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Abstract
Groundwater resources have always been explored for domestic use, livestock, and agriculture activities. In this study, the 
Winder area has been explored using the electrical resistivity method for understanding hydrogeological conditions. The 
study area is located along the coast of Balochistan. Schlumberger electrode arrays have been used to acquire vertical 
electrical sounding (VES) data for 23 stations. The field data is calibrated with a theoretical curve matching technique 
using software (IPI2WIN). The true resistivity, depths, thicknesses, aquifer attributes, and soil type have been extracted 
from the processed data. Pseudo-sections and geo-electrical lithology sections have been generated for the lateral distri-
bution of hydrogeological settings. Furthermore, Dar-Zarrouk parameter calculations have been made and 3D surfaces 
are generated at 30 m and 60 m depth for transverse resistance (T), longitudinal conductance (S), and anisotropy (λ). 
These parameters are plotted for resistivity distribution and coastal salinity intrusion analyses. The VES sounding results 
of 0-110 m depth depict five layers mainly composed of silty sand, sandy clay, sand, and sandy gravel. The interpretation 
illustrates that freshwater unconfined aquifers are present in the quaternary sand and sandy gravel deposits. The water 
table is at a shallow depth along the river and deeper in the northeast further from the Winder River. The resistivity 
ranges between 29-1091 Ω-m in layer-3, interpreted as the saturated zone. The approximate range of the water table is 
19-40 m. A value of T greater than 10000 shows fresh water and values below 8200 indicate salinity intrusion in the south-
west towards the sea.
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1. Introduction

Water can be considered the single most important in-
gredient of life. Both surface and groundwater resources 
are therefore utilized for survival. Many countries 
around the globe in coastal areas are totally dependent 
upon groundwater utilization for domestic, industrial, 
and agricultural purposes due to dense population, par-
ticularly in arid and semi-arid regions (Barlow and Re-
ichard, 2010; Dimitrios, et al., 2016; El Baba, et al., 
2020). Overexploitation resulted in a saltwater intrusion 
in most of the coastal zones around the globe (Morgan 
and Werner 2015; Chen et.al., 2020). About 50% of 
the groundwater used in areas of developing countries 
has been derived from wells, springs, boreholes, and 
people who live there rely on such resources (Clarke et 
al., 1995). These resources are available in large quanti-
ties as compared to surface water and are hardly impact-

ed by seasonal variation (Gopalakrishnan et., al 2020). 
Groundwater exploration is considered as one of the pri-
mary components of water management practices and 
each year around 700 billion cubic meters of groundwa-
ter are extracted from the earth aquifers (Hassan et al, 
2017). Therefore, groundwater in water resource distri-
bution is most vulnerable to depletion due to overexploi-
tation. The rate of recharge that balances an aquifer is a 
slow process compared to the pumping rate of ground-
water around the world (Famiglietti, 2014; Massoud et 
al., 2021).

Agriculture is considered as the backbone of any 
country because it directly influences the economy of 
countries. The agricultural production for food is highly 
dependent on the fertility of the soil as well as on the 
quality of the water (Abou El-Hassan et al., 2009; 
Kaçmaz and Nakoman, 2010). Pakistan is also an agri-
cultural country whose economy relies on successful 
crops. Agricultural farms were established in 1993-94 
near Winder town (Balochistan) in collaboration with 
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the Department of Agriculture, Balochistan, and the Jap-
anese government (see Figure 1). These farms lie above 
the Cretaceous ophiolitic rocks concealed by wind-
blown sediments (see Figure 2). Due to the arid climate 
of the Winder area, the availability of water for agricul-
ture purposes is a main concern. Winder River and 
groundwater are two main sources for irrigation in this 
area (Bashir et al., 2007). Winder Basin is a part of Las-
bela Plain which is located near the Makran coast of 
Lasbela District, Balochistan. Porali River and its tribu-
taries deposit alluvium sediments and form the triangu-
lar shape of Lasbela Plain (Spate, 1956). The width of 
this plain is about 64 km at the base and along the braid-
ed Porali River, it becomes narrow for almost 88 km 
towards the north. Winder River forms an estuarine  
delta at Miani Hor and drains the eastern part of the 
plain. The wide coastal sand dune belt present in the 
southwest of the study area formed because of strong 
winds. Alluvial silt and washouts by heavy precipita-
tions cover the entire basin which is suitable for cultiva-
tion (Ahsanullah, 1971).

