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Integrated geophysical and
geospatial techniques for surface
and groundwater modeling
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An integrated approach using geophysical and geospatial techniques was employed to model the
surface and subsurface water-bearing strata and assess aquifer vulnerability in the Sehnsa town, Kotli
district, State of Azad Kashmir, Pakistan. The inadequate scientific studies in the hilly terrain with such
complex geological conditions has led to the failure of the boreholes for groundwater extraction. For
the evaluation of groundwater potential and subsurface lithology, 30 vertical electrical soundings (VES)
stations utilizing the Schlumberger electrode configuration were completed, modeled and analyzed
spatially. Numerous geoelectrical parameters like true resistivity, thickness of subsurface layers and
Dar-Zarrouk parameters were evaluated. The subsurface lithology delineated comprised topsoil,
clayey sand, sandstone, and boulder clays which closely resemble to the borehole lithologs available

in the study area. The inversion model confirms the presence of patches of high-resistivity sandstone

in the southwestern part of the study area with the maximum thickness of the aquifer up to 140 m.
Most aquifers were classified as unconfined with Q-type resistivity curves. The protective overburden
capacity of the aquifers is rated as poor at VES 1, 3-5, 8, 10-16, 18, 19, 22-25, 27 and 30 whereas

the moderate category was found at VES 2, 9 and 20 and excellent at VES 7 and 28, respectively.
Therefore, the VES stations with poor and moderate ratings of overburden protective capacity are
vulnerable for surface contaminants. The aquifer recharge was associated with rainfall and partly from
the Poonch River. The effective integration of geophysical and geospatial techniques in this study
provides sufficient information about the regional water resources and gives a preliminary model that
can facilitate efficient water resource management in the area. These approaches can be successfully
applied to diverse geographical and hydrogeological sites due to their versatility and reliability.

Keywords Groundwater potential, Schlumberger, Geospatial, Surface water, Vulnerability, Vertical electrical
sounding

Water plays a vital role in the life of every living organism!; with the increase in population and urbanization
requirement for safe water resources is increasing; additionally, high extraction has put subsurface as well
as surface water resources under immense pressure! ™. With increased demand, efforts have been put in to
map the water distribution. Another growing problem is the deterioration of the underlying aquifer system
due to excessive pumping and contaminant infiltration. It is an essential part of the groundwater surveys to
delineate the surficial areas which can lead to the cause of groundwater or aquifer contamination>>~’. Many
conventional and non-conventional methods have been used worldwide to map water-bearing zones and for
aquifer vulnerability assessment. The vertical electrical sounding (VES) method has been proven to be the best
reliable solution for groundwater-related issues including exploration and vulnerability assessment®~!3. The VES
method has been widely used for groundwater extraction in fissured and permeable media channels'*!>. The
apparent resistivity field data acquired by VES generates pseudo-section plots by contouring. The pseudo section
is helpful in showing the apparent resistivity values in a pictorial frame and as an underlying aide for further
quantitative elucidation'®~!%, The vertical electrical sounding technique is considered to be a low-cost alternative
for groundwater potential mapping in any region'®-2..

The integration of Geographic Information System (GIS) and Geoelectrical techniques have been used for
the aquifers study and well site selection. Moreover, these are proven low-cost techniques for underground
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structural studies?>?*. The complex data sets can be easily managed by the GIS tool?*-2, which is used for quick
spatial data analysis of the different layers?’, including its application in modeling groundwater integration,
presentation and numerical modeling®®?’. The VES method delineated the zones of contamination with salinity
and determined the extent of potential aquifers. The VES technique identified potential groundwater bearing
zones and Dar-Zarrouk parameters of aquifer®. The VES method was used by several researchers to find the
Dar-Zarrouk Parameters as well as hydraulic parameters of different areas®’. The VES method was successfully
used for delineation of subsurface saturated zones as well as the lithological units. The Dar-Zarrouk parameters
were estimated and hydraulic parameters were calculated to find the storativity and transmissivity of subsurface
materials*2~34,

The study area comprises of Sehnsa town, District Kotli which is part of Pakistani Administrated Kashmir.
The current research area contains complex topography as well as geological conditions. Although, the vertical
electrical sounding (VES) is applied for the demarcation of subsurface groundwater potential. This technique is
also known as non-destructive technique (NDT) geophysical technique. However, there was a research gap in
the study area concerned with groundwater investigation. So, the study area was not explored for groundwater
through integrated geophysical and remote-sensing techniques. Therefore, keeping in the view above mentioned
research gaps and local community need, the integrated geophysical and remote-sensing study was carried out.

The area’s population mostly relies on groundwater extraction for domestic and agricultural use. The present
study focused on integrating geophysical techniques such as VES with integrated remote-sensing techniques
to identify the subsurface water-bearing zones, subsurface lithological characteristics, effects of urbanization
on surface, groundwater zones and aquifer vulnerability. Geospatial techniques were utilized to generate the
urbanization map and to extract watershed maps to answer any queries related to surface hydrology.

