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Estimating  aquifer  transmissivity  using  Dar-Zarrouk  parameters  to
delineate  groundwater  potential  zones  in  Alluri  Seetharama  Raju  District,
Andhra Pradesh, India
Bakuru Anandagajapathi Raju1*, Palavai Venkateswara Rao1, Mangalampalli Subrahmanyam1

1 Department of Geophysics, Colleges of Science & Technology, Andhra University, Visakhapatnam 530003, Andhra Pradesh, India.

Abstract: This  study  aimed  to  explore  groundwater  potential  zones  in  the  EGMB  of  Alluri  Seetharama
Raju district, Andhra Pradesh, India, for drinking and agriculture purposes. To achieve this goal, 72 Vertical
Electrical Soundings (VES) were conducted using the Schlumberger electrode configuration. The resistivity
sounding data were analyzed to determine the aquifer thickness, basement depth, Dar-Zarrouk parameters,
and aquifer transmissivity. Spatial distribution maps were generated for these parameters to understand the
subsurface formation.  The analysis revealed a linear groundwater potential  zone (8.46 km2)  in the eastern
part of the study area, extending in the NNE-SSW direction for 9.6 km. Six VES locations (P24, P27, P29,
P30,  P33,  and  P38)  in  this  zone  exhibit  good  potential  (>30  m  aquifer  thickness),  while  the  three  VES
locations (OP19, P5, and P46) in the central region are recommended for drilling bore wells. Additionally,
moderate  aquifer  thickness  (20–30  m)  are  identified  in  other  VES locations  (OP14,  OP20,  P4,  P10,  P12,
P13, P15, P17, P18, P31, P46, and P50) along streams in the western and central part of the area, which can
yield reasonable quantities of water. This information is useful for groundwater exploration and watershed
management to meet the demands of tribal population in the study area.

Keywords: Vertical  electrical  sounding; Longitudinal  conductance; Transverse  resistance; Coefficient  of
anisotropy; Potential groundwater locations
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 Introduction

Groundwater  is  a  precious  renewable  natural
resource  on  Earth,  constituting  only  0.61% of  the
total  global  water  budget  (Anandagajapathi  et  al.
2020; Seker and Efe, 2023; Danso and Ma, 2023).
In  recent  years,  groundwater  exploitation  has
increased  to  meet  the  demand  due  to  deterio-
ration  in  quality  of  surface  water  resources.  The
occurrence, distribution, and movement of ground-

water vary in time and space, and depends greatly
on  the  types  of  rock  formation  as  well  as  the
degree  of  weathering  and  fracturing  of  the  source
rocks  (Dor  et  al.  2011).  A  detailed  study  of  the
geology,  geomorphology  and  hydrogeological
aspects  of  any  terrain  is  essential  for  effective
groundwater extraction. In the case of metamorphic/
crystalline  rocks,  primary  porosity  and  permea-
bility  are  usually  low,  and groundwater  extraction
mainly  depends  on  secondary  porosity  developed
through weathering or fracturing in rocks (Maja et
al. 2020). Geophysical methods, such as resistivity
surveys, have been widely adopted to solve various
hydrogeological  problems  in  hard  rock  terrains
(Ammar and Kruse, 2016; Kang et al. 2018; Deng
et  al.  2020; Rustadi  et  al.  2022).  Surface  geo-
physical measurements, along with remote sensing,
can  determine  several  parameters  characterising
water-bearing  formations  (Venkateswara  et  al.
2021). The resistivity survey is particularly popular
low-cost  (Sathiyamoorthy  and  Ganesan,  2018),
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providing  good  contrast  in  resistivity  measure-
ments  of  water-saturated  and  non-saturated  rock
formations  (Loke  et  al.  2013, Subrahmanyam and
Venkateswara, 2017b; Venkateswara et al. 2019b).
The Vertical  Electrical  Sounding (VES) technique
of  the  geophysical  method  has  been  effectively
used  by  many  researchers  in  diverse  fields,
including  groundwater  investigations  (Hamzah  et
al. 2007; Gupta et al. 2012). The transformation of
VES data of Schlumberger configuration to Radial
dipole  configuration  can  yield  better  results  in
cases  of  hidden  (thin)  layers  (Subrahmanyam  and
Venkateswara, 2017a).

