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Abstract Adecline in surfacewater sources in Pakistan is
continuously causing the over-extraction of groundwater
resources which is in turn costing the saltwater intrusion in
many areas of the country. The saltwater intrusion is a
major problem in sustainable groundwater development.
The application of electrical resistivity methods is one of

the best known geophysical approaches in groundwater
study. Considering the accuracy in extraction of freshwater
resources, the use of resistivity methods is highly success-
ful to delineate the fresh-saline aquifer boundary. An inte-
grated geophysical study of VES and ERI methods was
carried out through the analysis and interpretation of resis-
tivity data using Schlumberger array. The main purpose of
this investigation was to delineate the fresh/saline aquifer
zones for exploitation and management of fresh water
resources in the Upper Bari Doab, northeast Punjab, Paki-
stan. The results suggest that sudden drop in resistivity
values caused by the solute salts indicates the saline aqui-
fer, whereas high resistivity values above a specific range
reveal the fresh water. However, the overlapping of fresh/
saline aquifers caused by the formation resistivity was
delineated through confident solutions of the D-Z param-
eters computed from the VES data. A four-layered unified
model of the subsurface geologic formation was
constrained by the calibration between formation resistiv-
ity and borehole lithologs. i.e., sand and gravel-sand con-
taining freshwater, clay-sandwith brackishwater, and clay
having saline water. The aquifer yield contained within the
fresh/saline aquifers was measured by the hydraulic pa-
rameters. The fresh-saline interface demarcated by the
resistivity methods was confirmed by the geochemical
method and the local hydrogeological data. The proposed
geophysical approach can delineate the fresh-saline bound-
ary with 90% confidence in any homogeneous or hetero-
geneous aquifer system.
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Introduction

Saltwater intrusion is the movement of salt water into
the fresh aquifers (Hasan et al. 2018a). Salt-water inter-
action is a type of groundwater pollution which gives
rise to a protruding hydrological problem in many areas
of the world (Post 2005). This phenomenon occurs due
to the interruption in natural balance between the saline/
brackish and fresh aquifers mainly caused by human
activity (Khwaja et al. 2001; Li et al. 2013). Saline
intrusion is caused by certain factors such as excessive
pumping of groundwater, low recharge rate, industrial
waste materials, intensive farming, climate change, and
natural events and so forth (Leghouchi et al. 2009;
Barlow and Reichard 2010). The degree of saltwater
intrusion differs from locality to locality based on the
local hydrogeologic settings (Mondal et al. 2012;
Kumar et al. 2016). Contamination by saline water
may be of regional level and hence has significant
consequence on groundwater supply (Mondal et al.
2011; Hasan et al. 2017a). In various cases, saline-
water contamination is constrained only to small parts
of the aquifer system and has no or less effects on the
pumping wells (Capaccionia et al. 2005; Masoumi et al.
2019). Salt water intrusion arises where groundwater is
being exploited from the fresh aquifer that is in hydrau-
lic connection with the saline aquifer (Hasan et al.
2018b). Consequently, the induced gradient causes the
saltwater to migrate from the saline aquifer towards the
pumping well and so makes the freshwater well unfea-
sible (Son 2011; Hasan et al. 2017b). Since the saltwater
is denser than the freshwater, the freshwater floats over
the saline aquifer, though the interface between the fresh
and saline water is not distinct (Hasan et al. 2018a).
Principally, groundwater flows from the areas with
higher hydraulic head (groundwater level) towards
those with lower hydraulic head (Simyrdanis et al.
2018). This natural movement of water causes the saline
water intrusion. Saline water incursion has become one
of the major challenges in hydrological studies as well
as water management.

Groundwater is the main water supplier in many
countries. In case of Pakistan, exploitation of ground-
water resources especially for irrigated agriculture has
rapidly increased over the last two decades (Rasool et al.
2015; Hasan et al. 2017a). Water supply from surface
water sources such as rainfall, rivers, canals, and other
water channels is continuously decreasing, whereas the
demand for water supply is rapidly increasing. The main