Study area

The study area is located in Sehnsa town in Kotli District, Azad Kashmir. The surveyed area is sandwiched
between the 33°27"50.40” N to 33° 31"44.40” N and Longitude 73° 47’24.00” E to 73° 42" 54.00” E on Geological
Survey of Pakistan toposheets no. 43G/10, 43-G/14 and 43-G/15. The study area is located in northern Pakistan
including Kashmir Basin and covers nearly an area of 325.8 km?. The area under evaluation is situated in the
Sub-Himalayan region and mostly consists of molasse deposits named Siwaliks*>*¢. Dhok Pathan Formation,
Nagri Formation, and the Surficial Deposits are also spread throughout the area (Fig. 1). The Nagri Formation is
composed of sandstone and alternative clays. The study area is surrounded by hilly terrain and rough topography
that was considered during the data acquisition. The research helped local drillers and policy-making authorities
to identify safe drinking zones for the local community and to avoid the dry bore holes. The study area includes
a thick sequence of sandstone exposed at Tharachi, Chamkhar, northeastern side of Sehnsa and up to some
extent in the southwestern part of Sehnsa®’. The Dhok Pathan Formation mainly comprises approximately an
equivalent proportion of sandstone and shale or clays representing the typical cyclic deposition. Dhok Pathan
Formation is visible in Garhuta, Galjur, Chanair and some areas of Sehnsa in the study area®¢. The surficial
deposits include wind-blown sand, alluvial fans, rounded pebbles and gravels, recent floodplain deposits and
lacustrine deposits (Table 1). There are total of 30 vertical electrical sounding (VES) stations in the study area
among which 9 VES stations e.g., VES 6, 28, 16, 29, 30, 26, 12, 11 and 13 are located on the Surficial Deposits
while 15 VES stations e.g., VES 23, 24, 17, 18, 20, 21, 15,19, 3,7, 8,9, 10, 14 and 27 lie on Dhok Pathan Formation
which contain 50% sandstone and 50% clays portions in it. Only 6 number of VES stations e.g., 1, 2, 4, 5, 22 and
25 lie on the Nagri Formation which contain 60% sandstone portion and only 40% clay portion in it.

The study area mostly contains clastic-originated sedimentary rocks e.g., gravel, clay and sand deposits. The
groundwater-holding rock bodies consist of gravel, sand, sandy clay, and boulder clay. The reported rainfall
per annum in the area is 1300 mm>’. The natural phenomena of rainfall act as the main recharging source of
subsurface aquifers, nalas and seasonal tributaries. In the case of our study, the Poonch River is considered an
efficient recharging source for groundwater?’.

Materials and methods

Electrical resistivity data acquisition and modelling

The Fig. 2 presents the methodological approach for achieving the results of objectives in current study. The
current study involves two phases e.g., Phase-I and Phase-II. The Phase-I consists of establishment of 1D
electrical resistivity survey (ERS) using vertical electrical sounding (VES) technique. The acquired 1D resistivity
data was the processed through computer software and then plotted in Surfer (V. 25) software for analyzing the
spatial distribution of geo-electrical parameters. Similarly, the Phase-II involves the acquisition of Landsat-8
satellite imagery and SRTM-1 Arc Imagery from USGS Earth Explorer for the landcover classification and
topographical and stream order analysis.

The vertical electrical sounding (VES) method was conducted in the study area at an interval of around
300 m. The subsurface resistivity ((dm) was measured in the response of current flow by subsurface materials 42
(Fig. 3).

The apparent resistivity can be expressed in the following equation.

pa=Rx K (1)
where
AV
— 2
K 7 (2)
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Fig. 1. (a) Pakistan with State of Azad Jammu and Kashmir shown by red color, (b) State of Azad Jammu and
Kashmir with pink color showing District Kotli and yellow polygon representing study area, (c) Geological

map of the area®.

Surficial deposits Recent unconformity Unconsolidated Clay, Silt and Gravel

Dhok Pathan formation | Early pliocene to late miocene | 50% sandstone and 50% Clays

Nagri formation Late miocene 60% sandstone and 40% Clays

Table 1. Geology of the study area?!.

Combining Egs. (1 and 2), we get

pa:RxK<ATV> (3)

V =Potential difference in milli volts. I=Applied Current in milli amperes. pa= Apparent resistivity (ohm-
meter) values. K= Geometrical Factor.

The VES method is considered to be an efficient conventional geophysical method for the delineation of
groundwater potential. The current study used the ABEM SAS Terrameter 4000. A total of 30 VES stations
were acquired using a Schlumberger configuration. The present study utilized the VES approach with the
Schlumberger configuration to effectively differentiate between multiple geo-electrical parameters**~ in the
identification of water bodies by using geophysical-based Rockworks software*”*® and also hydraulic properties
of aquifers. The Schlumberger configuration was chosen to find the lateral as well as vertical variations in the
study area.