The  Dar-Zarrouk  (D-Z)  parameters  were  first
introduced  by  Maillet  (1947)  to  address  the  issue
of  non-uniqueness  in  the  interpretation  of  resis-
tivity  sounding  curves  in  geoelectrical  methods.
These  parameters  are  widely  used  to  estimate
aquifer  parameters  such  as  hydraulic  conductivity
and transmissivity (Ankidawa et al. 2019; Siva and
Marykutty,  2019; Venkateswara  et  al.  2022)  in
porous  media  (e.g.  alluvium  formation)  and
fracture  media  (e.g.  metamorphic  and  igneous)  to
identify  groundwater  potential  zones.  In  recent
studies, Nugraha et al. (2023) used D-Z parameters
to estimate groundwater potential zones in fracture
media. The longitudinal unit conductance (S) of the
D-Z  parameter  is  a  measure  of  the  impermea-
bility  of  a  rock layer  and provides  information on
the  highly  resistive  fresh  basement  topography  as
the  depth  to  the  basement  (Ayolabi  et  al.  2010).
According to Oteri (1981), a marked increase in S
value may correspond to an average increase in the
clay  content,  leading  to  a  decrease  in  the  tran-
smissivity (Tr) of aquifer. Atakpo (2013) and Awni
(2013)  used  this  parameter  to  show  the  aquifer’ s
protective  capacity.  The  transverse  resistance  (T)
of  the  the  D-Z  parameter  is  used  to  study  the
variations  in  the  thickness  of  high-resistivity
materials (Zohdy, 1989). To improve the accuracy
of  geological  mapping  using  an  electrical
resistivity surveys, the study of electrical resistivity
anisotropy  (λ)  in  rocks  has  become  crucial
(Olasehinde and Bayewu, 2011). The anisotropy of
rocks  can  be  caused  by  their  fracturing  or
metamorphism,  as  well  as  the  presence  of
disseminated  ore  grains.  Lower  values  of  λ  are
associated  with  high  aquifer  potential  zones,
according to recent studies by Venkateswara et al.
(2022),  Suneetha  et  al.  (2021),  and  Shailaja  et  al.
(2019).

The  study  area  is  situated  in  a  hilly  terrain,
which  is  part  of  the  Eastern  Ghats  Mobile  Belt
(EGMB),  where  people  are  still  suffering  from
groundwater  scarcity.  Due  to  the  challenging
nature of water exploration in this area, it is crucial
to  conduct  a  comprehensive  analysis  of  multi-

parameters,  including  geophysical  and  associated
hydrogeological  parameters,  to  accuratedly  locate
groundwater  potential  zones.  In  this  study,  the
geometry  of  the  subsurface  lithological  units  was
investigated using D-Z parametric  analysis,  which
is an effective tool for identifying potential ground-
water  zones.  The  D-Z  values  were  then  used  to
derive hydrogeological parameters, such as hydrau-
lic  conductivity  and  aquifer  transmissivity.  These
parameters  provide  valuable  information  on  the
potential aquifer zones in the study area, helping to
imporove groundwater exploration efforts.

 1  Study area

The study area is located within the boundaries of
Paderu revenue Mandal, which is the headquarters
of the Alluri Seetha Rama Raju district of Andhra
Pradesh, India (Fig. 1). It extends from 18.059 3° E
to 18.760 5°  E   and 82.525 5°  N  to 82.760 5°  N,
which is part of the Matchkund river catchment.

The study area is situated at the top of the hilly
tracts  of  the  Eastern  Ghat  Mobile  Belt  (EGMB)
and  is  designated  as  an  integrated  tribal  develop-
ment  agency  (ITDA)  area  by  the  Indian  govern-
ment  due  to  its  large  population  of  scheduled
tribes.  The  Matchkund  river  originates  from  G-
Madugula  hills  at  an  altitude  of 1 540 m  AMSL
and  flows  north  through  several  revenue  mandals
of  G-Madugula,  Paderu,  Hukumpeta,  Pedabayalu,
and  Munchinigiputtu,  before  reaching  the  river
Sabari  in  Odissa  state.  As  shown  in  (Fig.  1 and
Table  1),  the  distinctive  lithological  units  of  the
Eastern  Ghat  Supergroup,  including  Khondalite,
Charnockite, and Migmatites of Archaean age, are
prominently exposed in the study area (GSI, 2001;
Anandagajapathi  et  al.  2020).  The  geology  map
geological  map  used  in  this  study  was  obtained
from the Geological Survey of India.

The average annual rainfall in this study area is
about  1  274  mm/a  and  groundwater  occurs  in
shallow to unconfined conditions in the study area
(CGWB,  2019).  However,  irregular  topography
cuases  most  precipitation  to  immediately  convert
into surface runoff in many areas of the region.

Geomorphological  features  as  landform  and
topography are essential in watershed management
and  groundwater  exploration  (Fashae  et  al.  2014).
The physical features of the earth’s surface greatly
influence the infiltration, runoff, and occurrence of
groundwater.  In  this  study,  a  geomorphological
mapwas  generated  by  digitizing  was  generated  by
digitizing  different  geomorphic  units  from  the
colour  cloud-free  Landsat-8  satellite  data  com-
posite on 16th March 2022 using the visual image
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interpretation technique (color/tone/texture/pattern/
association/size/shape)  in  ArcGIS.  The  study  area
consists of moderately dissected hills and valleys, a
pediment-pediplain  complex,  and  a  river  (Fig.  2).
Two narrow streams flow through the study area in
a  south-to-north  direction and join  the  Matchkund
River,  which  flows  north  of  the  study  area.  The
pediment-pediplain  complex  area  surrounded  by
streams on the eastern side is  about  25 km2.  Field
observations  indicate  that  the  river’ s  width  incre-
ased from south to north, while a small portion of
discontinued  pediment-pediplain  patches  was
identified on the western side of the study area.

