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Abstract
The population living in the foothills of Churia, the study area, faces severe water scarcity due to limited access to surface 
water. The only alternative is groundwater, and there is extensive use of groundwater for domestic and agricultural purposes. 
Groundwater in some areas is limited and very limited information pertaining to the aquifer. In this context, this research 
tries to answer the pertinent questions concerning the aquifer properties, depth and thickness of the groundwater aquifer layer 
and groundwater prospects for irrigation. The objective of this research is to identify the aquifer properties and groundwater 
prospects using two-dimensional electrical resistivity tomography methods (2D-ERT). Five 2D-ERT profiles were used to 
collect information to a depth of around 40 m, with minimum electrode spacing of 5 m over a profile length of 240 m. The 
survey was carried out using Wenner electrode configurations. The resistivity tomogram sections were interpreted using 
RES2DINV software, which provides output in the form of resistivity contours that are used to draw up the lithological and 
geological information. The result of the survey indicates that the areas with good potential for groundwater access exist 
mostly along the southeast to central east parts of the study area, where there is gravel and sand with resistivity values between 
100 and 500 Ω m. Areas along the northwest with clay and silty clay formations have low resistivity values (< 70 Ω m) and 
low groundwater potential. While the northeast has high resistivity values (> 2000 Ω m) due to sand formation underlain 
by boulder and cobbles, it also has limited groundwater potential due to the limited depth (< 6 m) of sand and low storage 
capacity. The study reveals a variation in lithological formation, including a patchwork of clay, silty clay, sand, gravel and 
boulder materials, with varying groundwater potentials. When developing shallow tube wells in the study area, spatial vari-
ation in the productive aquifer, hydraulic conductivity of groundwater flow within and near the tapped aquifer and geological 
and lithological material need to be considered.
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Introduction

In recent years, the dependency on groundwater for both water 
supply and irrigation has increased and approximately one 
billion people rely on groundwater in India, China, Pakistan, 
Bangladesh and Nepal (FAO 2016), and the livelihoods of 

poor people in these areas are especially tied to groundwater 
access (Rijsberman 2003). Around 244.8 billion cubic meters 
 (Bm3) of groundwater are available in the Ganga River basin, 
with the highest potential in India (168.7  Bm3), Bangladesh 
(64.6  Bm3) and Nepal (11.5  Bm3), of which an average of 54% 
has already been developed for irrigation, domestic, indus-
trial and other purposes (Amarasinghe et al. 2016; Rajmohan 
and Prathapar 2013). Around 61% of available resources in 
India, 10% in Nepal and 45% in Bangladesh are already in 
use. Available resources that have not been fully accessed in 
Nepal need to be identified to ensure the supply of drinking 
and irrigation water in the Terai region of Nepal.

Saptari District, the focus of this study, lies in the east-
ern Terai region along the southern foothills of the Siwalik 
(Churia) range in Nepal and depends upon groundwater for 
both drinking and irrigation purposes. Even though several 
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southern rivers drain through Siwalik to Terai, people resid-
ing in these areas are facing water scarcity for both drinking 
and irrigation (Pathak 2016). In recent decades, the popula-
tion of the previously sparse Churia range has been increas-
ing and most of the agricultural lands have been developed. 
These fields have come to depend on rain-fed cultivation as 
surface irrigation is limited, and groundwater access has not 
been sufficient. In this context, action research on Dry Sea-
son Irrigation for Marginal and Tenant Farmers (DSI4MTF) 
in the study area (Kanakpati Village Development Commit-
tee (VDC), North of East–West Highway) is being imple-
mented. Interventions include the construction of shallow 
tube wells, introduction of microirrigation techniques for 
the efficient use of water, conjunctive use of surface and 
groundwater, focusing on marginalized and tenant farm-
ers through collective approaches, efficient use of available 
energy sources and linking high value products with market.

