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ABSTRACT

The current research integrates vertical electrical sounding (VES) and hydrochemical analysis to
delineate water bearing zones, assess their vulnerability to surficial contamination, and implica-
tions on water quality of District Bagh, Azad Jammu and Kashmir. In order to achieve the desired
results, a total of 45 VES points and 25 water samples were collected from springs, open and bore
wells in the study area. The VES data was acquired using ABEM Terrameter SAS 4000. The inter-
pretation of VES data revealed confined to unconfined aquifer systems, furthermore, the aquifer
thickness ranges between 5-95 m with the resistivity values of 10-70 Ohm m. Darzarouk param-
eters were utilized to demarcate the protective capacity of the aquifer system based on a vul-
nerability map. This map classified the surficial protective capacity from moderate to very good
associated with good clay cover that will restrict the surficial infiltration from contaminating the
groundwater. The hydrochemical analysis of the area further justified the vulnerability assess-
ment as only 2 samples (9 and 24) out of 24 were found not feasible for drinking. The study will
prove useful for the local administration as the population has been drastically increasing in the
Bagh District and provision of safe drinking water will be difficult in the future.

Keywords: Aquifer vulnerability; Hydrochemical analysis; Vertical electrical sounding; Water quality

1. Introduction

Water is an important natural resource and plays a major
role in everyday life. Water covers more than seventy per-
cent of the earth’s exterior however less than three percent
of this is freshwater [1,2]. Out of that freshwater volume
of water accessible for human use is only 0.01%; the rest is
bound in ice or glaciers [3].

* Corresponding author.

With increasing population and urbanization availabil-
ity of clean drinking water is becoming a commodity. Due
to excessive pumping, the subsurface aquifer systems are
under stress. It is a need for time to look for new ground-
water resources and map the vulnerability of already existing
aquifers. Geophysical methods have been long used for the
characterization of subsurface anomalies. Different geo-
physical methods such as gravity, magnetic, and resistivity
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have made their mark in mineral, structure, hydrocarbon
and groundwater occurrence/distribution. The geoelectrical
method is a geophysical technique that is based on conduc-
tivity/resistivity contrast used to determine the distribu-
tion of the Earth materials in the subsurface. This method
is suitable for identifying lithological units and variations
within those units as along with groundwater and aquifer
studies [4].

The surface geoelectrical methods, especially the vertical
electrical sounding (VES) is comparatively inexpensive and
gives better results as compared to other geophysical meth-
ods for the investigation of groundwater [5,6]. This quanti-
tative evaluation technique is used to locate the exploration
sites as well as for the determination of the underlying
geology of the area [7-9]. The calculated resistivity is also
utilized in the form of Darzarouk parameters that later on
classify the overlying layer of the aquifer system based
on protective capacity. These calculations determine (vul-
nerability mapping) the sensitivity of groundwater qual-
ity to an imposed contaminant load, often obtained by
the intrinsic characteristics of the aquifer [10-13]. With the
help of vulnerability mapping, it is possible to identify
which areas are more susceptible to contamination [14].

Deterioration in water quality is another growing prob-
lem [15]. Groundwater is becoming progressively contam-
inated because of numerous anthropogenic actions like
undiscriminating waste disposal of municipal and indus-
trial wastes, and large scale applications of agricultural
chemicals [15,16]. Anthropogenic activities add numerous
harmful ingredients to the water which result in extensive
water-borne diseases [12]. Deteriorating water quality is
a core ecological and health related concern in Pakistan.
Poor living circumstances and natural disasters combined
with mismanagement commonly pollute drinking water in
Pakistan. Government statistics reveal that 56% of Pakistan’s
total population has access to safe drinking water but in
village regions, clean drinking water is scarcely accessible
to 44% of the population. Therefore it is important to exam-
ine the pollution of water and its effects on human health
and the surrounding environment in Pakistan. In order to
classify the water availability and contamination on large
scale GIS mapping is used in most parts of the world [13].

GIS has been used in the map classification of ground-
water quality, based on correlating total dissolved solids
(TDS) values with some aquifer characteristics [13] or land
use and land cover [14]. Other studies have used GIS as a
database system in order to prepare maps of water quality
according to concentration values of different chemical con-
stituents [16-18]

The study area lacks a major river, due to topograph-
ical constraints and scattered population surface water is
not accessible in most parts of the district. With ever grow-
ing population and industrialization, the surface water is
not enough for the local community resulting in increased
demand for groundwater. In addition to that different
factories in the area have also been introducing harmful
chemicals in the groundwater system, putting the life of
locals at stake. The present study aims to determine the
groundwater potential, to carry out aquifer vulnerability
assessment, and hydrochemical analysis of different col-
lected samples in the area. This is achieved by integrating

the VES and hydrochemical data sets. The VES data iden-
tified the subsurface water bearing zones and classified
the overburden layers in terms of aquifer vulnerability.
Hydrochemical analysis integrated with GIS mapping
provided spatial distribution of water quality in the Bagh
District of Azad Jammu & Kashmir Pakistan. The study
will be helpful for the local administration in the provision
of safe drinking water.