recharge of groundwater comes from the above sources.
Insufficiency of surface water sources is causing over-
withdraw of groundwater resources (Haq 2002). The
Indus Basin of Pakistan holds one of the world’s best
irrigated canal systems with 31 million ha of the irrigat-
ed land (MINFAL 2008). Currently, the World Bank
conducted a survey suggesting that Pakistan has defi-
cient of 50% water supply (Hasan et al. 2018a). Conse-
quently, Pakistan is quickly becoming a water-scarce
country (Qureshi et al. 2011; World Bank 2011). About
50% more tube-wells were installed during 2010–2017
in the Indus Basin of Pakistan (Pakistan Bureau of
Statistics 2011; Hasan et al. 2018b). Out of the total
0.95 million tube-wells installed in Pakistan, the Upper
Indus Basin in Punjab province alone holds about 0.79
million pumping-wells (Hasan et al. 2017a; Pakistan
Bureau of Statistics 2011). Over-exploitation of the
fresh water reserves through brisk installation of
pumping boreholes lacking any geophysical or geotech-
nical study has caused decline in water table as well as
the saline water intrusion (Bakhsh and Awan 2002;
Saeed 2008). Under such situations, an effective geo-
physical investigation for the assessment of groundwa-
ter resources including demarcation of the fresh-saline
boundary and estimation of groundwater reserves is
essential in order to exploit the fresh aquifers properly
and maintain the water quality.

Generally, information about the groundwater quality
is obtained by the traditional methods such as bore-wells
through a number of laboratory analysis; however, such
methods are quite expensive, intrusive, time taking, and
cumbersome (Benabdelouahab et al. 2019). The use of
geophysical methods is user-friendly, inexpensive, and
non-invasive. Several investigations have used the 1D
and 2D electrical resistivity methods for groundwater
exploration (Hodlur et al. 2006; Bauer et al. 2006;
Wilson et al. 2006; Soupios et al. 2007; Adepelumi
et al. 2008; Kouzana et al. 2010; Baharuddin et al.
2011; Kura et al. 2014; Hasan et al. 2018c; Hasan
et al. 2019a). Over the past decades, several studies were
carried out to obtain the fresh-saline aquifer boundary
only in the coastal areas (Cardona et al. 2004;
Capaccionia et al. 2005; Barlow and Reichard 2010).
However, most of the studies carried out in the alluvial
plains do not clearly differentiate the fresh-saline inter-
face where the overlapping of fresh-saline aquifers pre-
vails. In this investigation, the electrical resistivity im-
aging (ERI) coupled with the vertical electrical sound-
ing (VES) were performed to mark out a boundary
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between the saline/brackish and fresh aquifer for
groundwater exploitation in the Upper Bari Doab of
Punjab, Pakistan. In such methods, the subsurface resis-
tivity of the geologic formation is obtained by inserting
current through two current electrodes and computing
potential by the potential electrodes using different con-
figurations such as Schlumberger, Wenner, pole-pole,
pole-dipole, and dipole-dipole. Resistivity differs from
lithology to lithology (Mario et al. 2011). Resistivity of
saline water is always less than that of fresh water
(Hasan et al. 2019b). Similarly, clay formation shows
low resistivity than that of sandy and gravel formation
(Akhter and Hasan 2016; Hasan et al. 2017b). The
electrical resistivity methods have advantage over other
methods by measuring the formation resistivity in Ωm
which has larger range than other units (Soupios et al.
2007). Different ERI profiles of about 1 km were con-
ducted in the studied area which provides the fresh-
saline aquifer interface with 2D imaging of subsurface
layers. However, the fresh-saline water boundary over
the entire area was delineated by the Dar-Zarrouk pa-
rameters specifically longitudinal conductance, longitu-
dinal resistivity, and transverse resistance computed
from ID geoelectrical method. Groundwater reserves
associated with the saline and fresh water were mea-
sured using aquifer parameters such as transmissivity
and hydraulic conductivity estimated from the VES
method. The saline/brackish and fresh water zones de-
lineated by the integrated geophysical method were
confirmed by the physicochemical analysis.

This investigation was carried out to introduce an
inexpensive and non-invasive geophysical approach to
map an important boundary between the saline/brackish
and fresh aquifers for proper utilization and manage-
ment of the fresh aquifer reserves in the Upper Bari
Doab of Punjab, Pakistan. The present research pro-
poses cost-effectiveness of the integrated geophysical
approach prior to installing the pumping boreholes.

Hydrogeological setting

The investigated area lies between the longitude
73.55°E and 74.64°E and the latitudes 30.35°N and
31.62°N in Punjab province of Pakistan as shown in
Fig. 1a. The Upper Bari Doab has semiarid climate
system. It has hot summer from April to September with
mean and maximum temperature of 37 °C and 47 °C
respectively. Its winter lasts fromOctober toMarch with

mean and minimum temperature of 8 °C and 0 °C
respectively. The mean annual rainfall in the Upper Bari
Doab is about 305 mm with 457 mm in the northeast
and 203 mm in the southeast. The Monsoon system is
the main source of rainfall in the project area. About
two-thirds of the annual rainfall comes during this sea-
son from June to September. The rest of precipitation
falls during December and March, and although the
winter rainfall is not sufficient, it is very important for
the agriculture (WAPDA 1989). October and November
are the driest months in the studied area. The Upper Bari
Doab has a large alluvial plain shaped by Sutlej, Ravi
and Bias River. It gently slopes between 179 and 215 m
above mean sea level from northeast to southwest. The
study area has relatively low runoff because of the
gentle relief (WAPDA 1978).