The main objective of this research is to assess 
groundwater potential and hydrogeological conditions 
of the study area for sustainable groundwater manage-
ment. The electrical resistivity method is used in this 
study as one of the suitable techniques to map the sub-
surface potential aquifers, thicknesses, and other hydro-
geological conditions (Aoudia et al., 2020). The electri-
cal resistivity method is useful, as it is an economical 
and efficient method for analyzing the presence of 
groundwater in the subsurface (Anomohanran, 2013). 
The electrical resistivity technique is gaining extensive 
applications in environmental geophysics, groundwater 
exploration, engineering geophysical investigations, and 
monitoring coastal environments (Afolayan and Olo-
runfemi 2004; Ihbach et al., 2020; Youssef et al., 
2021; Muzzillo et al., 2021). The vertical electrical 
sounding (VES) method is feasible for subsurface imag-
ing at greater depths (Benabdelouahab et al., 2019; Ja-
mal et al., 2020; Kehinde et al., 2021). This method 
was introduced in 1934 by Schlumberger after which 
different arrays for this electrical resistivity method have 
been developed (Keller and Frischknecht, 1966). The 
prime concern of this inexpensive point measurement 
technique is to obtain the true resistivity for subsurface 
stratigraphy with saturation. In detail, the ultimate scope 
of VES is to resolve problems related to groundwater 
exploration, analysis, and assessment for aquifer thick-
ness, aquifer depth, and lithological layer distributions 
(Zohdy 1969; El-Waheidi et al. 1992; Young et al. 
1998; Choudhry et al. 2001; Soupios et al. 2007).

2. Geology of the Study area

Winder is located at the southern-most part of the 
western fold belt. Sedimentary rocks of Jurassic (Mor 
Range) and Cretaceous (Pab Range) in association with 
Bela ophiolites (Cretaceous) are exposed in the eastern 
part of the study area. Wind-blown sedimentary deposits 
in the west gradually conceal the ophiolites. Mor and 
Pab ranges are parallel, located in the east of the study 
area (see Figure 2). Rocks of Ferozabad Group (Juras-
sic) are exposed in Mor ranges, comprised of Kharrari, 
Malikhore, and Anjira formations. The rock’s composi-
tion shows the siliciclastic and carbonatic depositional 
environment of Early-Middle Jurassic age (Shah, 1977). 
Ferozabad group rocks were deposited on the shelf flank 
of a rift system derived from the Gondwanaland breakup 
and the detachment of the Indian craton from Africa and 
Madagascar (Gnos et al., 1997). The limestone beds of 
the Kharrari and Malikhore formations contain strata-
bound replacement type deposits. Sedimentary exhala-
tive mineralization (Sedex) is frequent in the upper part 
of the Anjira Formation. Sphalerite, pyrite, marcasite, 
and galena with minor chalcopyrite are associated with 
the sulfide mineralization (Ahsan and Mallick, 1999). 
The Sembar, Goru, Parh, Fort Munro, Mughal Kot and 
Pab formations are exposed in the Pab Range (Kazmi 

Figure 1: The location map of study area (a) Pakistan (b) 
Balochistan Province (c) District Lasbela, Balochistan.

https://www.sciencedirect.com/science/article/pii/S2352801X21001053#bib7
https://www.sciencedirect.com/science/article/pii/S2352801X21001053#bib12
https://www.sciencedirect.com/science/article/pii/S2352801X21001053#bib30
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and Abbasi, 2008). The Bela ophiolite is associated 
with Alpine-Himalayan Mesozoic Ophiolitic Belt, which 
is 400 km long. It is a sub-type of ophiolite comprised of 
Harzburgite, which is usually in the Tethyan Domain. It 
has attributes of both supra-subduction zone and mid-
oceanic ridge settings and is intruded by magmas-driven 
hotspots (Khan et al., 2007; Sheth, 2008). It is repre-
sented by Tholeitic basalts, Mafics and Ultramafics. 
Based on age and tectonic settings, Bela ophiolites are 
divided into two units. In the northern part of the belt, 
the upper unit is exposed between Sonaro and Wadh. 
The lower unit consists of trench sediments and ophi-
olite accretionary wedges that are well exposed from 
Sonaro to the coast of Karachi in the south and occasion-
ally found along with the western contact of the Mor 
Range (Gnos et al., 1998).