1.1. Study area

The study area lies in the Kashmir basin. The area is
bounded from 73° 47" 30.48"E to 73° 79" 18"E and from
33° 58" 24.6"N to 33° 97” 35"N (Fig. 1). The area is bor-
dered by the Muzaffarabad (capital) in the North, Poonch
in the South, Rawalpindi (Punjab) and Abbottabad (KPK)
in the west. The whole area of the Bagh District is 770 km?
approximately. The majority of the area of District Bagh
is mountainous, usually sloping from northeast to south-
west. In particular, the mountains are dominated by conif-
erous and pine forests. The area’s altitude ranges between
1,676 and 2,500 m. The summer and winter temperatures
are 22°C-35°C and -5°C-13°C, respectively. The average
annual precipitation of the area is 1,500 mm. The weather
in the area varies from tropical to temperate. Furthermore,
this area was severely affected by the October 8, 2005,
Kashmir earthquake.

1.2. Geology of the study area

The Bagh region is situated in northeast Pakistan’s
Himalayan mountain belt. The study area is composed of
sedimentary rocks because of the Himalayan collision rocks
are folded, faulted, fractured and jointed [19]. Table 1 shows
the stratigraphic order of the exposed formations in the
project area.

2. Materials and methods

The research was established on two different param-
eters a geophysical survey (electrical survey) and phys-
iochemical analysis. The field was deliberate to con-
duct the geophysical (electrical resistivity) survey of the
research area. The 45 stations were selected to perform
the electrical (VES) survey using the Schlumberger con-
figuration. Samples of water were collected from different
locations. The flow chart for the methodology adopted
for the study is shown in the figure below.

2.1. Geoelectrical data acquisition and processing

There are several methods in practice for the assess-
ment of hydrogeological conditions, and among these, the
geoelectrical resistivity techniques are effective, reliable
and feasible [20-22]. At all locations data was acquired
by employing the Schlumberger electrode configuration
[Eq. (1)] [22]. The acquired data consist of AB/2 values and
apparent resistivity.
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Fig. 1. Location map of the study area.

Table 1

Geological Symbols
- Teh  ¢hinji Formation

Tkm Kamlial Formation

73.86 73.93

Tm Murree Formation

The stratigraphic order of the formations exposed in the project area

Formation Age Lithology

Recent Alluvium  Quaternary

Chinji Formation =~ Late Miocene

Unconsolidated deposits of sand, clay, and silt with large particles of gravels and boulders.
Greenish grey to light grey, massive medium to coarse-grained sandstone, siltstone, and

mudstone. The sandstone alternate with clays. It includes 40% clays and 60% sandstone.

Kamlial Formation Miocene

Purple grey and dark red sandstone, siltstone and contain intercedes of hard purple shales

with intraformational conglomerates.

Murree Formation Miocene

Cyclic deposits of sandstone, shales, siltstone, and claystone.

where AB/2 is the current electrode spacing, MN/2 is the
potential electrode distance, V is the voltage and I is the
induced current.

The maximum electrode spacing at various locations
ranges from 100 to 150 m. The geometric factor “K.” is
automatically calculated by the system and presents the
ending results as an apparent resistivity on display. Data
processing was done after acquirement/acquisition. The
field data is processed for the delineation of true resistiv-
ity values and depth of subsurface layers. Thus, lithological
interpretations of subsurface units have been carried out on
the basis of standardized resistivity values. IPI2ZWIN soft-
ware was used for the processing of the field data accord-
ing to the requirements. This software comparatively was
easy and appropriate to use. The partial curve matching
procedure was used for interpretation after the delinea-
tion of curve types. The international technique, auxiliary
point diagrams, and two-layer master curves are used.
The layer’s thickness and true resistivity of each sounding

station curve was gained. The result of electrical sounding
was calculated by the conventional curve matching tech-
nique in order to obtain thickness and true resistivity of
subsurface rocks layer constituting the different ground
models, so IPI2WIN inversion software used these numeric
values as a major database. Fig. 1 shows the geology
with the location of VES points in the research area.