The geological history of the Bari Doab is similar to
that of the Chaj and Rechna Doabs. It has alluvial cover
of Quaternary age that overlies the igneous and meta-
morphic rocks of Tertiary or Precambrian age. Basement
rocks are entirely covered by the alluvial deposits. Pre-
cambrian rocks were revealed at different places during
the special drilling in northeast of the project area. Red
clays and gravels of fluviatile origin were found at a
depth greater than 300 m during the deep drilling in the
northeast which were marked different than the alluvial
deposits. These units were named as unidentified units
and interrelated with the Siwalik system. Alluvial cover
is the main geological unit in which the groundwater
reserves are contained. The dominant lithologies of the
alluvial system revealed by the test drills include gravel-
sand, clay-sand, sand and clay.

Generally, the alluvial cover has thickness of about
460 m with unconfined aquifer system (WAPDA 1978;
IPD 2005). The brackish/saline aquifers with high sa-
linity concentration are a challenging threat for agricul-
ture and drinking purposes in the Upper Bari Doab
(Hasan et al. 2017b). The transmissibility coefficients
range from 0.2 to1.0 cusecs per foot (WAPDA 1978).
The permeability range is about 0.00033–0.01573 ft/s
(WAPDA 1980). The lower storage coefficient is mainly
because of the less permeable clay layers. The water
level lies between 7 and 18 m. The aquifer system of the
project area can be divided into three main units based
on the local hydrogeological settings, i.e., high-yield
aquifer, medium-yield aquifer, and low-yield aquifer.
The high potential aquifer has fresh water through aqui-
fer yield between 200 and 300 m3/h containing gravel-
sand and sand lithology. The medium-yield aquifer
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contains aquifer yield from 150 to 200 m3/h having
brackish water and the main lithology such as clay-sand.
The low-yield aquifer has aquifer potential less than 150
m3/h with clay. The simplified hydrogeological settings
of the Bari Doab are shown in Fig. 1b (WAPDA 1989).

Materials and methods

VES and ERI methods

An integrated geophysical method involving 1D VES
and 2D ERI was performed to obtain the formation
resistivity for delineation of the saline/brackish and

fresh water zones in the Upper Bari Doab. ERI was
conducted along nine 2D profiles at different locations,
whereas VES was carried out for 50 stations over the
entire project area (Fig. 1a). The subsurface resistivity
measurements were obtained by the ABEM Terrameter
LS using the Schlumberger array with manual maxi-
mum electrode expansion of 200 m for VES and 150 m
for ERI below the ground surface. The ABEM
Terrameter LS was performed in such a way that the
unreasonable resistivity values were neglected, and the
measurements were repeated at the same spot to en-
hance the data quality. Resistivity acquired from the
field measurements is known as the apparent resistivity
given by

Fig. 1 a Location map of the
project area including
geophysical, geochemical, and
borehole measuring stations. b
Map showing the simplified
hydrogeological settings of the
Bari Doab (modified after
WAPDA 1989).
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ρa ¼
KΔ V

I
ð1Þ

The geometric factor K in the above equation is given
by the relation:

K ¼ π=2 AB=2ð Þ2− MN=2ð Þ2
h i

= MN=2ð Þ ð2Þ

where ρ is the apparent resistivity in Ωm, AB is the
electrode spacing, MN defines the distance between the
potential electrodes, I is current in Amp, and V is the
voltage in volts. The apparent resistivity values acquired
from the field were drawn on a log–log graph against
AB/2 (half-current electrode spacing). The basic princi-
ple to acquire the resistivity measurements is shown by a
diagram in Fig. 2a.

A partial curve matching technique was used to ob-
tain the qualitative and quantitative interpretation of
VES curves. 1D inversion program of IPI2win software
was performed for all 50 VES stations to generate a
subsurface formation model having true resistivity and
thickness of the subsurface geologic layers with least
RMS error (< 5%).

ERI measurements along each profile were acquired
within 40 min using electrode interval of 5 m, spread
cable length of 840 m with 169 electrodes at 168 m take
outs. Each electrode was checked through the electrode
test to make sure the good ground-contact. Salt solution
was used to enhance the performance of the electrodes
having poor ground-contact.