The study area, Kanakpatti VDC (located in the Siwalik 
foothill), is bounded between the Siwalik range to the north 
and Indo-Gangetic Plain (IGP) to the south. The Siwalik 
range has sedimentary rock, mainly the alternating bed of 
sandstone and mudstone and conglomerate (Pathak 2016). 
The coarse sand, gravel, pebble, cobble and boulders are in 
existence in the southern part (Bhabar zone) and become 
finer southwards in IGP (Pathak 2016). In Bhabar zone, 
porous geology exists, which enhances the recharge, but 
water availability is still restricted at the shallow aquifer 
due to the deeper water table. Construction of shallow tube 
wells, as part of the DSI4MTF project, revealed varying 
yield characteristics of the shallow aquifer. Many of the 
wells constructed yielded little or no water, further dem-
onstrating that aquifer response and information in Siwalik 
foothill would be very useful. A desire to better understand 
and locate potential groundwater zones, given the water 
scarcity in the area, motivated this study’s exploration of 
the aquifer using electrical resistivity investigation (ERI).

ERI is low expensive, field operation is easy, portable, 
greater depth of penetration and hence wide range of appli-
cability, which shows the bulk resistivity values (Bhat-
tacharya and Patra 1968; Ishara-remo 2016; Keller 1986; 
Kelly 1977; Olorunfemi et al. 2009; Robert et al. 2011). 
Each range of bulk resistivity values has its own significance 
or characteristics of aquifer properties (Kumar et al. 2014; 
Mohamaden 2016) for groundwater prospecting. Those tech-
niques are useful to determine the subsurface structure of 
basin, determination of horizontal and vertical distribution 
of aquifer and tracing groundwater movement. In addition to 
this, detailed investigation of artificial recharge, determina-
tion of groundwater potential zone and depth to groundwa-
ter table (Amarasinghe et al. 2016; Giao et al. 2003; Keller 
1986; Kelly 1977; Rajmohan and Prathapar 2013; Robert 
et al. 2011; Samouëlian et al. 2006) also can be investi-
gated using ERI. Hence, ERI has been used in this study 

to determine the aquifer layer properties and groundwater 
potential zones, which will provide essential information for 
the small land holding farmers in the study area to develop 
the shallow tube well.

In this context, this research tries to answer the pertinent 
questions to understand the aquifer properties (clay, sand, 
bedrock-limit depth of drilling), the depth and thickness of 
the groundwater aquifer layer, and its groundwater storage 
and yield prospects. The objective of this research is to iden-
tify aquifer material properties like depth and thickness of 
aquifer layer and to identify and zonation of groundwater 
potential zone within the intervention site.

Materials and methods

For this investigation, 2D-ERT techniques were selected to 
determine the thickness and resistivity of layered media for 
assessing groundwater potential zone and identification of 
area for tube well development under the DSI4MTF project 
in the Eastern Gangetic Plains (EGP) at Kanakpatti VDC of 
Saptari District.

Electrical resistivity investigation (ERI) method is a ver-
satile and economical technique for groundwater prospecting 
in different geological settings due to its wide spectrum of 
resistivity range compared to other geophysical parameters 
(Kumar et al. 2014; Mohamaden 2016). It also has numerous 
advantages over the conventional vertical electric sounding 
(VES) method, which assumes 1D earth model (which does 
not occur in most of the practical cases), acquires a limited 
number of data points, takes longer for data acquisition and 
provides poor resolution information (Bhattacharya and 
Patra 1968). For these reasons, the direct current electrical 
resistivity investigation technique is being widely used to 
image the hydrogeological structure of shallow subsurface 
earth (Giao et al. 2003; Keller 1986; Kumar et al. 2007). The 
two-dimensional electrical resistivity tomography (2D-ERT) 
technique, in particular, is widely used and applied by many 
researchers (Griffiths and Barker 1993; Robert et al. 2011). 
The interpreted 2D inverted resistivity model of the sub-
surface represents the hydrogeological condition, structural 
features and resistive and conductive formation (Griffiths 
and Barker 1993; Kelly 1977; Ratnakumari et al. 2012).