2.2. Sampling

25 samples of water from wells and springs were taken
throughout fieldwork in the research area of the Bagh
region. Fig. 3 shows the location of the sample. The collected
samples were analyzed in the laboratory. The parameters of
water quality investigated at each site were: magnesium, cal-
cium, sodium, sulphate (SO,), chloride, bicarbonate (HCO,),
nitrate (NO,), pH, electrical conductivity (EC), TDS, and
hardness, etc. The fitness of water for domestic use was
evaluated by relating the parameter value with the WHO
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(World Health Organization) and APHA (American Public
Health Association). GIS analysis was performed. IDW
(investigated derived waste) computes a value to interpo-
late the spatial data with the procedure, by multiplying the
weighted sum of all the points. The general methodology
used for study is presented in Fig. 2.

Methodology

J

Review of Available Data

Compilation and Review ofj
All literature

Review of Geophysical

Methods

I Execution of Field Work I

Geology, Geophyscics, ERS Method

Structure and Hydrology

‘Water Samples Collections and VES Survey of Area

LADb Analysis
Data Processing

Data Reduction Data Analysis and Integration

Interpretation and Results

Fig. 2. Methodology adopted for study.
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3. Results and discussion

The results of resistivity data and physico-chemical
analysis have been interpreted quantitatively as well as
qualitatively.

3.1. Qualitative interpretation

In qualitative interpretation different apparent resistiv-
ity maps of the Bagh area of Azad Jammu & Kashmir have
been prepared. Figs. 4-7 illustrate the apparent resistivity
maps for different electrode spacing in the study area.

The apparent resistivity is significant for groundwa-
ter symptoms through depth. Through iso-resistivity map-
ping that is possible to demarcate the zone with different
groundwater quality [23,24].

In the map for 30 m electrode spacing in the Bagh area
(Fig. 4), the contour values vary from 0 to 650 Ohm m. The
low values of resistivity in the area are a clear sign of good
groundwater potential. The contours of 50-150 Ohm m
cover almost the total map except, the southern part of
the area where one contours closure with resistivity range
250-350 Ohm m are formed.

In general low values of resistivity varies from 0 to
100 Ohm m for electrode spacing 30 m have been observed
in the study area depicting good groundwater potential
except in the south-eastern part of the area where resistivity
values range from 200-500 Ohm m demarcating moderate
potential of groundwater.

In the maps for electrode spacing of 50 and 70 m Figs. 5
and 6, the apparent resistivity ranged from 0 to 190 Ohm m
and 0 to 210 Ohm m respectively. The low values of resistivity
in the research area are the clear signs and indications of
good groundwater potential. The North-west and central
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portion of the maps are categorized by high values of appar-
ent resistivity and four closures with resistivity ranging
from 100 to 150 Ohm m.

The low resistivity values (0-50 Ohm m) in both maps
(Figs. 5 and 6) have been observed in the north-west and
southeastern part of the study area at electrode spacing
50 m indicating the good potential of groundwater. The
central part of the study area at this depth shows relatively
moderate to high resistivity (70-200 Ohm m).

In the map for 100 m electrode spacing (Fig. 7), the
contour values vary from 10 to 270 Ohm m. North and
central part of the area where three contours closures
with resistivity range 170 to 270 Ohm m are formed. In
Sariawaria village and Hillian area resistivity varies from
0 to 10 Ohm m. Low values indicate signs of groundwa-
ter potential. In the Mong Sahlian area, the resistivity var-
ies from 10 to 30 Ohm m for 100 m electrode spacing. Low
values of resistivity 10 to 70 Ohm m in the area are a clear
sign of good groundwater potential.

3.2. Quantitative interpretation

The quantitative interpretation of 45 VES (vertical
electrical sounding) points of the Bagh area of Azad
Kashmir has been done. IPI2WIN software, a resistivity
modelling system prepared by the University of Moscow
Russia was utilized for quantitative interpretation of the
resistivity data. IPI2ZWIN can be used for both forward
and inverse modelling modes. To get these suitable initial
parameters for use in the IPI2ZWIN, the sounding resis-
tivity data were passed through the process of the partial
curve matching technique. The apparent resistivity values
of each VES were plotted along x-coordinate on a trans-
parent log-log paper against the half current electrode
spacing (AB/2) along y-coordinate. In measurement resis-
tivity with Schlumberger configuration, the resistivity
graph consists of segments that parallel with the different
values of the potential electrode spacing [25,26].

VES1 VES2 VES3 VES4

VESS = VESG
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The subsurface lithological models were also devel-
oped by using Sed-log software for all 45 profiles based on
the true resistivity. The overall depth achieved in the area
ranges from 50 to 100 m. Figs. 8-12 show the models of the
subsurface lithology of the area. The lithology is dominated
by clay matrix, sandy soil, sandy clay, boulder clay, siltstone
with variable thickness of sand. The compact sandstone is
also existing which indicates high resistivity values.