To analyze the resistivity data, several computer software programs were employed including IPI2ZWIN
(2016), Exelis ENVI (5.3), Surfer (25), Arc GIS (10.7), and Rockworks (17). IPI2ZWIN (2016) software was
specifically used for plotting and processing geo-electrical data. The different geo-electrical parameters were
extracted through the true resistivity and thickness of different subsurface layers drawn by IPIZWIN (2016)
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Fig. 2. Flowchart of methodology adopted for in the current study.
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Fig. 3. Schematic diagram of vertical electrical sounding (VES) method by using Schlumberger configuration.

software?®4°. The Dar Zarrouk parameters were evaluated to delineate the characteristics of subsurface aquifers.
The partial curve matching technique was used to quantitatively interpret smooth curves taken through the
set of data points. Different types of sounding curves were revealed during the processing of the resistivity
data indicating the presence of variegated lithology in the subsurface. The subsurface lithological layers contain
the following curve types; QQQ, p1>p2>p3>p4; HA pl>p2<p3<p4; HKHK pl>p2<p3>pd<p5>p6
comprises of four to six layer curves; “p” stands for true resistivity of the layer (Fig. 4).

Spatial electrical resistivity maps were generated from the modeled one-dimensional (1D) electrical resistivity
models at various depths (i.e., 2, 6, 10, 25, 40, 50, 80, 100, 150 and 200 m).
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Fig. 4. The labelled diagram of typical four to six layered sounding curves of the VES 1, 2 and 3.

Dar-Zarrouk Parameters including transverse resistance and longitudinal conductance were also deduced
from the 1D electrical resistivity model.

Longitudinal conductance

“Longitudinal Conductance” is considered one of the most significant geo-electrical parameters which can
be stated as “the conductance in the direction of a bedding plane through a column of 1 m”. The symbol “S”
(Siemens) is given to this term®*>!. The flow of the current is governed by Ohm’s Law whereas Darcy’s Law
states about the mechanism of groundwater flow and therefore the electric and hydraulic parameters relation is
generally accepted™.

[ (4)

The total longitudinal conductance can be obtained by:

(D hi  hy  hs hy,
Sp = <7>:7+7+7+“.+7 5
! (12::1 Pi P P2 P3 Pn (5)

where “h” stands for the thickness of each layer and “p” stands for the resistivity of each layer.

Transverse resistance
The transverse resistance of the resistive layer and conductance of the conducting layers are determined in terms
of transverse resistance and longitudinal conductance, respectively*. It is symbolized by capital alphabetical
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Type Date Latitude Longitude | Cloud cover | Satellite row | Satellite path
Landsat 8 imagery | 15th Sept. 2016 | 33.17677° N | 74.43642°E | 3.14% 37 149

Table 2. Detailed description of Landsat 8 imagery used for extraction. Obtained from USGS earth explorer

letter “T” (in Om™!) and can be explained as the resistance over a | m column which is perpendicular to the
50
plane®.

T = h-pa (6)

The total transverse resistance formula can be obtained by:

n

Ty = hipi=hipy+hopr+hyps+ ...+ hopy ?)

i=1

Since “p” and “h” stands for true-resistivities and thickness correspondingly whereas “N” denotes number of
sub-surface geological layers. “T” stands for transmissivity therefore the higher values of “T” generally reflect
high aquifer transmissivity.

Geospatial data acquisition and processing

The Landsat 8 imagery was acquired from USGS earth explorer website (US. Geological Survey. (2023,
September 4). Earth Explorer. Retrieved from https://earthexplorer.usgs.gov/). The geospatial based software
“Exelis ENVI (5.3)” and Arc-GIS (10.7) were employed for generation of land cover map. Topographic maps as
well as drainage maps of the study area have been generated through Arc-GIS (10.7) through Digital Elevation
Model (DEM). Various corrections including radiometric and geometric corrections were made on LANDSAT-8
imagery. Moreover, the calibration and DOS tools were also used to enhance these imageries. The final land
cover map was generated with 5 classes (Fig. 9). The water recharging bodies can be observed in the resulting
map (Fig. 8). The detailed description of landcover map is given below in Table 2.

The Surfer (25) contouring software was used to generate the iso-resistivity maps at various depths. Three-
dimensional sub-surface models and fence diagrams of the area were generated through Rockworks (17)
software. Similarly, the resistivity inversion model was produced by using Arc GIS Pro which enabled us to view
the subsurface block diagram in three-dimensional view.

Landcover map
The landcover map will be prepared by using the Landsat 8 imagery which was obtained by USGS Earth Explorer
website. The properties of Landsat 8 imagery are given in Table 2.

Topographic and drainage map

The topographic map is prepared by using the DEM having pixel size of 30 m in Arc-GIS (10.7) software. The
DEM was acquired from https://earthexplorer.usgs.gov/. The elevation have the vital role in the deposition of the
sediments under the action of gravity?**.

Results

The study area exhibited typical three to six layered VES curves. At each VES point, the lithological column
was estimated, considering factors such as layer thickness, resistivity, and depth. The identified geological layers
consisted of gravel, sand, topsoil (sandstone), and clay (Table 3). The second and third layers predominantly
consisted of high-resistivity sandstone, ranging from 208 to 6560 Qm, indicating the presence of compacted
sandstone in the area®>*. The aquifer thickness map (Fig. 6d) shows that the values are elevated in northeastern
portions of current area that verifies sufficient groundwater potential. The geological data lies closely to the
computed geological model®. The qualitative and quantitatively interpretation of resistivity data has been
carried out.