transmission of direct current (Frohlich, 1974). There 
are different types of electrical resistivity techniques de-
pending on the electrode configuration. Wenner elec-
trode configuration, Schlumberger electrode configura-
tion, Pole-Dipole array, and Dipole-Dipole array, etc., 
can be chosen depending on the acceptable precision 
and availability of the labour (Telford et al., 1990). 
Mainly Wenner and Schlumberger electrode configura-
tion techniques (see Figure 3) are extensively used for 
groundwater exploration (Solberg et al., 2008; Long et 
al., 2012). In Wenner electrode configuration, the four 
uniformly spaced collinear electrodes constitute a Wen-
ner array. The outer electrodes are current electrodes or 
source electrodes, and the inner electrodes are potential 
electrodes or receiver electrodes. Equivalent spacing be-
tween each electrode is maintained about the array mid-
point when array spacing is expanded. Apparent resistiv-
ity is easily calculated in the field using the Wenner ar-
ray. The sensitivity of the Wenner instrument is not 
pivotal as with other array geometries. To produce quan-
tifiable potential differences, relatively small magni-
tudes of current are required (Mali and Mujawar, 
2019). Wenner array’s disadvantages are that for each 
sounding, all electrodes must be moved to a new point. 
Longer current cables are required to image deep into 
the Earth. It is unwieldy to handle the electrodes and ca-
bles between each measurement, typically in difficult 
terrain. Near the surface, the Wenner array is sensitive 
for uniformities which may ask for new profound elec-
trical responses. It is a labour-intensive data collection 
because of the long cable lengths and electrode move-
ment is required during the survey. Cables of considera-
ble lengths are galvanized with current at high voltage 
and present a safety risk (Hasan et al., 2017).

The Schlumberger configuration with a half spacing 
of the current electrode (AB/2 from 2 to 150 meters and 
MN/2 from 0.5 to 10 meters) was utilized in this survey 
(Frohlich, 1974). In the Schlumberger electrode con-
figuration, the four collinear electrodes constitute the 
Schlumberger array. The outer electrodes are current 
electrodes or source electrodes, and the inner electrodes 
are potential electrodes or receiver electrodes. At the 
centre of the electrode array, potential electrodes are 
placed with a small separation, generally less than 1/5th 
of the spacing of the current electrodes. During the sur-
vey, the separation between the current electrodes is in-

Figure 2: Geological Map of Winder and the adjoining area 
of Balochistan represent the exposed stratigraphy from 

Mesozoic to Cenozoic, drainage pattern, and other 
geomorphological features of District Labsela, Balochistan, 

Pakistan (modified after HSC, 1960).

3. Material and Methods

The electrical resistivity method involves vertical 
electrical sounding (VES) which depends on estimating 
the potential drop in between the electrodes during the 

Figure 3: Electrical Resistivity Survey electrode configuration for geophysical data acquisition  
(a) Wenner array configuration (b) Schlumberger array (Rhett, 2001)
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creased while the potential electrodes remain in the same 
place until the observed voltage becomes too small to 
measure (Meindinyo et al., 2017). The Schlumberger 
array is convenient to use because for each sounding, 
fewer electrodes are required to be moved and a shorter 
length of cable is required for potential electrodes. 
Schlumberger soundings usually have an effective reso-
lution, extensive probing depth, and a less time-consum-
ing field layout than the Wenner array. The reconnais-
sance survey of the area was conducted to design a geo-
physical survey. In accordance with the desired 
objectives, the vertical electrical sounding data was ac-
quired at 23 points, i.e. 23 different sites in the Winder 
area (see Figure 4).

50 m. The reason for increasing the space is that the po-
tential contrast is excessively little and hard to gauge at 
large electrode spacing, therefore, the potential elec-
trodes were moved while keeping the current electrode 
fixed. The measured resistance value was used to calcu-
late the apparent resistivity by multiplying the acquired 
resistance values from the field with the respective Geo-
metric factor (k) using Equation 1 and 2 by Keller and 
Frischknecht (1966).

	 � (1)

Where:
AB 	 – �distance between two current electrodes (m);
MN 	– �distance between two potential electrodes (m);
π 	 – �constant value 3.142;
K 	 – �geometric factor differs in the layout of current 

and potential electrodes.

	 � (2)
Where:
ρa	 – �apparent resistivity computing using ohms law 

(Ωm);
K 	 – �geometric factor differs in the layout of current 

and potential electrodes;
R 	 – �resistance (Ω).
The field data was plotted on a log-log graph sheet for 

interpretation of apparent resistivity (y-axis) and current 
electrode spacing (x-axis). A curve is obtained which is 
known as a field curve, the most common practice of 
curve matching is applied in such a way that the field 
curve can be matched with the master curves (A, H, K, 
and Q). These master curves are available in the litera-
ture for two to three layers as an auxiliary graph. The 
procedure and theoretical background of curve matching 
are adopted as (Zohdy, 1965; Bhattacharya and Parta, 
1968; Koefoed, 1979). The final curve with a maximum 
6% root mean square (RMS%) error is used for the inter-
pretation of hydrogeological parameters using IPI2Win 
software. The accuracy of the results highly depends on 
the low percentage of RMS value (Zohdy, 1989). The 
same procedure is adopted for 23 VES stations in the 
study area. Matching of both the curves and layer mod-
elling resulted in true resistivities of four layers, depth, 
and thickness at 23 VES stations.

