m with an
average depth of 8 m. Three of the well
openings were unraised but however, not at
ground level while the remaining twenty-
two were pronouncedly raised above
ground level. Out of the twenty-five wells,
seven wells were not fully covered though
concrete internal rings were present in the
three while the remaining eighteen are usu-
ally covered after use. All well waters sam-
pled for analyses were being used for drink-
ing, cooking and washing purposes by the
households and some other inhabitants of

The study area generally has high groundwa-
ter potential in terms of yield due to its high
transverse unit resistance. However, 28% of
the study area, comprising of VESPAP2,
VESPAP4, VESPAP10, VESPAP12, VES-
PAP13, VESPAP20, and VESPAP21 pos-
sessed high aquifer protective capacities
while the remaining locations (72%) exhibit-
ed low aquifer protective capacities. In the
entire study locations, where the longitudinal
conductance (§) and hence, the protective
capacity (P) values were less than 1.0 Sie-
mens (P.< 1.0 Siemens), they were classified
as low aquifer protective capacity and were
characteristics of depositional successions of
overburden layers with no significant litho-
logical bartiers (impermeable clay/shale) or
overlying rock. Despite the vulnerability sta-
tus of the subsurface aquiferous zone of the
study area to contaminant seepages emanat-
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ing from the surface, the groundwater po-
tential of the study area in terms of yield is
high due to the recorded high transverse
unit resistance (R) values making it a suita-
ble terrain for the development of bore-
holes of potable water supply.

Generally, aquifers in the study area are not
naturally protected by any lithological barri-
er to leachate seepage except in few loca-
tions. The integrated methods have proven
to be effective tools for groundwater quality
assessment. Groundwater potential in this
study area is high due to high transverse
unit resistance (R). Physico-chemical param-
eters and anions such as Dissolved Oxygen,
Biochemical Oxygen Demand, Chemical
Oxygen Demand, Alkalinity, Chlorine, Bi-
carbonates, and Magnessium carbonates,
were higher than the allowable limit in
groundwater. All trace and heavy metals
analyzed were within the allowable limits,
going by the standards employed except
Zinc and Iron in boreholes and hand-dug
wells which were slightly higher than the
approved standards. The continuous accu-
mulation of these metals, if not checked
could result in pollution status with possible
lethal effect to both terrestrial and aquatic
organisms within the environment and be-
yond.

This investigation suggests that not all bore-
hole waters are safe for consumption and
well waters were of poorer bacteriological
qualities indicative of health risk to the in-
habitants of the geographical location. The
sites of boreholes and wells are very im-
portant as clean and hygienic environment
promote safety of water. Any chosen sites
should be far from dumpsites and latrine
(=35m). Moreover, the populace needs to
be educated on the importance of main-
taining clean and hygienic environment

around the borehole and well waters to en-
sure the safety of water from such sources.

RECOMMENDATION

There is need to carry out a comprehensive
epidemiological study to determine the num-
ber of people suffering from diseases or ill-
nesses related to the microbial water quality
problems identified in the area of study. This
will go a long way in providing medical in-
formation on the prevailing actual health
problems that could be attributed to the us-
age of untreated groundwater.
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