Borehole lithologs

There were limited borehole lithologs (Fig. 1) available in the study area. However, five lithologs were acquired in
the study from different locations e.g., BH-01, BH-02, BH-03, BH-04 and BH-05, respectively. The borehole BH-
01 was located near the Government Girls Primary School Sehnsa and situated on the Nagri Formation which
contain the mix proportion of sandstone (60%) and clay (40%). The borehole BH-02 was located near Main Bazar
British Council Language School. The borehole BH-03 was located near Kotla at Chichlar Road. The borehole
BH-04 was located near Garotha. The boreholes BH-02, BH-03 and BH-05 were situated on the Dhok Pathan
Formation with mix proportion of sandstone (50%) and clay (50%). Similarly, the borehole-05 was located near
Bhrand. This borehole was situated on the Surficial Deposits or Alluvium which contain unconsolidated deposits
of clay, silt, sand and gravels. The gravels of the Surficial Deposits in BH-05 are acting as an aquifer while the
conglomerate and sandstone (weathered) in the boreholes BH-01, BH-02, BH-03 and BH-04 are acting as the
aquifer. The lithologs of all boreholes are presented in the Fig. 5.
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Fig. 5. Lithologs of boreholes obtained from the study area.

Electrical resistivity models

Iso-resistivity model

The extent and presence of groundwater can be calculated by an important factor of apparent resistivity.
According to the Pal and Majumdar, it is quite promising to delineate the areas with various groundwater quality
by mapping of iso-resistivity data>. The maps of apparent resistivity at 2, 6, 10, 25, 40, 50, 80, 100 and 150 m
with resistivity ranges from 1.0002 to 991.29 Qm were generated. A comparison of these maps is shown in the
Fig. 6. The high values of apparent resistivity are found in central and southern portions. The northern part of
study area delineated low apparent resistivity and hence delineating good potential of fresh water in this part
(comparatively loose material consisting of gravels, boulder clays and sand). These maps also portrayed that the
groundwater potential increases with depth. The iso-resistivity maps ranging in depth from 25 m to the depth
of 140 m show good groundwater potential at central portion due to the presence of low-resistivity closures.

2D electrical resistivity cross section

The lithological cross sections are drawn in the Fig. 7. The Fig. 6 represents the lithological cross sections of
Profile A-A’, B-B’ and C-C'. The Profile line A-A’ is in the northwest to southeast direction and comprised of
VES 30, 16, 28, 27, 26, 12, 14, 27, 22 and 25 while the Profile line B-B’ is in the northeast to southwest direction
and comprised of VES 4, 3, 7, 11 and 12. Similarly, the Profile line C-C’ is also in the northeast to southwest
direction and comprised of VES 24, 21, 1 20 and 17. The total length of Profile A-A’ is 10 km, Profile B-B’ is
2.5 km and that of Profile C-C’ is 2 km respectively. The Profile line A-A’ has high resistivity values which are
associated with sandstone, mudstone at VES 30, 22 and 25 respectively. Similarly, the Profile line B-B’ has high
resistivity rocks e.g., sandstone at VES 3 up to the depth of 20 m. The VES 11 of Profile line B-B’ has intermediate
rocks e.g., mudstone up to the depth of 140 m. The Profile line B-B’ has lowest values of apparent resistivity at
VES 7 which are associated with water saturated rocks. The Profile Line C-C’ has high resistivity values at VES
24 up to the depth of 20 m and at VES 1 with depth of 40 m. These high resistivity values of rocks are associated
with the presence of compact sandstone.

3D electrical resistivity inversion model

Figure 8 represents apparent resistivity inversion model of the study area which was prepared in Arc GIS Pro
software. The total depth of this model is 200 m, respectively. This model delineated that there is the presence of
loose to intermediate strata on the top layer of study area on the northeastern portion of study area. The area has
low resistivity material on northeastern portion while intermediate to hard material is present on southwestern
portion. The inversion model confirms the presence of patches of high resistivity sandstone in the southwestern
side of study area. While the consecutive beds of sandstone and clays are shown in the southern portion of study
area.
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Fig. 6. Comparison of iso-resistivity maps at numerous spacings of electrodes. (a) 2 m, (b) 6 m, (c) 10 m, (d)
25m, (e) 40 m, (f) 50 m, (g) 80 m, (h) 100 m, (i) 150 m, (j) 200 m.

Dar Zarrouk parameters
Longitudinal conductance
The high values of longitudinal conductance commonly represent the thick succession and therefore, special
care should be given the highest priority in the evaluation of groundwater potential. The total longitudinal
conductance parameter is represented in the Fig. 9a. The values range among 0 to 7050 mhos. The value of
conductance rises towards north-eastern part of study area indicating the presence of unconsolidated material of
Nagri Formation. However, the decrease in resistivity as well as the increase in conductance typically represents
the potential groundwater aquifers®>¢. The Dar-Zarrouk Parameters of the study area are shown in the Table 5.