The lithology logs are constructed using drill bore-
hole cutting samples (see Figure 5). To calibrate the 
lithological interpretation of sounding curves (about the 
depth of 90 m), boreholes located near the VES stations 
(W-1, W-5, W-12, W-16, W-17, and W-19) are used. 
Pseudo-sections have always been utilized for a better 
understanding of the lateral and vertical distribution of 
resistivity. In this study, pseudo-sections have been gen-
erated for the acquired VES profiles, which are collinear 

Figure 4: Location of acquired vertical electrical sounding 
(VES) station, drilled borehole points near the VES station.

The types of equipment utilized for the survey were a 
PASI-Earth (16 GLN) resistivity meter for acquiring 
vertical electrical sounding data in which the four elec-
trodes were placed uniformly along a straight line where 
the current electrodes (A and B) were on the outside and 
the potential electrodes (M and N) were between A and 
B. The PASI earth resistivity meter was powered by a 
direct current (DC) source and spacing between the cur-
rent electrodes is increased further outwards to get a pro-
nounced probing depth while the potential electrodes 
remain static. Furthermore, the potential electrodes were 
moved outwards when the ratio of the distance between 
the current electrodes to that of the potential electrodes 
became substantial, or else the potential difference be-
came insufficient to measure. The maximum current 
electrode spacing was kept at 300 meters (AB) for the 
depth penetration of 150 meters. The designed layout of 
the current electrode AB spacing for the VES station to 
readout the resistance value from the resistivity meter 2, 
4, 6, 8, 10, 10, 15, 20, 25, 25, 30, 35, 40, 45, 50, 50, 60, 
70, 80, 90, 100, 100, and 150 m and the potential elec-
trode spacing 0.5, 2, 5, 10, 20 and 50 m. Readings were 
repeated to calculate the average resistance value with 
an increase in spacing of potential electrode, i.e. 10, 25, 
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for generating a pseudo-section and resistivity section to 
portray the variation of resistivity along with the pro-
files. Three pseudo sections are generated along with 
three profiles, i.e. A- A’, B - B’, and C- C’, by using 7 
VES’s in each profile.

Contour maps and 3D surfaces for Dar-Zarrouk (D-Z) 
parameters have been generated based on the true resis-

Figure 5: Lithology log acquired from six drilled borehole cutting samples.

Figure 6: Methodology flowchart for groundwater mapping 
using Electrical Resistivity Survey

tivity values and thicknesses. The D-Z parameters have 
always been useful in delineating zones of salinity and 
monitoring lateral variation in heterogeneity (Hasan, 
2019). The average electrical properties of each unit in a 
stratigraphic section can be characterized by D-Z param-
eters (Maillet, 1947). Transverse resistance (T) in Dar-
Zarrouk parameters is the resistance normal to face 
while longitudinal conductance (S) is the resistance par-
allel to the face of the material in a unit cross-sectional 
area. Moreover, the D-Z parameters also help in differ-
entiating the isotropic and anisotropic properties of sub-
surface lithology (Singh et al., 2004). Following these 
steps, further investigation has been made for under-
standing the hydrogeological profile; the geo-electric 
sections have been generated. These geo-electric sec-
tions present a correlation in two different profiles ex-
tending in the east-west and north-south directions. The 
methodological workflow of this study is presented to 
accomplish the objective (see Figure 6).

4. Results & Discussion

The data of 23 VES stations have been collected in 
the Winder area. The results of 23 VES stations have 
been utilized for apparent resistivity curve interpreta-
tion, pseudo-section profiles and geo-electric sections 
generation, and Dar-Zarrouk parameter estimations. The 
detailed results and their discussions are given in the fol-
lowing sections.

4.1 VES Station

PASI-Earth (16 GLN) resistivity meters were used at 
23 VES points to collect field data. Initially, the field data 
is plotted on log-log paper and matched with the master 
curve with a maximum of 6% error to model subsurface 
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Figure 7: Vertical electrical sounding curve and derived layer characteristics using IPI2Win  
(lithology, apparent resistivity, thickness, and depth). (a) W-1 station (b) W-8 station  

(c) W-3 station (d) W-11 station.

layers. The interpretation exhibits that subsurface layers 
are mainly comprised of sand, clay, sandy clay, sandy 
gravel, and silty sand calibrated with the drill borehole. 