Study area

The study area covers an area of approximately 0.5 km2 and 
is one of the implementation sites of the DSI4MTF project 
(Fig. 1). The 2D-ERT investigation was planned to transect 
through two of the areas where hydrogeological concerns 
were identified in the siting of groundwater tube wells. The 
study area, Kanakpatti VDC is located in the Siwalik foot-
hill and is bounded between the Siwalik range to the north 
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and Eastern Gangetic Plain (EGP) to the south. Most of the 
households have shallow tube wells used for drinking water. 
In the intervention sites, two ponds and significant number 
of tube wells are used for irrigation. The wide variation in 
lithological section across the study site motivated the inves-
tigation of the groundwater potential zones, prospects and 
aquifer layer.

Electrical resistivity tomography (ERT) investigation

Two-dimensional electrical resistivity tomography (2D-
ERT) techniques using Wenner arrays were used to investi-
gate the properties of material at a depth of 40 m. The choice 
of an array and the distance between the electrodes is very 
important for obtaining accurate information on subsurface 
geology. The methodological approaches used in this study 
are described in below.

Design of survey

ERT survey was designed considering the arrangement 
of four electrodes, two current electrodes (C1 and C2) 
and two potential electrodes (P1 and P2). The schematic 
configuration of Wenner array employed is as shown in 
Fig. 2a, b. This study used Wenner array, based on its 
advantages of high signal-to-noise ratio, symmetrical 
array and symmetrical anomalies, good lateral resolution 
(Coggon 1973; Dey et al. 1975) and good vertical resolu-
tion (Loke 1999).

Data acquisition

The electrical resistivity survey equipment consists of a 
transmitter, receiver, power supply, stainless steel electrodes 
and shielded cables. Five 2D-ERT profiles were carried out 
with a full length of profile of 240 m, which will provide 
subsurface lithological information about a depth of 40 m 
and minimum electrode spacing of 5 m. The location and 
profile coverage for 2D-ERT are presented in Fig. 1 and 
Table 1. The survey was carried out using Wenner array of 
electrode configurations. In the present study a GEmotive, 
GD10 instrument was used, which computes and displays 
apparent resistivity data to obtain a continuous coverage of 
the subsurface properties along the line of investigation.

Data processing, analysis and interpretation

The results of the geo-electrical survey were processed 
and quantitatively interpreted using available geological 
information and presented as geo-electrical sections along 
the various profiles. The resistivity field data was first pro-
cessed by eliminating any outlier data points, and then, 
damping and mesh parameters were assigned to the indi-
vidual data set to achieve the realistic subsurface resistiv-
ity model. The interpretation of electrical resistivity data 
is the process of deriving the values of true resistivity’s 
(ρ) and thicknesses (t) of various subsurface strata from 
the values of recorded resistance (R) or apparent resistivity 

Fig. 1  Study area showing the 
electrical resistivity tomogra-
phy line in Kanakpatti, Saptari 
District
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(ρa) at electrode separations (a). There are a number of 
interpretation techniques for evaluating (ρ) and (t) of each 
of the stratum as proposed by many investigators.

The processed field data are presented in the form of 
resistivity pseudo-sections using the schematic shown in 
Fig. 2b) with dense sampling of apparent resistivity meas-
urement (Loke 1999). The processed and filtered data were 
inverted using least-squares inverse approach with a stand-
ard Gauss–Newton optimization technique by the help of 
computer software RES2DINV (Loke 1999; Muchingami 
et al. 2012). The software inverts the field data, calcu-
lates the appropriate model in term of resistivity and pro-
vides output in the form of resistivity contours. The final 
inverted resistivity models provide an approximate image 
of the subsurface geology and hydrogeology, reproducing 
an approximate subsurface resistivity variation with depth 
in both vertical and lateral directions.

The resistivity of any given layer depends upon rock 
type, grain size, degree of void spaces and amount of water 
present, degree of weathering, mineral constituents and 
inter-granular compaction (Marescot et al. 2008). How-
ever, the inverted 2D resistivity section, which approxi-
mates the subsurface resistivity, is finally interpreted in 
terms of hydrogeology and geology in the present local 
hydrogeological context.