There is a direct relation between the overburden protective capability of an aquifer and its hydraulic
conductivity*®. The clayey material which blocks movement of fluid is typically represented by the low hydraulic
conductivities as well as low resistivities and low values of unit longitudinal conductance®®>3. Table 3 presents
the protective capacity ratings. The clay overburden ratings are presented in Table 4

Figure 9b represents “unit longitudinal conductance” map of study area. According to Fig. 5 which represents
the aquifer vulnerability the protective capacity ratings at VES stations 1, 3, 4, 5, 8, 10, 11, 12, 14, 15, 17, 18, 21,
22,23, 24, 26 and 30 are poor, indicating that these segments are classified by thin layers or no shale. Therefore,
aquifers at these locations are vulnerable to leaching toxic fluids from surface®:%2. Likewise, protective capacity
at VES 9 and 13 is ranked as weak, while at 6, 16 and 28 are ranked as moderate, at 19, 25 and 29 is ranked as
good and excellent at 2, 7, 20 and 27 respectively. Therefore, it shows the low vulnerability risk at those sites. It
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Coordinates Root mean
square Geological Resistivity | Lithological Thickness | Depth
VES no | Latitude (N) | Longitude (E) | error formation Curve type | Layers No | (2m) interpretation (m) (m)
1 1982 Top Soil 1.88 1.88
2 7946 Sandstone 1.12 3
1 33513111° | 73.770389° 1.82% IF\Iag“ ) KQQ 3 439 Mudstone 2.05 5.04
ormation
4 229 Boulder Clay 165 171
5 0.74 Clay - -
1 1.88 Top Soil 1.01 1.01
. 2 0.186 Cla 16.7 17.7
2 33.509389° | 73.780917° 4.26% IF\Tag“ ) HA Y
ormation 3 0.7 Clay 28.2 45.9
4 89.4 Mudstone - -
1 2726 Sandstone 1 1
2 4034 Conglomerate 1.64 2.64
3 33.510944° | 73.760389° 0.935% FDh"k Pathan | ., 8
ormation 3 325 Mudstone 6.2 8.84
4 415 Boulder Clay - -
1 26.4 Top Soil 2.61 2.61
2 0.729 Clay 4.19 6.8
. 3 127 Cla 11.1 17.9
4 33.517325° | 73.763859° 0.732% Nagri HKHK Y
Formation 4 0.944 Clay 333 512
5 1.23 Clay 71.6 123
6 0.805 Clay - -
1 182 Top Soil 1 1.01
2 710 Sandstone 2.18 3.18
5 33.519111° | 73.757667° 1.37% IF\Iag“ ) KHA 3 332 Clay 7.1 10.3
ormation
4 7.06 Boulder Clay 21.8 321
5 7.82 Clay - -
1 0.163 Top Soil 1.42 1.42
2 0.165 Clay 1 2.54
6 33.521083° | 73.737194° 1.25% Surficial AKH 3 2.37 Silt 4 6.22
Deposits
4 0.521 Clay 2.95 9.17
5 1.04 Boulder Clay - -
1 0.0034 Top Soil 1.03 1.03
2 0.0012 Clay 7.42 8.45
7 33.509278° | 73.757583° 0.933% FDh"k Pathan | gy 3 0.0028 Clay 10.70 19.1
ormation
4 0.001 Clay 30.90 50.1
5 0.134 Clay - -
1 60.2 Top Soil 1 1
2 124 Sandy Clay 1.79 2.79
3 834 Dry Sandy Soil 5.01 7.8
8 33.505639° | 73.761417° 0.657% FDh"k Pathan |\ ppey [ 399 Mudstone 14.0 21.8
ormation
5 781 Dry Sandy Soil 39.1 60.9
6 398 Mudstone 109 170
7 1293 Sandstone - -
1 3.69 Top Soil 1.00 1
2 5.56 Boulder Clay 0.78 1.78
9 33.497944° | 73.763028° 0.872% FDh"k Pathan | e 3 133 Clay 2.9 4.7
ormation
4 1.38 Clay 165 170
5 1.26 Clay - -
1 118 Top Soil 2 2
2 466 Dry Sandy Soil 86.4 88.4
10 33.499028° | 73.769167° | 1.73% Dhok Pathan | y ey
Formation 3 656 Sandstone 137 225
4 55.2 Boulder Clay - -
1 261 Top Soil 24 24
: 2 872 Conglomerate 2.92 532
11 33.503056° | 73.756028° 0.866% IS)“rﬁ“f“l KH 8
eposits 3 544 Sand and Gravel 6.24 11.6
4 654 Gravel Dry - -
Continued
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Coordinates Root mean
square Geological Resistivity | Lithological Thickness | Depth
VES no | Latitude (N) | Longitude (E) | error formation Curve type | Layers No | (2m) interpretation (m) (m)
1 174 Top Soil 2.5 25