The selected VES stations W-1. W-3, W-8, and W-11 rep-
resent high variation in apparent resistivity, thickness, and 
depth of the modelled layers (see Figure 7).
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4.1.1 W-1 Station

W-1 station consists of four geological layers where the 
topmost layer resistivity is 353 Ωm and it is interpreted as 
sandy clay present at a depth of 3.79 meters while layer 2 
has a value of 838 Ωm which is sandy gravel present at a 
depth of 12.2 meters. Layer 3 has a resistivity value of 
17.1 which is fine sand present at a depth of 30.8 meters 
while layer 4 has a resistivity value of 594 Ωm which is 
sandy gravel present at a depth of 73.2 meters. The curve 
type is AKH, i.e. ρ1< ρ2< ρ3> ρ4< ρ5. W-1 comprises a 
thick package of unconsolidated sand and a sandy gravel 
aquifer. These types of deposits have good intergranular 
porosity (Miller, 2000). A higher resistivity below 30.8 m 
shows the potential presence of a freshwater unconfined 
aquifer (see Figure 7a).

4.1.2 W-8 station

W-8 station depicts four geological layers in which 
the topmost layer resistivity is 516 Ωm and it is inter-
preted as silty sand at a depth of 2.22 meters while layer 
2 has a value of 394 Ωm which is silty sand present at a 
depth of 4.73 meters. Layer 3 has a resistivity value of 
264 Ωm which is silty sand present at a depth of 23.9 
meters while layer 4 has a resistivity value of 546 Ω 

which is sandy gravel present at a depth of 93.5 meters. 
The curve type is QHA, i.e. ρ1> ρ2> ρ3< ρ4 < ρ5. W-8 
lithology contains a thick package of unconsolidated 
sand and sandy gravel. A higher resistivity below 23.9 m 
reveals the potential presence of an unconfined aquifer 
(see Figure 7b).

4.1.3 W-3 station

W-3 illustrates four geological layers in which the top-
most layer resistivity is 497 Ωm and it is interpreted as 
fine sand at a depth of 2.03 meters while layer 2 has a 
value of 676 Ωm which is silty sand present at a depth of 
13.6 meters. Layer 3 has a resistivity value of 219 Ωm 
which is silty sand present at a depth of 32.3 meters while 
layer 4 has a resistivity value of 163 Ωm which is silty 
sand present at a depth of 98.3 meters. The curve type is 
KQQ, i.e. ρ1< ρ2> ρ3> ρ4> ρ5. W-3 results show a thick 
package of unconsolidated sand deposits having good po-
rosity and permeability for the aquifer but an increase in 
water salinity due to seawater intrusion, which decreases 
the resistivity of the layer (see Figure 7c).

4.1.4 W-11 station

This station data also represents four geological lay-
ers in which the topmost layer resistivity is 858Ω and it 

Table 1: VES station coordinates and summary of IPI2Win results for resistivity (Ωm), thickness (m) and depth (m).