The field data acquired by ERI survey was processed
using the inversion program of RES2DINV (Loke et al.
2003). The software inverts 2D apparent resistivity into
the pseudo-section of true resistivity using the least-
squares technique (Gao et al. 2018; Loke and Barker
1996). The misfit between the measured and observed
values of resistivity is minimized in the algorithm
scheme. In this program, the subsurface formation is
shown by a number of rectangular cells with constant
resistivity values. At the beginning, a homogeneous
resistivity value is assigned to each cell with a homoge-
neous resistivity value to generate an initial model;
afterwards, the modeled resistivity is updated according
to the misfit between the calculated and observed values
in a pseudo-section after the iteration. The iterative
process continues until a certain level of RMS error is
obtained (Loke and Barker 1996; Hasan et al. 2018c). A
smoothness constraint on the algorithm was used to
acquire the interpreted ERI results. A pseudo-section

can be generated either by finite-element or finite-
difference method. Since the study area has flat topog-
raphy, finite-difference method was used in the present
ERI investigation. A principle procedure to generate a
pseudo section in ERI is shown in Fig. 2b.

D-Z and aquifer parameters

Sometimes, the results interpreted by the VES method
show intermixing of resistivity values caused by the
overlapping of the saline/brackish and fresh aquifers
(Hasan et al. 2017b). As a result, the resolution is
usually mired, and the uncertainty is prevailing. Dar-
Zarrouk (D-Z) parameters estimated from the VES
method can avoid overlapping caused by the saline/
brackish and fresh water (Singh et al. 2004; Hasan
et al. 2019b). The D-Z parameters such as longitudinal
conductance, transverse resistance, and longitudinal re-
sistivity are acquired through different arrangements of
resistivity and thickness of the saturated geologic layers.
The D-Z parameters are computed from the relations
given by

Sc ¼ h=ρ ð3Þ

Tr ¼ hρ ð4Þ

ρL ¼ h=Sc ð5Þ
where Sc defines longitudinal unit conductance mea-
sured in units of mho or Siemens, Tr is transverse unit
resistance in Ωm2, and ρL is longitudinal resistivity in
Ωm. ρ in Ωm and h in m are resistivity and thickness of
the subsurface saturated layers respectively. Specific
values range of D-Z parameters was obtained depending
on the local hydrogeological information and the avail-
able boreholes data in the project area.

In order to estimate the yield of the fresh/saline
aquifers, aquifer parameters including hydraulic con-
ductivity and transmissivity were measured. First of
all, transmissivity (Tp) and hydraulic conductivity
(Kp) were determined at the selected eleven boreholes
sites by the pumping test analysis using the Eden-Hazel
technique with StepMaster (version 2.0) software. How-
ever, different empirical relations were obtained be-
tween the hydraulic and electrical parameters to estimate
the fresh/saline aquifer yield over the entire area. First
empirical relation was acquired between longitudinal
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resistivity and pumped hydraulic conductivity (Fig. 2c),
and another was established between transverse resis-
tance and pumped transmissivity (Fig. 2c) given by

K ¼ 1:851ð Þ*ρLþ 1:011 ð6Þ

T ¼ 1:668ð Þ*Tr þ 256 ð7Þ
where K is hydraulic conductivity in m/day and T is
transmissivity in m2/day.

Geochemical method

Total 30 groundwater samples collected at an average
depth of 40–120 m from different places of the project

area were analyzed by geochemical method for main
anions including bicarbonates (HCO3

–), chloride (Cl−),
nitrate (NO3

–), and sulfates (SO4
2−); main cations in-

cluding potassium (K+), magnesium (Mg2+), sodium
(Na+), and calcium (Ca2+); and other groundwater pa-
rameters for instance arsenic (As), electrical conductiv-
ity (EC), pH, and total dissolved solids (TDS) in the
laboratory of Pakistan Council of Research in Water
Resource (PCRWR) (Hasan et al. 2018a). The physico-
chemical analysis was carried out using ion chromatog-
raphy method. Groundwater sampling was carried out
through the filtration process using 0.45 μm mem-
branes. After the filtration process, groundwater sam-
ples were put into two simulated polyethylene bottles.