: 2 0.706 Cla 1.34 3.83
12 33.501694° | 73.748611° 1.64% lsjurﬂ“f“l HA Y
€eposits 3 1.52 Silt 124 128
4 5.52 Boulder Clay - -
1 18 Top Soil 1.33 1.33
2 10 Boulder Clay 1.17 2.5
13 33.49125° | 73.753667° 0.755% f’)“rﬁCI?l QHK 3 1 Silt 0.75 325
eposits
4 1.12 Sand 57.6 60.9
5 1.11 Clay - -
1 11.7 Top Soil 1 1
2 31 Boulder Clay 1.67 2.67
14 33.490861° | 73.756694° 0.891% FDh"k Pathan | ey 3 643 Dry Sandy Soil 45 7.14
ormation
4 569 Sandstone (weathered) | 11.9 19.1
5 643 Sandstone - -
1 47.2 Top Soil 1 1
2 145 Siltstone 1.790 2.79
15 33.487583° | 73.769389° 0.92% FDh"k Pathan |, sy 3 571 Dry Sandy Soil 58.1 60.9
ormation
4 592 Sandstone 109.0 170
5 513 Sandstone (weathered) | — -
1 3346 Gravel (dry) 1.54 1.54
2 15.1 Boulder Clay 13.1 14.6
16 33.522556° | 73.724361° 3.68% IS)“rﬁC‘f“l HKQ 3 72 Gravel 17.9 325
eposits
4 9.46 Sand 20.6 53.2
5 0.031 Clay - -
1 6.93 Top Soil 1 1
2 4.24 Boulder Clay 1.79 2.79
17 33.480694° | 73.769167° 1.12% Dhok Pathan | 5y 3 1.93 Clay 501 7.8
Formation
4 2.16 Sand 162 170
5 1.91 Clay - -
1 77,978 Sandstone 1 1
2 44,497 Sandstone 1.7 2.7
18 33.485111° | 73.779556° 1.45% FDh"k Pathan | ¢ 3 2509 Consolidated Shale 405 6.76
ormation
4 861 Dry Sandy Soil 129 136
5 825 Sandstone (weathered) | - -
1 570 Sandstone 2.77 2.77
2 44 Mudstone 3.42 6.19
19 33.495111° | 73.785764° 2.1% Dhok Pathan | (e 3 3.44 Clay 2.42 8.61
Formation
4 9.89 Boulder Clay 41.1 49.7
5 9.34 Clay - -
1 2 Top Soil 1 1.06
2 3 Clay 1.35 2.4
20 33.482694° | 73.775778° 1.48% FDh"k Pathan | py 3 697 Sandstone 6.82 9.22
ormation
4 62 Mudstone 20.8 30
5 406 Dry Sandy Soil - -
1 0.935 Top Soil 1 1
2 1.43 Sand 4.25 5.25
21 33.484611° | 73.782722° 2.46% Dhok Pathan | 3 1.46 Clay 0.4 5.65
Formation
4 9.5 Boulder Clay 23.6 29.3
5 67.9 Sandstone - -
1 487 Sandstone 1 1
2 761 Conglomerate 1.46 2.46
22 33.471694° | 73.780194° 2.35% Iljag“ ) KQH 3 1.08 Sand 19.3 218
ormation
4 0.964 Clay 220 241
5 1.98 Sand - -
Continued
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Coordinates Root mean
square Geological Resistivity | Lithological Thickness | Depth
VES no | Latitude (N) | Longitude (E) | error formation Curve type | Layers No | (m) interpretation (m) (m)
1 95.9 Top Soil 2.13 2.13
2 6.47 Cla 0.279 241
23 33.475694° | 73.794056° | 0.88% IF)hOk Pathan | 1y Y
ormation 3 12.6 Boulder Clay 58.5 60.9
4 12.1 Clay - -
1 7470 Sandstone 2.5 2.5
2 2160 Consolidated Shale 5.57 8.07
24 33.485278° | 73.793278° | 0.598% IF)h‘)k Pathan | e 3 42 Boulder Clay 19.6 27.7
ormation
4 130 Mudstone 84.9 113
5 0.923 Clay - -
1 331,618 Sandstone 2 2.08
Naeri 2 2439 Consolidated Shale 341 5.49
25 33.464083° 73.790194° 3.67% F Il QQ
ormation 3 939 Dry Sandy Soil 221 227
4 31 Boulder Clay - -
1 0.533 Top Soil 1 1
2 0.831 Clay 1.24 324
26 33.504361° | 73.738194° 1.28% IS)“rﬁ“?l AAA 3 2.51 Sand 13.50 16.8
eposits
4 9.7 Boulder Clay 36.3 53
5 1151 Conglomerate - -
1 63.3 Top Soil 2.09 2.09
2 0.422 Cla 0.83 2.92
27 33.50875° | 73.733667° 1.77% ?h"k Pathan | 1 Y
ormation 3 113 Sandy Clay 151 154
4 0.984 Clay - -
1 0.16 Top Soil 2.82 2.82
2 1.24 Sand 6.5 9.32
28 33515111° | 73.729306° | 0.845% IS)“rﬁC‘?l KHA 3 0.953 Clay 12.3 21.6
eposits
4 35 Sandy Clay 36.7 58.4
5 36.5 Boulder Clay - -
1 1.19 Top Soil 2 2.06
2 3.11 Clay 23 25.1
o o Surficial
29 33.523917 73.715361 0.813% . AKH 3 4.07 Sandy Clay 24.1 49.2
Deposits
4 1.86 Clay 88.3 138
5 14.7 Boulder Clay - -
1 341 Top Soil 1 1
2 528 Loose sand 1.74 2.74
o o Surficial
30 33.528833 73.71525 1.24% . AKH 3 998 Conglomerate 21.7 24.5
Deposits
4 923 Gravel (dry) 442 68.7
5 949 Conglomerate - -