VES Latitude Longitude ρ1 ρ2 ρ3 ρ4 ρ5 h1 h2 h3 h4 d1 d2 d3 d4

W-1 25.4153 66.6466 353 838 939 594 892 3.79 8.4 18.6 42.3 3.79 12.2 30.8 73.2
W-2 25.4148 66.641 379 981 590 506 953 3.29 9.42 15.7 70.6 3.29 12.7 28.5 99
W-3 25.4228 66.5979 497 676 219 163 146 2.03 11.6 18.7 66 2.03 13.6 32.3 98.3
W-4 25.406 66.6659 266 163 917 348 299 1.23 1.31 16.5 62.6 2.13 3.45 20 82.5
W-5 25.4153 66.6466 144 579 779 708 1090 2.44 2.87 22.6 53.1 2.44 5.31 27.9 81
W-6 25.4302 66.7279 222 681 794 590 953 2.35 4.66 17.2 70.2 2.35 7.01 24.2 94.4
W-7 25.4413 66.7754 181 883 668 990 1144 1.27 11.4 38.4 49.9 1.27 12.7 51.1 101
W-8 25.4665 66.7299 516 394 264 546 972 2.22 2.51 19.2 69.6 2.22 4.73 23.9 93.5
W-9 25.3997 66.6894 431 764 926 743 981 1.69 5.05 31.9 49.6 1.69 6.75 38.7 88.3
W-10 25.382 66.7135 195 419 1029 536 656 2.61 2.21 43.9 52.3 2.61 4.82 48.7 101
W-1 1 25.3547 66.7677 858 596 944 656 521 2.09 7.72 32 63.1 2.09 9.81 41.8 105
W-12 25.3559 66.6918 136 637 810 874 944 1.96 8.73 20.9 70.3 1.96 10.7 31.6 102
W-13 25.3559 66.6918 203 447 613 787 410 2.93 6.16 21.7 51.8 2.93 9.09 30.8 82.5
W-14 25.3346 66.7102 408 568 909 1090 1271 2.26 3.75 22 63.7 2.26 6.01 28 91.7
W-15 25.344 66.6713 728 781 484 644 728 2.75 4.15 27.3 61.2 2.75 6.9 34.2 95.5
W-16 25.3801 66.7586 485 1038 808 1108 1215 3.88 15.4 28.3 46.1 3.88 19.3 47.6 93.7
W-17 25.4132 66.7505 428 935 1091 742 572 1.96 11.4 34.7 51 1.96 13.4 34.7 51
W-18 25.3997 66.6894 63.6 271 647 834 1018 1.46 1.75 22 92.2 1.46 3.21 25.2 117
W-19 25.4348 66.664 198 696 911 659 930 1.9 7.96 29.8 58.5 1.9 9.86 39.7 98.2
W-20 25.4603 66.6734 452 707 825 557 937 2.33 7.94 15.8 96.2 2.33 7.94 15.8 96.2
W-21 25.4425 66.6959 365 758 927 1065 1163 3.95 9.59 20.7 40.7 3.95 13.5 34.3 74.9
W-22 25.4244 66.6956 480 675 917 539 434 2.36 3.39 24.5 68 2.36 5.75 30.3 98.2
W-23 25.4228 66.6804 255 917 1048 1125 730 2.08 5.52 22.2 57 2.08 7.6 29.8 86.8
VES: Vertical Electrical Sounding, d: depth, h: thickness, ρ: apparent resistivity
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is interpreted as silty sand at a depth of 2.09 meters while 
layer 2 has a value of 596 Ωm which is silty sand present 
at a depth of 9.81 meters. Layer 3 has a resistivity value 
of 944 Ωm which is mixed sediment, initially silty sand 
and then sandy gravel present at a depth of 41.8 meters 
while layer 4 has a resistivity value of 656 Ωm which is 
sandy clay present at a depth of 105 meters. The curve 
type is HKQ, i.e. ρ1> ρ2< ρ3> ρ4 > ρ5. W-11 is inter-
preted as a thick package of unconsolidated sand and 
sandy gravel deposits. A higher resistivity below 41.8 m 
shows the potential presence of an unconfined aquifer 
(see Figure 7d).

The parameter of other VES stations (W-2, W-4, W-5, 
W-6, W-7, W-9, W-10, W-12-23) is summarized in Ta-
ble 1. These parameters were obtained from the layer 
modelling of acquired field data (as adopted for W-1, 
W-3, W-8, W-11). The resistivity values ρ3, and ρ4 are 

varying from 163-1125 ohm-m, which suggests the pres-
ence of sand and gravel lithology. The higher resistivity 
in ρ3 and ρ4 is identified as a saturated zone, where the 
thickness of h3 and h4 vary from 15.7 - 96.2 m. The 
widespread thick package of sand and gravel is inter-
preted as an unconfined aquifer (James, 2000; Miller, 
2000). In this case, where overlying unconsolidated sed-
iments are permeable silty sand, sand and sandy gravel 
the aquifer recharge directly depends on surface water 
and rainfall (Cobourn et. al., 2017).

4.2 Pseudo-section

Three pseudo-sections have been generated along 
with three profiles (A-A’, B-B’, and C-C’) by using 7 
VES’s in each profile (see Figures 8a, 8b, and 8c). The 
pseudo-sections A-A’ & B-B’ represent three zones, i.e. 
the topmost low resistivity zone, the middle medium re-

Figure 8: Pseudo sections of vertical Electric sounding (VES) profiles.  
The x-axis represents the distance between VES points, the Y-axis for subsurface depth  

in meter and colour bar shows the variation in apparent resistivity.  
(a) A-A’ East-West Pseudo section (b) B-B’ north-south Pseudo section (c) C-C’ north-south Pseudo section.
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sistivity zone, and the high resistivity zone in the centre 
(see Figures 8a and 8b). It is observed that the pseudo-
section A-A’ represents a low resistivity trend toward the 
northwest of the study area, due to saline water intru-
sion. The pseudo-section B-B’ shows contrasting resis-
tivity zones in the middle of the section, and the high 
resistivity zones are interpreted as channel sand. The 
pseudo-section C-C’ shows the water table at 40 m in the 
northeast of the study area. The high resistivity zone de-
picts a fresh water-bearing zone and the depth of the un-
confined aquifer starts from 19-40 m in the study area. 
The VES points W-7, W-22, W-23, W-4, W-16, and 

W-17 are located near the Winder River, one of the 
sources of recharge in the study area. The VES station 
near the river shows the presence of shallow water-bear-
ing strata (see Figures 8a, 8b, and 8c) as compared to 
the stations away from the river.