K = 1.851pL + 1.011
R² = 0.937

0
20
40
60
80

100
120
140

0 10 20 30 40 50 60 70

T = 1.668Tr + 256.0
R² = 0.954

0
1000
2000
3000
4000
5000
6000
7000
8000
9000

0 1000 2000 3000 4000 5000

Fig. 2 a Fundamental conceptual model for resistivity measure-
ment (modified after Todd andMays 1980). b principle diagram to
generate a pseudo section in ERI (adapted fromABEMTerrameter
SAS4000/SAS1000 manual 2006). c Empirical relations between

electrical parameters (longitudinal resistivity and transverse resis-
tance) and measured hydraulic parameters (hydraulic conductivity
and transmissivity). d Construction of VES geoelectrical columns
and comparison with borehole lithologs for four stations
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Ionic concentration of the cations and anions was ac-
quired using the standard procedures (Gao et al. 2018).
EC with ± 1% and pH with ± 0.01 precision were
measured by a multi-parameter analyzer (Hanna
HI9829). Analysis of sulfates was performed using the
UV–visible spectrophotometer. Bicarbonates were ti-
trated on 100ml of water using the volumetric technique
with sulfuric acid as a titrand. The atomic absorption
spectrometry and the volumetric method were used to
analyze the main cations and anions respectively. Ionic
concentration for all physicochemical parameters was
acquired in milligrams per liter (mg/L) except pH, EC,
and As. EC inmicrosiemens per centimeter (μS/cm) and
As in ppb (parts per billion) were measured. The reli-
ability of groundwater parameters was confirmed using
the ionic balance of water between − 5% and + 5%.

Results

Construction of subsurface layered model

Apparent resistivity acquired in the field does not
show true picture of the subsurface distinct layers
(Hasan et al. 2018a). Therefore, the apparent resis-
tivity obtained by VES and ERI is converted into
true resistivity by the inversion program of software
(Gao et al. 2018). The true resistivity is controlled
by various factors including water and clay content,
porosity, temperature, and fault etc. Resistivity of
clay layer is lower than the sandy or gravel layer.
Similarly, resistivity of saltwater is lower than that
of freshwater. Generally, the saline water is associ-
ated with the clay formation and fresh water with the
sandy formation (Hasan et al. 2018a). The modeled
VES curves obtained by 1D inversion process of
IPI2win software provides the information about
the subsurface layers with thickness and resistivity
of each layer.

However, limitations can be expected in the resis-
tivity methods especially when there are anisotropy
and homogeneity in the ground. Therefore, it is very
important to restrain the subsurface geologic layers
into a unified layered model through the calibration
of VES results with the local boreholes data. In order
to obtain non-predictive bias interpretation of the
subsurface geologic formation, a calibration between
the lithologs constructed from the boreholes data and
the subsurface resistivity was performed. Rotary

including the DTH drilling rigs was used to acquire
the lithologs from 11 bore-wells for calibration with
the interpreted resistivity. Correlation between the
VES resistivity and the borehole lithologs is given
in Table 1. This correlation allowed delineating the
subsurface geologic units with specific resistivity
range of each layer and constructing the VES
geoelectrical columns. The geoelectrical sections of
the VES near the boreholes were constructed to map
the depth and resistivity variations in the geologic
formation. Four of such geoelectrical columns are
given in Fig. 2d. The calibration between the bore-
hole lithologs and the VES resistivity restrained the
subsurface units into five discrete layers; for instance,
the dry strata or topsoil cover (above water level), the
clay layer having salt aquifer (below water level), the
clay-sand geologic layer with brackish water (below
water level), the sandy layer with fresh water (below
water level), and the gravel-sandy layer having fresh
water (below water level) through resistivity > 50
Ωm, < 15 Ωm, between 15 and 25 Ωm, from 25 to
40 Ωm, and > 40 Ωm respectively.

Delineation of fresh-saline interface

Resistivity shows overlapping; therefore, it cannot de-
lineate a discrete fresh-saline boundary. The D-Z param-
eters namely longitudinal conductance (Sc), traverse
resistance (Tr), and longitudinal resistivity (ρL) comput-
ed from the VES method were used to obtain a distinct
boundary between the saline, brackish, and fresh aquifer
zones. These parameters were interpreted with specific
value range based on the available borehole data and the
local hydrogeological information. The fresh water

Table 1 Correlation between the boreholes data and the subsur-
face resistivity in the investigated area.