Fig. 8 shows the litholog of profiles 1-9. In this figure
shows subsurface geology comprised of dry sandy soil, clay,
boulder clay and sandstone.

Fig. 9 shows subsurface litho-logs of profile 10-18.
In this figure, the resistivity values ranging from 1,000 to
1,800 Ohm m are interpreted as sandstone deposits. The
low resistivity values in from 30 to 100 Ohm m and 3 to
30 Ohm m, respectively indicate the clays deposits.

Fig. 10 shows the litho-logs of profile 19. In this pseu-
do-section, the values ranging from 91 to 120 Ohm m are
inferred as clay deposits. The low resistivity values range
from 4.37 to 10 Ohm m and 0.848 to 7.2 Ohm m respectively
indicates clays deposits.

Fig. 11 presents the lithologs of VES 27 to VES 36 indi-
cates the subsurface lithology. In this figure, the resistivity
ranging from 251 to 631 Ohm m is interpreted as sandstone
deposits. The low resistivity values in blue and green colour
range from 2.51 to 39.8 Ohm m and 0.774 to 59.9 Ohm m indi-
cate the clays deposits respectively.

Fig. 12 presents the litho-logs of VES 37 to VES 45
indicates the subsurface lithology. The resistivity ranges
from 289 to 838 Ohm m is interpreted as sandstone depos-
its. The low resistivity values in the range from 1.43 to
100 Ohm m and 0.501 to 200 Ohm m indicate the clays
deposits respectively.

3.3. Aquifer thickness map

The map of the aquifer thickness (Fig. 13), could be
used in classification geological units because the amount

TTibNddEdns

...........

50(m) |:::

LEGENDS'/ Z== H

| [

Clay Sandstone

Boulder

Sandy
Clay

Sandy Clay+
Soil water

Clay

Fig. 8. Lithological model of the Bagh area from VES 1 to VES 9 calculated on the basis of resistivity.
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Fig. 10. Lithological model of the Bagh area from VES 19 to VES 26 calculated on the basis of resistivity.

of water from each vertical electrical sounding location
depends on the aquifer thickness [27]. The total region
could be categorized as a moderate to good groundwa-
ter prospective zone. The study discloses that “good”
potential exists at the southwestern portion as well as the
north-eastern part of the research region with thickness
ranges of 0-60 m. “Moderate” groundwater potential zone
having an aquifer thickness 60-90 m and delineated in
the south-eastern and central portion of the Bagh region.

In the north-western and southern parts of the study
area, the aquifer thickness varies from 0 to 20 m which lies
in a moderate groundwater potential zone. In the central

part of the study area, the aquifer thickness was calculated
30-55 m depicting good potential of water. In the Barian
area, aquifer thickness varies from 5 to 15 m which is also
a moderate groundwater potential zone. In the Arja road
area the aquifer thickness varies from 5 to 15 m and in the
grid station area aquifer thickness varies from 0 to 5 m
which exists in a moderate groundwater potential zone.
In cricket stadium the aquifer thickness range is 0-5 m
which occurs in moderate groundwater potential zones.
In the Mong Sahlian area aquifer thickness varies from
30 to 35 m, occurs in moderate groundwater potential
zones.
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Fig. 12. Lithological model of the Bagh area from VES 37 to VES 45 calculated on the basis of resistivity.

3.4. Longitudinal conductance (S)

It is described as conductance through a column of 1 m
along the direction of the bedding plane is denoted by “S”
and its unit is siemens/m [28-31].

sl @)
PP,

s=2
p

7Nz

where “p” is resistivity and “h” is layer thickness. High “S”
usually shows comparatively dense succession and would
be rendered great significance in terms of groundwater
perspective and vice versa. The flowing current is mea-
sured by the Law of Ohm while the flow of groundwater
is directed by the Law of Darcy and the relation between
hydraulic and electric parameters is generally established
[32-36]. Protective capacity grading is given in Table 2.

The research area’s vulnerability map was prepared
by unit longitudinal conductance. Fig. 14 shows the
distribution pattern of the overload protective capacity of
aquifers in the research area. The above grading helped
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Table 2
Rating of protection capacity [34]

Longitudinal conductance (mhos) Protective capacity rating
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In the northwestern part of areas, the longitudinal con-
ductance value is 0 to 1 mho classified as poor to moder-
ate protective capacity. In the central part of the area, the
unit longitudinal conductance varies from 0 to 1 mho and

>10 Excellent
5-10 Very Good
0.7-4.9 Good
0.2-0.69 Moderate
0.1-0.19 Weak

<0.1 Poor

is distributed as a poor to moderate protective area.

In the south-eastern part of the area, the unit longitudi-
nal conductance varies from 0 to 1 mho and is distributed
as a poor to moderate protective area.