4.3 Dar-Zarrouk parameters

Dar-Zarrouk parameters have been helpful in finding 
saline zones and observing variations in heterogeneity, 
average electrical properties of a single stratigraphic unit 
can be described by Dar-Zarrouk (D-Z) parameters. 

Figure 9: Transverse resistance (T) surface map (a) 3D surface at 30 m depth  
(b) 3D surface at 60 m depth; longitudinal conductance (S) surface (c) 3D surface at 30 m depth  

(d) 3D surface at 60 m depth; Anisotropy surface (e) 3D surface at 30 m depth (f) 3D surface at 60 m depth
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(Maillet, 1947). Dar-Zarrouk parameters have been 
mapped at 30 m and 60 m depth for this area (see Figure 
9). Transverse resistance and longitudinal conductance 
in D-Z parameters are the resistance normal to the face 
and parallel to the face in a unit cross-sectional area. 
These parameters are also helpful in differentiating iso-
tropic and anisotropic characteristics of subsurface li-
thology (Singh et al., 2004).

4.3.1 Transverse Resistance (T)

Transverse resistance has a strong relationship with 
the transmissivity of the aquifer and T-maps are normal-
ly utilized for delineating zones with high ground water 
potential (Braga et al., 2006; Toto et al., 2008). With 
the help of transverse resistance, the saline zone can also 
be interpreted as saline water values of T ranges from 
2000 Ωm2 to 10,000 Ωm2 (Singh et al., 2004). The 3D 
surface map of transverse resistance has been prepared 
which shows low T values towards the south-west (So-

miani and Damb areas) up to 8000 Ωm2 as an indication 
of high saltwater intrusion at shallow depths (30 m) (see 
Figure 9a) and low intrusion at a depth of 60 m (see 
Figure 9b). As values of T greater than 10000 Ωm2 rep-
resent freshwater, the 3D surface depicts that most of the 
area towards the east at 30 m and 60 m depth is covered 
by freshwater.

4.3.2 Longitudinal Conductance (S)

Longitudinal conductance (S) is the summation ratio 
of conductance to their respective resistivities and is 
used to delineate the clay and sand water aquifer region. 
In this case, an S-surface map from the interpreted re-
sults has been prepared (Slater, 2007; Yungul, 1996). 
The unit of conductance is seimens. The value of con-
ductance increases towards the southwest which is an 
indication of salinity intrusion and decreases towards the 
east which represents the freshwater region (see Figure 
9c & 9d).

Figure 10: Geoelectric lithology cross-section (a) East-West geoelectric lithology cross section  
of 7 VES points (b) North-South geoelectric lithology cross section of 7 VES points.
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4.3.3 Anisotropy (λ)

The anisotropic factor is defined as the ratio of resis-
tivity measurement in two principal directions which are 
perpendicular to the bedding plane (ρt) and parallel to 
the bedding plane (ρl) (Maillet, 1947; Zohdy, 1965). 
The anisotropy (λ) 3D surface has been prepared for 30 
m (see Figure 9e) and 60 m depth (see Figure 9f). The 
anisotropy surface represents that most of the values are 
below 1 which indicates the homogenous and isotropic 
nature of the aquifer. The anisotropy and heterogeneity 
increase at a depth of 60 m mostly on the south-western 
side (towards the sea) (see Figure 9f).

4.4 Geo-electric lithology Cross-section

For understanding the subsurface geology and hydro-
geological profile, geo-electric lithological cross-sec-
tions have been generated from the interpreted results. 
Figure 10a and Figure 10b represent four lithological 
units correlated in the study area. Seven lithological logs 
are correlated in two different profiles, i.e. north-south 
and east-west. These sedimentary deposits are affirmed 
by the braided Porali River in recent geological time 
(Ahsanullah, 1971). The north-south oriented profile 
(see Figure 10a) is showing that the sand is increasing 
as we are moving towards the seaside in the south. The 
east-west oriented profile (see Figure 10b) shows a sim-
ilar lithological unit; however, their thicknesses vary. 
The thick sedimentary layer of sand and sandy gravel 
was identified as a potential unconfined aquifer of the 
study area.