In the context of soil mapping, electrical resistivity 
exhibits large range of values varying from 1 O in saline 
soil to as high as  105 O in dry soil overlaying crystal-
line rock (Samouëlian et al. 2006). In the present study, 
correlation of resistivity ranges with expected lithology 
and groundwater potentials were interpreted by adopting 
the guidelines of Table 2 developed by the Groundwater 
Resources Development Board (GWRDB) based on previ-
ous field studies carried out in different parts of Nepal and 
informed by local geological information, correlation of 
resistivity value of the exposed bedrocks and overburden 
deposit on the surface. For the similar materials, the resis-
tivity value will be different for saturated and dry condi-
tion. The unsaturated layer is generally characterized by 
high resistivity values, whereas the water-saturated layer 
shows zone of low resistivity. At the same time, resistiv-
ity values vary with material types, and hence, the lithol-
ogy data collected by GWRDB in the vicinity area were 
correlated with the resistivity ranges for interpreting the 
groundwater prospects. 

Fig. 2  Schematic of a Wenner configuration for resistivity survey (Marescot et al. 2008) and b sequence of measurement to build up a pseudo-
section (Loke 1999)

Table 1  Two-dimensional ERT coverage (all profiles at 240 m)

Profile no. ERT GPS coordinates (°) Profile orientation

Start End

ERT-A 26.644/86.691 26.646/86.691 South to North
ERT-B 26.644/86.693 26.645/86.691 East to West
ERT-C 26.643/86.622 26.645/86.693 South to North
ERT-D 26.643/86.692 26.641/86.692 North to South
ERT-E 26.642/86.692 26.642/86.689 East to West

Table 2  Typical ranges of electrical resistivity of earth materials, 
corresponding geological formation, groundwater and unpublished 
reports from GWRDB of Nepal

Resistivity range (Ω m) Expected lithology Groundwater
Prospects

> 1000–5000 Boulder, cobble, pebble 
unsaturated fractured 
bedrock

Poor

250–1000 Gravel, coarse sand Good
100–200 Fine to coarse sand Good
50–100 Silt, fine sand Poor
20–50 Silt, clay Poor
< 20 Clay Poor
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Results

The variation in modeled electrical resistivity in depth along 
the line of investigation was presented through resistivity 
tomogram sections. Those variations in modeled physical 
properties have relation with the subsurface geological and 
hydrogeological setup, which are presented for each pro-
file (five profile) and their hydrogeological and lithologi-
cal interpretation through representative tomogram section 
in subsequent figures. Geological/lithological information 
extracted from the ERT results representing resistivity 
contour values are presented in the figures. The 2D-ERT 
displays a variation in resistivity values both vertically and 
horizontally, indicating that subsurface geological forma-
tions strongly vary in their electrical properties. All the pro-
files were near the pond shown in Fig. 1a and described with 
reference to the pond.

Profile along ERT‑A

This profile runs from south to north. The location lies 
about 20 m north of the pond in the project area as shown 
in Fig. 1a). The inverted resistivity section shows resistivity 
depth modeled to 42 m, as shown in Fig. 3. This lithological 
section can be interpreted as a multi-layered model. Low 
resistivity values of less than 70 Ω m dominate in the area, 
which indicates the presence of unsaturated formations con-
sisting of silty clay. Within this dominant silty clay layer, 
there is a patch of clay at the lateral distance 50–60 m about 
6-m thick at a depth of 6 m. The ERT values indicate that 
the area has no productive aquifer within the tested depth.