3.5. Physicochemical parameters

in the categorization of the project zone into “modest”,
“good”, “very good” protection capacity regions. Areas
classified into “good”, “very good” and “excellent” are
less susceptible or vulnerable to contamination [37,38]. The
study area map generally shows that the aquifer overbur-
den protection capacity is “Excellent” in the north-western
zone of the research area. The longitudinal conductance
values of 0-19 mhos.

The above-cited rating is very helpful for grouping of
the project zone into “excellent”, “very good”, and “good”,
“moderate” and poor protective capacity zones. Areas clas-
sified into “moderate”, “very good” and “excellent” are
more protected to contamination. The map of the study area
mostly shows that the aquifer overburden protection capac-
ity is “moderate” in the northeast portion of the study area
with the longitudinal conductance values of 0 to 4 mhos
and the portion of the map with longitudinal conduc-
tance values ranging from 5 mhos to 10 mhos classified as
“very good” protective cover. The northwest portion of the
map has an “excellent” protective capacity area with lon-
gitudinal conductance values ranging from 10 to 19 mhos
and is a highly protected zone to contamination.

The hydrochemical analysis of water samples from dif-
ferent sites of District Bagh, Azad Jammu & Kashmir was
also carried out.

The physico-chemical parameters of investigated water
samples are shown in Table 3.

3.5.1.pH

pH is the amount of concentration value hydrogen ion
(H*) in water that demonstrates an acidic, basic or neu-
tral solution. It regulates water corrosion and scaling ten-
dency. pH high values in water are common scales while
the pH low values indicate waters corrosive in nature. It
also distresses aquatic life. Water with a pH of 7 is said to
be neutral whereas lesser of it is stated acidic and the pH
higher than 7 is considered as basic. Low pH water tends
to be toxic and a high degree of pH water turned into an
unpleasant taste [39].

The pH ranged from 6.98 to 7.67 (Table 3) with an aver-
age pH value of 7.302. The distribution of the water sam-
ples with respect to the pH (Fig. 15) values acquired are
shown in Table 3. The standard range of pH for drinking
water is 6.50-8.50, however, a value less than 6.50 is corro-
sive and a value above 8.50 showed the carbonated water
(WHO and APHA Guidelines).
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In the southern part of the study area, the pH values
indicated that sample number 1, sample number 4, sam-
ple number 6 and sample number 20 lie within the range
of 7.14-7.21, while the sample number 19 area indicates the
low ranged value of pH having value 6.98-7.06. The high
values of pH in the study area are 7.6-7.67 indicated by
sample number 8 and sample number 9.

The groundwater sample number 3, sample number 13,
sample number 10, sample number 24 and sample num-
ber 25 in the northern and north-eastern part of the study
area indicates the pH values 7.3-7.36 as shown in Table 3.
These groundwater samples indicate the intermediate
zone with respect to the values of pH in the study area.

3.5.2. Nitrate

Nitrate concentration was found in collected water
samples ranging from BDL (below determinable limit) to
12.26 mg L (Fig. 16). Two water samples (sample num-
ber 9 and sample number 24) were observed to be above
the APHA and WHO limits of 10.0 mg L for nitrate [40].
The nitrate concentration of ten samples is BDL (below the
detection limit).

Nitrates (NO,) play a vigorous part in water contami-
nation. Exceeding the nitrate (NO,) concentration contrib-
utes to the blood syndrome “Methemoglobinemia” which
is commonly referred to as “Blue baby disorder” while the
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Fig. 16. Nitrate results comparison with WHO guidelines.

low concentration can cause muscle, tissue, and bones to
work inadequately (WHO and APHA Guidelines). Table 3
shows the Nitrate concentration of groundwater samples in
the project area.

Nitrate values present that sample number 3, sample
number 7, sample number 8, sample number 13, sample
number 15, sample number 16, sample number 18, sam-
ple number 19 and sample number 21 in the southern part
of the study area lies in “low nitrate” zone with a range of
029 mg L.

The zone of sample number 9 (northeastern part of the
study area) is considered as a high nitrate zone with nitrate
values 10-12 mg L which is not suitable for drinking
while the remaining other groundwater sample lies in the
intermediate zone for nitrate.

3.5.3. Turbidity

The turbidity of collected water samples varied from
0 to 4.55 NTU and an average value of 0.375 NTU that is
within the allowed limits of WHO and APHA (American
Public Health Association) standards [41]. The turbidity
values of 23 samples were BDL (below the determinable
limit).

The variability turbidity presents that more than 75%
of collected groundwater samples lie within a very low
range or below the detection limit, these samples (sample
number 1-16 and sample number 20-25) indicated a low
turbidity zone. Sample number 19 areas show an interme-
diate zone for turbidity, while the zone of sample number 17
and sample number 18 (northeastern part of the study area)
is relatively high for turbidity due to the presence of loose
clay of the Murree Formation.