5. Conclusion

The VES technique by using an electrical resistivity 
meter was utilized to delineate the hydrogeological con-
ditions in the Winder area and to identify the aquifer 
characteristics. The acquired 23 VES stations were pro-
cessed using IPI2Win to evaluate the subsurface layers 
for apparent resistivity, thickness, and depth. The results 
were calibrated with drilled log data to interpret the li-
thology. Pseudo-section and geoelectric cross-section 
constructed for the lateral distribution of lithology and 
apparent resistivity. Finally, the D-Z parameter was cal-
culated for validation of the results and salinity intrusion 
in the aquifer of the study area. The concluded results 
show that the area is dominated by recent quaternary 
sediment and is mainly comprised of silty sand, fine 
sand, sandy gravel, and sandy clay. Layer-1 is interpret-
ed as topsoil contained variable resistivity ranging at the 
VES station from about 63.6 to 516 Ωm and a thickness 
of less than 15 m. Layer-2 is comprised of dry alluvium 
deposits with resistivity values of less than 1038 Ωm and 
a thickness greater than the surface layer. Layer-3 is an 
aquifer with geoelectric characteristics (resistivity rang-
es 219-1091 Ωm) and a depth of less than 45 m in most 
parts of the study area. Layer-3 corresponds to a satu-

rated unconfined aquifer. The 4th layer resistivity was 
less than 1200 Ωm and comprised of thick sandy gravel 
and sand deposits. The locations for targeting potential 
zones with high groundwater flow are along the Winder 
River. The pseudo-sections show that the aquifers are 
present at a depth of 19 m near or along the Winder Riv-
er and the potential of a freshwater aquifer decreases as 
one moves away from the river and towards the sea. The 
quality of the aquifer is expected to be freshwater where-
as near the coastal area the aquifers are affected by sea-
water intrusion. D-Z parameter, T, with low values 8000 
Ωm2 towards the southwest (Somiani and Damb areas) 
also confirm the intrusion of seawater in the aquifer, 
whereas the high values indicate 10000 Ωm2 for a fresh-
water aquifer. The value of conductance increases to-
wards the southwest which is an indication of high salin-
ity and decreases toward the east which represents the 
freshwater zone. The anisotropy surface represents that 
most of the values are below 1 which represents the ho-
mogenous and isotropic nature of the aquifer. The hy-
drological conditions of the aquifer are interpreted in 
this study and may be helpful for the better planning of 
agriculture farms, the location of a tube well, groundwa-
ter modelling and its management in coastal areas to 
mitigate seawater intrusion in the region.
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Sažetak

Studije istraživanja podzemnih voda i prodora slanosti s pomoću istraživanja 
električnoga otpora (ERS), slučaj područja Winder, Beludžistan, Pakistan

Izvori podzemne vode uvijek su se istraživali radi njihove upotrebe u kućne i poljoprivredne svrhe. U ovoj je studiji pod-
ručje Windera u Beludžistanu, uz obalu priobalnoga bazena Inda, istraženo korištenjem metode električnoga otpora 
radi dubljega razumijevanja hidrogeoloških i hidrogeofizičkih uvjeta. Nizovi elektroda Schlumberger korišteni su za 
prikupljanje podataka o vertikalnome električnom sondiranju za 23 različita mjesta u ovome području. Podatci na terenu 
kalibrirani su teoretskim krivuljama tijekom obrade s pomoću softvera s grafičkim sučeljem. Iz obrađenih podataka iz-
dvojena je stvarna otpornost, dubine, debljine, svojstva vodonosnika, vrsta tla i kvaliteta podzemne vode. Za bočnu ras-
podjelu hidrogeoloških postavki stvoreni su pseudopresjeci i geoelektrični litološki odsjeci. Nadalje, izrađeni su prora-
čuni Dar-zarroukovih parametara i generirane su 3D površine na dubini od 30 m i 60 m za poprečni otpor (T), uzdužnu 
vodljivost (S) i anizotropiju (λ). Ti su parametri ucrtani za raspodjelu otpora i analizu upada slane obale. Rezultati son-
diranja prikazuju četiri sloja uglavnom sastavljena od muljevitoga pijeska, pjeskovite gline, pijeska i pješčanoga šljunka, 
a dubina se kreće od 0 do 110 m. Tumačenje ilustrira da su slatkovodni vodonosnici prisutni u kvartarnim pjeskovitim i 
pjeskovitim naslagama šljunka. Vodeni je sloj na maloj dubini uz rijeku, a dublje na sjeveroistoku i dalje od rijeke Winder. 
Otpornost se kreće od 29 do 1091 Ωm u sloju 3, što se tumači kao zasićena zona. Približni je domet vodostaja 19 – 30 m. 
Viša vrijednost T veća od 10000 pokazuje slatku vodu i nisku vrijednost 8200 za prodiranje slanosti na jugozapadu prema 
moru.

Ključne riječi:
podzemne vode, okomito električno sondiranje, Winder, Dar-zarroukov parametar, poljoprivredno gospodarstvo
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