Table 3. Vertical lithological column of the study area along with different geoelectrical parameters.

has been demonstrated the fact that; minimum 10 m thicked layer of any rock e.g., shale is essential for virtuous
protective capacity®’.

Transverse resistance

The transverse resistance map of the study area shows that the southeastern part of study area has the highest
ranges of transverse resistance values which leads to the low groundwater potential zone (Fig. 9c). The resistivity
and conductivity are generally inversely proportional to each other™.

Aquifer thickness map

The aquifer thickness map represents the thickness of aquifer in our area. Excellent groundwater potential
appears in northeastern portion. While the other portions are designated as moderate groundwater potential
zones Fig. 9d. This map can be utilized in marking geological rock formations as the volume of water is dependent
upon the aquifer thickness. Different colors on the legend are showing the lowest and highest values of aquifer
thickness with red color indicating the high good groundwater potential while blue color representing the low

groundwater potential. The area is categorized in good and fair groundwater potential zones®.
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Longitudinal conductance (mhos) | Protective capacity rating
>10 Excellent

5-10 Very Good

0.7-4.9 Good

0.2-0.69 Moderate

0.1-0.19 Weak

<0.1 Poor

Table 4. Modified longitudinal conductance/protective capacity rating®.

Geo-electrical parameters
Dar-Zarrouk parameters
Transverse resistance | Longitudinal conductance Anisotropy
Total Thickness (m) | (m?) (Mhos/Siemens) Transversal resistivity | Longitudinal resistivity | co-efficient
VESno | H = Hi %’le_i]%( H gzz_th;( # Pt=4% PI=4 A=/h
1 170.05 17,304.13 7.21 101.76 23.58 2.1576
2 4591 58.873 161.4303 1.282357 0.284395 2.254533
3 8.84 11,356.76 0.01985 1284.701 445.3332 1.442405
4 122.80 205.5587 108.0734 1.673931 1.136265 0.736594
5 32.08 1909.067 5.231981 59.50956 6.131521 4.852757
6 9.17 10.67481 22.71447 1.164101 0.403707 1.441763
7 50.05 0.073266 41,207.7 0.001464 0.001215 0.602619
8 169.90 83,965.6 0.072142 494.206 2355.088 0.104923
9 169.70 239.6048 1221718 1.41194 1.389019 0.508251
10 225.40 130,370.4 0.411198 578.3957 548.154 0.527585
11 11.56 6567.2 0.024015 568.0969 481.3735 0.590079
12 127.84 624.426 83.49133 4.884434 1.531177 1.594993
13 60.851 100.2588 52.50856 1.647611 1.158878 0.710865
14 19.03 9702.517 0.167018 509.8538 113.9398 2.237381
15 169.89 98,009.85 0.319404 576.9018 531.8966 0.542306
16 53.14 6839.696 3.293179 128.7109 16.13638 3.98822
17 169.8 374.1089 78.16232 2.203233 2.172402 0.507096
18 135.75 274,853.4 0.151491 2024.702 896.0928 1.129739
19 49.71 2144.184 4.941788 43.13385 10.05911 2.144019
20 30.03 6049.27 1.329814 201.4409 22.5821 4.460188
21 29.246 231.7907 6.79699 7.925551 4302787 0.920979
22 241.76 1830.984 246.0901 7.573561 0.982404 3.854604
23 60.909 943.1721 4.70819 15.48494 12.93682 0.598483
24 112,57 42,556.6 1.128279 378.0457 99.77138 1.89456
25 226.49 905,601.4 0.236761 3998.417 956.6181 2.089871
26 52.04 387.5584 12.4891 7.447318 4.166832 0.893643
27 153.921 303.2777 135.6305 1.970346 1.134855 0.868105
28 58.32 148.6831 46.25926 2.549436 1.260721 1.011103
29 137.46 336.3064 62.52109 2.446576 2.198618 0.55639
30 68.64 63,712.92 0.075859 928.2185 904.8388 0.512919
Table 5. Dar-Zarrouk Parameters of current research work.
Lithological models of the study area
Three to four to six layered model was revealed based on subsurface resistivity data. Those layers are clay, boulder
clay, clay (very dry), sand and gravel, dry sandy soil, sandstone and sandy clay*’. Confined and unconfined
nature of aquifers are delineated in current area, however most of aquifers are unconfined. The Rockworks
generated lithological simulation model of our area is shown in Fig. 10a, b. Likewise, the lithology fence diagram
shows the 3D pictorial view of subsurface geology as represented in the Fig. 10b.
This model encompasses the sandstone layer in southwest segment of study area as well as northeast part
(Fig. 10). Unconfined aquifers (VES 1, 3-5, 8-12, 15, 17-26, 30) with top layer sand and gravel are identified
Scientific Reports|  (2024) 14:25514 | https://doi.org/10.1038/s41598-024-76262-8 nature portfolio
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Fig. 9. (a) Total longitudinal conductance map, (b) unit longitudinal conductance map, (c) transverse
resistance map, (d) aquifer thickness map.

in the southern part of the study area. Sand and gravel (brown) act as water-bearing rock bodies, boulder clay
(green) and sandy clay (blue). Compact sandstone (shown in red color) is also found in northern part with
low probability of groundwater with resistivity ranges from 1000 Qm to onwards in study area (Fig. 8). The
known surface geology as well as the hydrological parameters which are computed by GIS lies very closely to the
generated 3D geological model by Rockworks software. The resistivity values with lower ranges are associated
with the recharging agents of surface running bodies*.