3.5.4. Hardness

Groundwater hardness is primarily due to the occurrence
of the (Ca) and (Mg) divalent cations. It was resulting mostly
from rock formations and the soil. Hard water generally,
derives in regions where the topsoil is thick and calcareous
formations are present [30].

The hardness of collected water samples ranges from
182.0 to 552.0 mg L™ (Fig. 17). The highest desirable limit
is 500 mg L. One sample was observed to be above the
WHO and APHA limits (500.0 mg L) for hardness.

Hardness values present in Table 3 Southern part of the
study area sample number 2, sample number 7, sample 8,
sample number 13, sample number 15 and sample number
22 lie within the low hardness zone for the collected ground-
water samples. These water samples represent the low
hardness zone varies from 182 to 225 mg L. In the northern
part of the study area, the sample number 24 is above the
permeable limit for drinking water. Sample number 25 indi-
cates an intermediate zone of hardness for the collected
water samples.

3.5.5. Magnesium (Mg)

Mg is an important element for the human body and
is very important for normal bone structure in the human
body. Water with high magnesium or calcium levels is
considered to be hard and is unwanted for drinking and
household use [42].

In the research area, the Mg level for the collected sam-
ples ranged from 19.0 to 70.0 mg L.

The magnesium presents that sample number 2, sam-
ple number 6, sample number 13, sample number 17 and
sample number 22 in the southern part of the study area
lie within the low concentration area of magnesium for
the collected groundwater samples, and having the values
19-25 mg L.

Sample number 19, sample number 4, sample number
20 in the southern part of the study area and sample num-
ber 25 in the northern part presents the intermediate zone
of magnesium for the collected groundwater samples, while
the remaining groundwater sample represents a higher
concentration zone of magnesium for collected samples.

3.5.6. Calcium (Ca)

Calcium (Ca*) high concentration may cause abdominal
disorder and is problematic for drinking and domestic uses



160 A. Niaz et al. / Desalination and Water Treatment 249 (2022) 147-164

600

Hardness of Collected Samples

500

400

300

Hardness

200

100

123 4S5

WHO limit

6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24 25

Sample Numbers

Fig. 17. Hardness results comparison with WHO guidelines.

as it leads to encrustation and scaling [43]. The occurrence
of (Ca*) in water supplies results from passageway above
deposits of limestone, dolomite, gypsum, and Gypsi-ferrous
shale.

In study area (Ca) concentration ranged 17.00 to 121.00
mg L. The average value of Ca is 54.44 mg L. Calcium
(Ca) presents that sample number 7, sample number 14 and
sample number 16 lie within the low concentration zone
of calcium (Ca) having a range of 17-40 mg L.

Sample number 1, sample number 4, sample number
11, sample number 8, sample number 9, sample number
18, sample number 19, and sample number 20 in the south-
ern part of the study area lies within the intermediate zone
of calcium (Ca) for the collected groundwater samples.

3.5.7. Sodium (Na)

The role of sodium (Na) and chloride (Cl) in the human
body is significant. Both elements influence the process of
metabolism and physiologically. Large concentrations of
sodium and chloride ions can cause high blood pressure.

The cation sodium (Na) of collected water samples
ranged from 2.0 to 210.0 mg L with an average value of
18.08 mg L. All the samples were observed within the
permissible limits.

Sodium (Na) presents sample number 1, sample num-
ber 2, sample number 3, sample number 4, sample number
5, sample number 6, sample number 7 and up to 21 in the
southern part of the study area lies within the low con-
centration zone of sodium having the range of 2-25 mg L.

The only sample number 24 in the northern part lies
within the high concentration zone of sodium for collected
groundwater samples having a range of 187-208 mg L
shown in Table 3.

3.5.8. Potassium (K)

Potassium is an incapable element for living organ-
isms and essential for humans, plants, and animals. In the
human body, the amount of potassium is 110.0-140.0 g.
In the human body, potassium deficiency can disturb

heartbeat syndrome and muscle weakness, while homeo-
static mechanisms may affect due to the high amount in
potassium [44].

The cation potassium (K) of collected water samples
ranged from 0.5 to 5.7 mg L™ with an average value of
1.696 mg L. The admissible limit of K is 12 mg L™ according
to WHO guidelines. All the samples were observed within
the allowable limits. Potassium (k) shows that sample num-
ber 16, sample number 17, sample number 18, sample num-
ber 19 and sample number 22 lie within the range of low
potassium zone for the collected water samples and vary
from 0.5 to 1.1 mg L.