Water table
(water level)

Formation
resistivity
(in Ωm)

Type of
lithology

Type of
aquifer

Above water
table

> 50 Topsoil cover
(dry strata)

–

Below water
table

< 15 Clay Saline water

15–25 Clay-sand Brackish
water

25–40 Sand Fresh water

> 40 Gravel-sand Fresh water
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aquifer having sand and gravel-sand was revealed with
ρL > 25 Ωm, Sc < 2.6 mho, and Tr > 1400 Ωm2. The
saline water zone with clay was detected through ρL <
15 Ωm, Sc > 3.3 mho, and Tr < 600 Ωm 2. The brackish
water having clay-sand was marked by ρL between 15
and 25Ωm, Sc from 2.6 to 3.3 mho, and Tr between 600
and 1400 Ωm 2. A clear interface with no overlapping
between three distinct aquifers using Tr, Sc, and ρL is
shown in Fig. 3a–c. The saline aquifer was revealed at
five sounding stations, i.e., 25, 26, 28, 30, and 33; the
brackish aquifer was delineated at 16 stations i.e., 10–
16, 21–24, 27, 29, 32, and 34, whereas other stations
indicate the fresh water as revealed in Fig. 3a–c. The
VES interpretation reveals that the fresh water resources
are found in the areas along rivers because the ground-
water in these areas can be easily recharged by the river
water. However, the areas with saline water are hardly
recharged by the river water so such areas show high
salinity level.

The hydraulic parameters namely hydraulic con-
ductivity and transmissivity were determined to mea-
sure the potential of the fresh/saline aquifers delin-
eated by the VES method. The aquifer potential of
fresh water was estimated by K from 50 to 70 m/day
for sand and > 70 m/day for gravel sand, T between
3000 and 5000 m2/day for sand, and > 5000 m2/day
for gravel sand. The aquifer yield contained within
the saline water was measured by K < 25 m/day and
T < 1500 m2/day containing clay. The brackish water
which is intermixing zone between the saline and the
fresh water was estimated with aquifer potential of K
between 25 and 50 m/day and T between 1500 and
3000 m2/day. The aquifer yield associated within the
fresh, saline, and brackish water measured by hy-
draulic conductivity and transmissivity is shown in
Fig. 3d, e. Good matching was found between the
pumped and estimated hydraulic parameters for the
selected stations as shown in Table 2.

ERI can delineate the fresh/saline aquifers both ver-
tically and laterally along different profiles. The true
resistivity of ERI was correlated with the nearby bore-
hole lithologs to restrain a unified subsurface layered
model to delineate the saline, brackish, and fresh aqui-
fers. The fresh water zone containing sand and gravel-
sand type lithologies was delineated by ERI resistivity >
25Ωm; the saline water containing clay was detected by
resistivity < 15Ωm, and the brackish water having clay-
sand was interpreted by resistivity from 15 to 25 Ωm
(Fig. 4). Lithologs of bore-wells near the ERI profiles

were added to the interpreted pseudo-sections. The
interpreted ERI results suggest that the fresh water aqui-
fer is dominant alongside the rivers in profiles 1, 3, 8,
and 9; the saline/brackish water aquifer is prevailing in
profiles 4, 6, and 7, whereas profiles 2 and 5 show both
fresh and saline/brackish aquifers. Being far away from
the rivers and water channels, groundwater in profiles 4,
6, and 7 is not recharged enough so the salinity level is
high. The interpreted fresh/saline aquifers in the ERI
sections show strong correlation with the upfront bore-
holes. The ERI results suggest that the areas along
profiles 1, 3, 8, and 9 are the most suitable places to
exploit the fresh groundwater resources, whereas the
rest of the areas are not appropriate for groundwater
withdrawal.

Geochemical analysis

The saline, brackish, and fresh water zones revealed by
ERI and D-Z parameters were confirmed by the geo-
chemical analysis. The geochemical method was carried
out for 30 groundwater samples collected from different
sites in the project area. The suggested limits of WHO
(WHO 2008) for groundwater parameters were used to
perform the geochemical analysis. The physicochemical
parameters which did not exceed the permissible limits
of WHO were categorized as fresh water. On the other
hand, those exceeding the suggested limits of WHO
were interpreted into the saline or brackish aquifer.
The geochemical interpretation reveals that almost all
the physicochemical parameters exceeded the limits
suggested byWHO for the saline aquifer, whereas some
of the parameters exceeded the permissible limits for the
brackish aquifer. The groundwater quality parameters
were transformed into statistical study such as median,
mean, maximum, minimum, and standard deviation as
shown in Table 3. Figure 5 shows the groundwater
samples with the saline, brackish, and fresh water
interpreted by the geochemical method. The results
suggest that the water samples 15–18 exceed the per-
missible limits for almost all physicochemical parame-
ters and lie in the saline water zone, whereas samples 7–
10, 13, 14, and 19–23 exceed the permissible limits for
some of the physical parameters and lie in the brackish
aquifer zone. The fresh, saline, and brackish aquifers
interpreted through the geochemical method provide
high correlation with those delineated by the integrated
resistivity methods.
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Fig. 3 Delineation of saline, brackish and fresh water zones using a transverse resistance, b longitudinal conductance, c longitudinal
resistivity, d hydraulic conductivity, and e transmissivity
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Discussion