Profile along ERT‑B

This ERT profile runs from east to west, with east being 
the starting point located about 75 m north of the pond. A 
marked variation in lithology is observed. A high resistivity 
value greater than 150 Ω m is found in the lateral distance 

of 10–60 m at a depth of > 6 m and is around 12-m thick, 
where sand dominates. From the center to west of the tran-
sect (120–240 m lateral distance), there are resistivity values 
< 70 Ω, consisting of a silty clay lithological formation. In 
this area, there are only a few patches where shallow tube 
wells could be constructed up to a depth of 18 m. If we look 
from the groundwater prospects, shallow tube wells can be 
developed in the eastern part of the profile up to 80 -m lat-
eral direction. The rest of the area consists of mainly clay 
and silty clay, which is not feasible for the development of 
shallow tube well (Fig. 4). 

Profile along ERT‑C

The third ERT transect ran from south to north. The start-
ing point was located about 30 m west of the pond. There 
is a marked variation in lithology and structure in this area. 
The resistivity section shows resistivity values > 2000 Ω m 
toward the central to northern part of the profile in the depth 
of > 6 m, which suggests the existence of boulder and cob-
ble. This signifies the existence of Bhabar zone materials, 
which may act as a recharge pool for the deep groundwater 
system. The existence of sand gravel with resistivity values 
between 100 and 500 Ω m indicates aquifer with potential 
high yield up to a depth of 6 m. Interestingly, this suggests 
that the water available in this zone discharges into the deep 
groundwater system and is not feasible for shallow tube well 
development given that water level will be too deep for sur-
face pumps. Similarly, while moving from south to north in 
lateral direction up to 120 m, resistivity values between 100 
and 500 Ω m are observed up to a depth of about 25 m. This 
suggests the subsurface lithology section consists of sand 
and gravel which are very good aquifers. With respect to 
groundwater potential prospects, the southern to central part 
of the area has potential for shallow tube well development 
while the northern part has potential up to a depth of 6 m. 
However, the development of such wells is likely to be poor 
due to the presence of large boulders and cobble (Fig. 5).

Fig. 3  Resistivity tomogram along profile ERT-A
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Profile along ERT‑D

This profile also runs from north to south. This profile 
is a continuation of the profile ERT-C. In this resistivity 
section, most of the resistivity values are 50–150 Ω m, 
suggesting the domination of a sandy layer up to a depth of 
20 m. Figure 6 shows that the subsurface lithology consists 
of two layers, an upper sandy layer up to depth of about 
20 m underlain by a silty clay layer to a depth of about 

42 m. This part of the area exhibits good potential for 
shallow tube well development.

Profile along ERT‑E

This profile runs east to west due south of the pond. The 
central resistivity section, from about 80–160 m of the 
profile, has resistivity values of < 70 Ω m, which suggests 
the subsurface geological section has a poor aquifer due to 

Fig. 4  Resistivity tomogram along profile ERT-B

Fig. 5  Resistivity tomogram along profile ERT-C

Fig. 6  Resistivity tomogram along profile ERT-D
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dominant silty clay aquifer materials. In both the eastern and 
western section, the resistivity values are 100–350 Ω m, at a 
depth up to approximately 13 m, which shows a gravel and 
sand subsurface. The eastern parts have the greatest potential 
for shallow tube well development, and well depth in the 
eastern and western parts should not exceed 13 m (Fig. 7).

Discussion and conclusion

The objective of this research was to identify and zonation 
of groundwater potential area within the study area by inves-
tigating the shallow subsurface aquifer material properties 
and distribution of depth using 2D-ERT techniques. During 
the shallow tube well design and development in the study 
area, some areas did not have good potential, which moti-
vated this investigation to understand the aquifer properties, 
material, depth and potential zones. The 2D-ERT survey 
was oriented around the central pond having five ERT pro-
files, each with a length of 240 m, were prepared. From the 
transect profiles of resistivity, an assessment of the aquifer 
material was made to provide insight of groundwater poten-
tial zone around pond.