Potassium (K) also shows that the only one collected
groundwater from the north-eastern part of the study area
(sample number 9) lies within the high potassium concen-
tration zone having the value 5.2-5.7 mg L™ while remain-
ing all the collected water samples shows the intermediate
range of potassium as shown in Table 3.

3.5.9. Alkalinity

The alkalinity of groundwater is due to HCO,, CO, and
hydroxide ions. In the research area, alkalinity ranged from
152.0 to 402.0 mg L [45]. All collected samples were found
within the allowable limits of WHO guidelines. Alkalinity
shows that sample number 2, sample number 5, sample
number 7, sample number 8, sample number 13, sample
number 15, sample number 21 and sample number 22 rep-
resent the low alkalinity zone for the collected groundwater
samples.

The collected groundwater sample number 9 and sam-
ple number 10 from the eastern part of the study area
indicated that the high alkalinity zone has a range of 375-
402 mg L. Whereas the remaining water samples lie within
the intermediate zone of the alkalinity having the range of
210-374 mg L.

3.5.10. Electrical conductivity

Electrical conductivity is the function of water’s capa-
bility to pass electricity. Water conductivity is impaired by
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the presence of inorganic dissolved solids, for example, Cl,
NO,, SO,, and PO, anions (negatively charged) Na, Mg, Ca,
Fe, and Al cations (positively charged ions) [46].

In the selected study area, EC ranges from 305.0 to 1985.0
with an average value of 595.44. Electrical conductivity
shows that sample number 3, sample number 5, sample num-
ber 7, sample number 8, sample number 12, sample number
13, sample number 15, sample number 17, sample number
21 and sample number 22 represents the low electrical con-
ductive zone for the collected groundwater samples, and
having a range of 305-477.

Data shows only one collected sample (sample number
24) the northern part of the study area lies within the high
electrical conductive zone having the value 1985, whereas
the remaining samples of water show the intermediate
level of electrical conductivity.

3.5.11. Sulphate, SO,

Sulphate (SO,) is a product of sulphur (S) and oxy-
gen (O) and is part of naturally occurring minerals in
certain soil and rock formations bearing groundwater
[46]. Over time the mineral dissolves and is discharged
into groundwater, as water moves into soil and rock for-
mations containing sulphate minerals. SO, is released
into the aquatic environment in wastes from industries
that use SO, and H,SO,, such as mining and casting pro-
cesses, paper industry and tanneries [32]. World Health
Organization has set the maximum level of sulphate
contaminants in drinking water at 250 mg L.

Sulphates (SO,) value varies from 10.0 ppm to 57.0 ppm
with an average value of is sulphates (SO,) 17.72 ppm.
Sulphate (SO,) salts in water may rise the corrosion of
mild steel in the delivery system.

Table 3 shows that sample number 1, sample number 3,
sample number 4, sample number 7, sample number 8,
sample number 15, sample number 16, sample number 17,
sample number 18 and sample number 21 from the southern
part of the study area indicates the low sulphate zone for the
water samples and varies from 10-15 mg L. Data presents
that only one collected water sample (sample number 24)

from the northern part of the area shows a high concentra-
tion zone of sulphate while other water samples show an
intermediate level of sulphate.

3.5.12. Chloride (CI)

Chloride in groundwater and surface water may occur
naturally in deep aquifers, due to contamination from
marine, household or industrial wastes. Chloride (Cl) is
extensively disseminated in nature as sodium, potassium and
calcium salts. The maximum limit for chloride is 250 ppm.

The chlorides (Cl) value varies from 12.0 to 390 ppm
with an average value of 34.16 ppm (Fig. 18). One water
sample was observed to be exceeding the limits of the
World Health Organization and APHA (250.0 mg L™).
Chloride (Cl) raises the water’s electrical conductivity and
therefore increases its corrosion. Table 3 shows that sam-
ple numbers 1 to 8 and sample numbers 12 up to 23 from
the southern part of the area indicated that a low chloride
concentration with the range of 12-54 mg L.

Data shows only one water sample (sample number 24)
northern part of the study area high concentration of chlo-
ride in the research area with a value of 390 mg L', whereas
the other water samples show the intermediate level of chloride.

3.5.13. Total dissolved solids

The TDS values of the water samples varied from 168
to 1,191 mg L with an average of 336.6 mg L™ (Fig. 19).
The WHO guiding principle permits a maximum level of
1,000 mg L. One water sample was observed to be higher
than the WHO (World Health Organization) and APHA
guidelines (1,000 mg L™).