Saline intrusion is mainly caused by excessive pumping
of groundwater, low recharge rate, industrial waste ma-
terials, intensive farming, climate change and natural
events, and so forth. The intermixing of fresh water with
the saline water is a threatening challenge in many
countries. Therefore, the demarcation of fresh-saline
water boundary is very essential to utilize and mange
the groundwater resources. The present study was per-
formed in the Upper Bari Doab of Punjab, Pakistan, to
mark the boundary between the saline/brackish and
fresh aquifers. However, demarcation of fresh-saline
interface is not easy. Generally, the water quality is
assessed by the traditional approaches such as the bore-
hole methods. However, such techniques are expensive,
time taking and intrusive, and still cannot delineate the
saline/brackish and fresh water over a large area (Hasan
et al. 2017b). The cost of a geophysical survey is direct-
ly related to how long it takes, the number and com-
plexity of the instruments, and the size of the geophys-
ical crew etc. Consequently, the cost ranges from less
than US$1000 onwards. However, the cost ranges be-
tween US$2500 and 7500 for a geophysical survey that
takes 1 to 3 days to complete. Generally, a borehole
costs US$5500 for an average depth of 50 m. Mostly,
the projects range between US$1500 and 1200. Appli-
cations of geophysical methods such as VES and ERI
can efficiently mark out the boundary between the

saline/brackish and fresh aquifers. Resistivity methods
are cheap, user-friendly, and non-invasive and can eval-
uate the large area with confident results (Singh et al.
2004). However, the VES resistivity shows overlapping
caused by the saline/brackish and fresh water. In order to
obtain the confident solutions to delineate the saline/
brackish and fresh aquifers, the D-Z parameters specif-
ically transverse resistance, longitudinal resistivity, and
longitudinal conductance were computed. The D-Z pa-
rameters delineated a clear boundary between the saline,
brackish, and fresh aquifers over the entire investigated
area. The ERI resistivity was estimated to demarcate the
saline/brackish and fresh water zones in 2D pseudo-
sections along the profiles. The fresh/saline aquifers
revealed by D-Z parameters and ERI method show
strong correlation. Furthermore, the subsurface forma-
tion was constrained by a model of four to five layers
applicable to all VES stations and the ERI profiles. The
model suggests that the topsoil cover consists of dry
strata with formation resistivity above the water table,
whereas the layers below water table were interpreted as
clay layer with saline water, sandy clay having brackish
water and gravel-sand and sand having fresh water. The
saline/brackish and fresh aquifers interpreted by the
geochemical method and the integrated geophysical
methods show strong correlation. The aquifer yield of
the fresh, saline, and brackish water was measured by
the hydraulic parameters computed from the VES data.
The results suggest that fresh water is found in the areas

Table 2 Comparison between the estimated and pumped aquifer parameters

VES
no.

Estimated parameters Well
no.

Measured parameters % Matching %Error

Hydraulic
conductivity
K (m/day)

Transmissivity
T (m2/day)

Hydraulic
conductivity
Kp (m/day)

Transmissivity
Tp (m

2/day)
K and
Kp

T and
Tp

K and
Kp

T and
Tp

3 77 5759 1 76 5852 99 98 1 2

6 58 4107 2 66 4686 88 87 12 13

9 57 3595 3 58 3712 98 97 2 3

33 21 1060 4 14 676 66 64 34 36

26 18 785 5 13 542 72 69 28 31

23 32 1784 6 43 2236 74 80 26 20

19 57 3605 7 60 3900 95 92 5 8

48 55 3198 8 54 3240 98 98 2 2

43 116 8034 9 103 7004 89 87 11 13

31 36 2001 10 35 1890 97 94 3 6

37 95 6961 11 105 7560 90 92 10 8
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Fig. 4 Demarcation of saline, brackish, and fresh aquifers using ERI along a profile 1, b profile 2, c profile 3, d profile 4, e profile 5, f profile
6, g profile 7, h profile 8, and i profile 9
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near rives, whereas the saline/brackish water is revealed
in the central parts of the investigated area. The inter-
pretations suggest that the proposed cost-effective geo-
physical approach can efficiently demarcate fresh/saline
aquifers with over 80% assurance. The proposed resis-
tivity approach can reduce important number of costly
bore-wells and provide useful subsurface geologic in-
formation to demarcate the saline/brackish and fresh
aquifers. The proposed geophysical approach can be
effectively applied in homogenous as well as in hetero-
geneous aquifers with the integration of few boreholes.
For monitoring of the fresh/saline aquifers, the time-
lapse ERI survey is suggested to perform in order to
predict the future migration of the fresh-saline water
interface in the investigated area.