Geospatial analysis

Landcover map

The land distribution map categorizes the total area (325.8063 km?) into five categories in terms of land
distribution. Most of the area in surrounding has been covered with forests followed by grass land and urban
land. The large area covered with forests and grass land serves as good recharge zones for the groundwater
aquifer system, but this area mostly lies towards northeast and southwest as shown by Fig. 11. Most of the study
area lies in urban land. The population in urban land not only drains large quantities of the water from aquifers
but also introduces surface contamination in the groundwater system. There is the distribution of dense “Forest”
and “Grass Land” classes in north-eastern and south-western side of study area which ultimately promotes the
infiltration of surface or meteoric water that recharge the groundwater. These results are also indicated by the
VES data sets.

Topographic and drainage maps
The topography and the drainage of the study area are presented in the Fig. 12. The study area has minimum
and maximum elevation of 498 and 1130 m, respectively. The elevation varies considerably in northeast and
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Fig. 10. Interpreted lithological model and lithological fence diagram of study area.
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Fig. 11. (A). Chart representing classification of land cover map. (B) Land-cover map with black polygon
showing study area.

southwest directions. Most VES stations were conducted along the drainage patterns to achieve the maximum
groundwater yielding rocks in the subsurface. The study area has the dendritic drainage pattern as shown in
the Fig. 9 which ultimately leads to the good groundwater potential. The blue lines represent the drainage flow
and black arrows represent the flow direction of groundwater based on DEM model. The drainage pattern
from northeastern and southwestern sides converges towards the central part of the study area indicating good
groundwater potential in the central part of the area.

Discussion

A geophysical and geospatial approach was used to assess the aquifer characteristics and vulnerability in
study area. The research aimed to outline the subsurface geology and determine the groundwater potential.
Fieldwork consisted of numerous Vertical Electrical Soundings (VES) with a Schlumberger configuration. Local
water bodies, surface water, and meteoric water, as well as the nearby Poonch river, recharge the groundwater.
Processing and interpreting resistivity data with computer-based software revealed sandstone patches on the
southwest and alternating sandstone and clay layers in the south. The aquifers mainly consist of topsoil, clayey
sand, sandstone, clays, and boulder clays in various areas with varying thicknesses. Iso-resistivity maps, 2D
cross-sections, inversion models, and Dar-Zarrouk parameters were generated from the resistivity data. The VES
survey helped in the demarcation of subsurface water bearing layer along with its depth that helped the local
engineers for planning boreholes for irrigation and domestic purpose®. The VES method helped efficiently to
identify the groundwater potential zones and thickness of subsurface layers along with the lithology of the study

area®,
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Fig. 12. Drainage and topographic map of study area.

In our case, the geospatial data was processed to generate the land cover map, topographic, flow direction
and drainage maps. The presence of dendritic stream patterns indicating towards fair groundwater potential in
the study area. The study therefore indicates the presence of alluvium which is an indication of adequate water
resource in the study area. Furthermore, the land cover map analysis revealed that green land was found in
the northeast and southwest sides of study area indicating the good groundwater recharge. Moreover, the VES
stations at central and southern parts of study area are vulnerable for surface contaminants.

The electrical resistivity tomography (ERT) and electromagnetic surveys like audio-magnetotelluric surveys
(AMT) techniques are recommended in such hilly terrain to increase the accuracy of results obtained from 1D
VES surveys. Numerous tests bore holes for the assessment of groundwater quality should be carried out in the
study area. The common geophysical approach in combination with geo-spatial techniques was proved to be
efficient method for groundwater exploration with least uncertainties and ambiguities. The current integrated
study of geophysical and geospatial approaches provides the excellent water management system, and this
integrated approach could be applied in any geographic location across the globe to achieve the results with
maximum accuracy.

Conclusions

The integration of vertical electrical sounding and geo-spatial analysis has been successfully implemented to
identify the subsurface lithology, groundwater bearing units and aquifer vulnerability in the study area. The VES
technique demarcated four to six subsurface geo-electrical layers e.g., topsoil, clay, boulder clay, sandstone, dry
sandy soil, mudstone, siltstone, sandy clay, clayey sand, gravel (saturated) and sand and gravel (saturated). The
Dar Zarrouk Parameters indicate good groundwater potential at central and north western areas of study area.
Similarly, the high values of anisotropy also indicate towards the heterogenous rock formations in the subsurface
which lead to the groundwater potential in study area. The aquifers in the area are mainly recharged through
surface drainage and thickness values vary among 20-140 m. The drainage network lines and flow directions
extracted from digital elevation model also indicate the groundwater potential towards the northern part of
study area. The majority of aquifers delineated in the study area are marked as confined due to alternating beds
of sandstone and clays. The boreholes are proposed for ground water exploration in the 2nd and 3rd layers in
the study area. The protective overburden capacity of the aquifers is rated as poor at VES 1, 3-5, 8, 10-16, 18, 19,
22-25, 27 and 30 whereas the moderate category was found at VES 2, 9 and 20 and excellent at VES 7 and 28,
respectively. There is a high probability of the mixing or infiltration of surface contaminants into the aquifers via
weak and poorly protective capacity rated VES stations.
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