Table 3 and Fig. 9 describe the general spatial mapping 
of the dominant geological characteristics and groundwater 
potential of the study area. The results show that most of 
the study areas are underlain by silty clay from a depth of 

10–18 m, except for the northeast corner of the study area, 
which is underlain by boulders and cobble (Fig. 8). The 
section of ERT profile A and lateral distance of 80–240 m 
along the section of ERT-B are dominated by silty clay and 
clay particles, which can be zoned as poor aquifer zone A 
(Fig. 9) which is not favorable for shallow tube well devel-
opment. Similarly, lateral distance 0–80 m of ERT profile 
B and 0–120 m of ERT profile C up to 5–10 m depth show 
sand and gravel. As a continuation of ERT profile C, there is 
also aquifer material of sand and gravel in shallow depth up 
to 6 m, and beneath this depth boulder and cobble dominates 
the aquifer material. This section can be zoned as limited 
groundwater potential aquifer (zone B in Fig. 9) with low 
storage capacity of aquifer material. ERT profile C lateral 
distance up to 40 m shows an upper layer consisting of clay 
and good aquifer material of sand and gravel on limited 
depth up to 13 m in the eastern part, underlain by silty clay 
along the ERT profile E. This can be zoned as good ground-
water potential aquifer (zone C in Fig. 9) within the sandy 
aquifer. The lateral distance (8–240 m) along the ERT profile 
E, where dominant sand aquifer material exists in a depth up 
to 5–10 m, can be zoned as limited groundwater potential 
(zone D in Fig. 9). Table 3 summarizes the aquifer structure 
of the different zones as identified and mapped from five 
electrical resistivity sections.

The findings from this study align with the observations, 
perceptions and experiences of the farmers when developing 

Fig. 7  Resistivity tomogram along profile ERT-E

Table 3  Spatial distribution of aquifer characteristics and their groundwater prospects

Zone Characteristics Groundwater prospects

A Clay lenses underlain by silty clay. Area has very poor aquifer for the depth of assessment Poor aquifer
B Limited depth of sand aquifer (between 5 and 10 m) underlain by gravel, boulder and cobble Less to moderate aquifer 

having low storage 
capacity

C Sand and few lenses of gravel material to depths of 13–15 m, underlain by silty clay Good potential aquifer
D Shallow sand aquifer (5–10 m) underlain by silty clays Less to moderate aquifer
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the groundwater infrastructure. The historical lack of farm-
ing activities in the area around the southwest corner of the 
study area also indicates the community’s experience of lim-
ited water availability in this area. The study confirms the 
limited water availability and unsuitability of shallow tube 
wells within zone A and zone B. The study also highlights 
the successful water retention capability of the pond between 
site I and site II as it points to the likelihood that the pond 
is located at the area underlain by silty clay with low deep 
percolation.

However, ERI only provides rough estimate of ground-
water potential and aquifer properties, and this study is 
helpful for farmers to identify the groundwater prospects 
zones. This study provided the depth of aquifer layer with 
types of aquifer material, and zonation of groundwater 
prospects even though having the limitation of ERI survey. 
Due to those limitations, DSI4MTF is also performing 
the pumping test in this area, which will prepare the spa-
tial distribution map of aquifer properties, groundwater 

depth and flow direction, which is not scoped out in this 
study. The results of the survey indicate good groundwa-
ter potential along the southeast to central east parts of 
the study area (primarily zone C). The results illustrate 
a patchwork of clay, silty clay, sand, gravel and boulder 
materials, which provide for varied aquifer potentials. 
This explains varied success to date in locating tube wells 
in productive lenses of aquifer material. When develop-
ing shallow tube wells, spatial variation in the produc-
tive aquifer, hydraulic conductivity of groundwater flow 
within and nearby the tapped aquifer, and geological and 
lithological material need to be considered. The follow-
up studies of this project having detail pumping test will 
help to optimize, design and sitting of the shallow tube 
wells. This technique is expensive, and farmers could not 
conduct at field level by themselves. Hence, government 
authorities like GWRDB can conduct such kind of survey 
based on geological properties across the country. In addi-
tion to this, high-resolution map can be produced by them, 

Fig. 8  Resistivity section along five ERT profiles
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and farmers and developers can access those map while 
developing groundwater project in particular area.
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