Conclusion

An integrated geophysical approach involving 1D
VES and 2D ERI was carried out in the alluvial
plains of the Upper Bari Doab, Punjab, Pakistan.
Purposed study was used to evaluate the subsurface
layers particularly for the demarcation of the bound-
ary between the saline/brackish and fresh water. The
formation resistivity measured in the resistivity
methods was correlated with the lithologs of the
bore-wells to restrain a unified layered model appro-
priate to the entire study area. The unified layered

model restrained the subsurface units into five dis-
tinct layers for instance the topsoil cover, the clay
layer, sandy clay layer, sandy layer, and the sandy
gravel layer with specific aquifers and resistivity
range such as dry strata having resistivity > 50 Ωm,
saline aquifer containing resistivity < 15 Ωm, brack-
ish water having resistivity from 15 to 25 Ωm, fresh
aquifer with resistivity range of 25–40 Ωm, and fresh
water containing resistivity > 40 Ωm, respectively.
The D-Z parameters specifically transverse resistance
(Tr), longitudinal conductance (Sc), and longitudinal
resistivity (ρL) acquired by the VES data were used
to mark a discrete boundary between the saline,
brackish, and fresh aquifer. The fresh water was
revealed with Tr > 1400 Ωm2, ρL > 25 Ωm and Sc
< 2.6 mho. The brackish water was identified by Tr
between 600 and 1400 Ωm2, ρL between 15 and 25
Ωm, and Sc range of 2.6–3.3 mho. The saline aquifer
was delineated by Tr < 600 Ωm2, ρL < 15 Ωm, and Sc
> 3.3 mho. The aquifer yield of the fresh, saline, and
brackish water was measured by the hydraulic pa-
rameters including transmissivity (T) and hydraulic
conductivity (K). The aquifer yield of the fresh water
was estimated by T between 3000 and 5000 m2/day
for sand and > 5000 m2/day for gravel sand, and K
from 50 to 70 m/day for sand and > 70 m/day for
gravel sand. The brackish water between the saline
and fresh water was measured with aquifer yield of K
from 25 to 50 m/day and T between 1500 and 3000

Table 3 The analysis of groundwater parameters statistically such as maximum, minimum, median, mean, and standard deviation, and the
evaluation of groundwater quality using the recommended limits of WHO for the demarcation of saline, brackish, and fresh water

Parameters Units Minimum Maximum Mean Median S.D. WHO range

Fresh Brackish Saline

Cations Na+ mg/L 12 524 114 42 115.2 < 150 150–200 > 200

K+ mg/L 2 91 17.3 13 16.6 < 30 30–55 > 55

Ca2+ mg/L 10 272 93.4 82.2 61.2 < 100 100–200 >200

Mg2+ mg/L 10 121 48.3 46 24.2 < 50 50–100 > 100

Anions Cl– mg/L 18 642 163.4 191 129.8 200 200–250 > 250

SO4
2– mg/L 19 622 172.1 139 131.4 < 150 150–200 > 200

HCO3
– mg/L 27 1136 428.2 448.3 237.2 < 500 500–600 > 600

NO3
– mg/L 1 38 7.8 6 6.2 < 7 7–10 > 10

Other parameters EC μS/cm 242 6649 1515 959.4 1392.2 < 750 750–1500 > 1500

TDS mg/L 161 4016 943.4 612 951.6 < 500 500–1000 > 1000

As ppb 1 27 7.4 6.8 6.2 7 7–10 > 10

pH – 6.8 9.3 7.7 7.3 0.63 < 7.5 7.5–8.5 > 8.5
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m2/day. The aquifer potential contained within the
saline water zone was measured by K < 25 m/day
and T < 1500 m2/day having clay. The saline, brack-
ish, and fresh water zones revealed by ERI both
vertically and horizontally along nine profiles show
strong correlation with those demarcated by the D-Z
parameters of VES method. The results of integrated
geophysical approach for the differentiation of the
boundary between the saline/brackish and fresh aqui-
fer were confirmed by the geochemical method using
the suggested limits of WHO. The results propose

that applications of integrated resistivity approach is
economical and can reduce significant number of
expensive bore-wells to acquire the subsurface infor-
mation to delineate a boundary between the saline/
brackish and fresh aquifer in any homogenous as
wells as heterogeneous aquifer system.
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