The level of total dissolved solids also reflects the level
of salinity of the water, for example, total dissolved solids
less than 200 mg L™ is low salinity; TDS 200-500 mg L aver-
age salinity; TDS 500-1,500 mg L™ high salinity and total
dissolved solids greater than 1,500 mg L™ very high salinity.
The calculated values of TDS show that only one collected
sample reduced the groundwater quality and pose a major
health risk. TDS present that the sample number 2, sample
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Fig. 18. Chloride results comparison with WHO guidelines.
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Fig. 19. TDS results comparison with WHO guidelines.

number 5, sample number 7, sample number 8, sample num-
ber 12, sample number 13, sample number 14, sample num-
ber 15, sample 17, sample number 21 and sample number
22 from the southern part of the area shows the low level
of dissolved solids within the research area and varies from
168-284 mg L' while the map shows only one water sample
indicates the high level of TDS within the research area.

3.5.14. Carbonates (CO,)

Carbonates (CO,) values of all collected water samples
were BDL (below detection limit).

3.5.15. Bicarbonates (HCO,)

In collected water samples the concentration of bicarbon-
ates varies from 152.0 to 402.0 mg L™ with an average value
of 258.8 mg L. Bicarbonates (HCO,) values recommended
by WHO are not more than 500 mg L.

The existence of HCO, in the water suggested, either
weathering of silicate or weathering of carbonate and
occasionally it may be due to both processes [32]. Mostly,
whenever carbonic acid reacts with calcium carbonate,
bicarbonate is released together with calcium. Similarly, if
carbonic acid reaction with plagioclase, bicarbonate can be
released. It is also commonly found in my water samples and
in some industrial wastes [33]. Bicarbonate shows that the
three water samples (sample number 9, sample number 11
and sample number 24) from the north and eastern part of
the study area indicated a high concentration zone of bicar-
bonates for collected water samples and having a range of
375-402 mg L', whereas the only one water sample (sample
number 22) the northern part of the area shows that low con-
centration values for bicarbonates. Whereas remaining water
samples lie within the intermediate range of bicarbonates.

The piper diagram for the chemical parameters of the
water sample has been plotted [46]. The results in Fig. 20
show that all the samples belong to type 1 (Ca-HCO,).
Furthermore, it is also the indication of excess of alkaline
earth metals (Ca + Mg) than the alkalies (Na + K) resulting
from the dissolution of Ca-Mg dominant rocks.

3.6. Integration between VES and hydrochemical analysis

The vulnerability mapping using geoelectrical data
demarcated different moderate to high overburden pro-
tective capacity zones in the study area. Geoelectrical data
also confirmed that there is no area with “very low protec-
tive overburden capacity”. Similarly, hydrochemical analy-
sis results indicate that twenty-three springs and wells are
suitable for drinking purposes, except where exceed the
permissible limit of total hardness, Chlorides and Nitrate.
The contamination in the two samples (sample number 9
and sample number 24) northeastern part of the study area
was detected from the area of “moderate over-burden pro-
tective capacity” in the vulnerability map. The top layers at
these locations were deposits sand gravel and clay. The inte-
grated study results delineated that the vulnerability map-
ping from the geophysical survey is authentic, low-cost and
useful as compared to costly laboratory analysis.

4. Conclusion

The present research has proven that integration
between VES and hydrochemical analysis provides a reli-
able insight into the local groundwater systems in terms of
quality and occurrence of saturated zones. A total of 45 VES
points acquired in different parts of the area represented
the majority of subsurface lithologies, landform geomor-
phic features of the area. The VES inversion results depicted
4 layers having aquifer body in the 2nd and 3rd layers. The
overall depth of the VES data ranges between 50-100 m. the
major litholgiies identified by VES data comprise of clay,
sandy clay, clay with boulder, and sandstone. The iso-resis-
tivity maps generated at variable depths depicted the good
water quality in the north-west and south-eastern part of
the area. The aquifer thickness map indicated the maxi-
mum thickness of 60 m at a spread in the south west to the
north-eastern part. The large thickness of the aquifer sug-
gests a large subsurface zone that can transmit economical
quantities of water forlocal community and industry. Overall
groundwater production is approximated as a medium
to high for the area. The unit longitudinal map indicated
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values ranging between 0-19 mhos. These values suggest
moderate to good protective capacity in the majority part
of the area. Poor to moderate capacity is only seen in parts
of the north and east. These are the locations where hydro-
chemical samples also depicted poor groundwater quality.

The hydrochemical analysis results indicate that out
of 24, 22 samples lie within the permissible ranges of
WHO. The 2 samples which were not within permissible
limits were acquired. The integration between VES and
hydrochemical analysis also provided a strong correlation
between the findings as samples that were not in the permis-
sible limits (sample number 9 and sample number 24) were
detected from the area of “moderate over-burden protective
capacity” in the vulnerability map. The integrated study
results delineated that the vulnerability mapping from the
geophysical survey is authentic, low-cost and useful as
compared to costly laboratory analysis.
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