 2  Data and methodology

 2.1 Lineaments

Lineaments, such as faults and joints, play a crucial
role  in  storing  and  facilitating  the  movement  of
groundwater.  As  potential  flow  conduits,  they  are
essential  for  groundwater  study,  particularly  in

hard  rock  areas.  To  create  the  lineament  map,  a
reference  was  made  to  Bhuvan’ s  thematic  layer,
and the  map was  generated in  ArcGIS using Web
Map Service (WMS).  The final  map was saved in
vector  format  as  the  lengths  of  all  lineaments  can
be  calculated  from  vector  files  (Fig.  2).  In  the
study  area,  all  identified  lineaments  were  of  the
structural category (faults/joints). These lineaments
varied  in  length  from 0.45  km to  9.6  km and  had
different  orientations,  including  N-S,  NE-SW,  E-
W,  and  SE-NW.  A  total  of  22  lineaments  were
identified, of which 16 were minor (2–10 km), and
6 were micro (less than 2 km) lineaments (Table 2)
(Sitharam et al. 2007; Venkateswara et al. 2021).

In the study area, there is a prominent lineament
that runs for 9.6 km in the NNE-SSW direction on
the  eastern  side,  where  the  stream  also  flows.
Additionally,  several  minor  lineaments  of  varying
lengths  are  scattered  throughout  the  area  (Fig.  2).
The  pediment-pediplain  complex  zones  and  linea-
ments  play  a  crucial  role  in  groundwater  accumu-
lation.
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Fig. 1 Geology map of the study area

Table 1 Stratigraphic succession of geological formations in the study area

Geological formation Characteristics

Migmatites Hard, Foliated rocks
Charnockites (Basic, Acid, and intermediate) Hard, Massive rocks
Khondalites Hard, Foliated rocks
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 2.2 Geoelectrical surveys

A total  of  72 Vertical  Electrical  Soundings (VES)
were  conducted  in  the  study  area  using  Schlum-
berger configuration, with a maximum half current
electrode spacing (AB/2) of 130 m (Fig. 2 and Fig.
3).  Most  of  the  soundings  were  carried  out  by
aligning the electrode system in the direction of the
lineaments.  All  the  soundings  were  conducted
using  a  DDR3  resistivity  meter  of  IGIS-Hyder-
abad.  The  apparent  resistivity  was  the  measured
parameter for the surveys.

The  comprehensive  processing  of  VES  data
reveals  that  the  study  area  consists  of  2  to  5  sub-
surface  lithological  layers  and  exhibits  apparent
resistivity  curves  of  two-layer  ascending  type,  H,
A, K, of three-layer, KH, and HA of four-layer and
HAA of five-layer types (Fig. 2 and Fig. 3).

Based  on Fig.  2,  it  can  be  inferred  that  in  the
eastern foothills where hard rock is located imme-
diately  beneath  a  thin  soil  layer,  both  two-layer
ascending  type  and  HAA  curves  are  observed.  In
the eastern and western valleys and streams, where
thick  sediments  cover  the  hard  basement,  A  and
KH-type curves are observed. In the central part of

the area, where pediment-pediplain complex zones
present, H and HA-type curves were found. The K-
type  curve  was  observed  near  the  foothill  in  the
northern part of the study area.

The collected VES data was initially interpreted
manually  using  the  partial  curve  matching  tech-
nique of Zohdy (1965), and Orellana and Mooney
(1966).  The  resulting  parameters  were  used  as
initial  guesses  for  the  software  IPI2Win  (Boba-
chev,  2003),  which  accurately  delineates  different
subsurface  layers  from  the  same  VES  curves,
compared  to  software  such  as  IRESAN  and
RESIST (Venkateswara et al. 2019a).

The apparent resistivity data from the VES were
inputted  into  IPI2Win,  where  the  software  auto-
matically  suggests  the  best-fitting  two-layered
model for the initial interpretation. The model can
be edited by changing the number of layers (from 2
up  to  30),  splitting  or  joining  them  and  altering
their properties on the screen. The layer properties
can  be  edited  in  the  table  cells  of  the  model
window,  and  the  theoretical  curve  is  redrawn  for
the  updated  model  parameters.  The  software  ite-
ratively  updates  the  two-layer  model  into  a  multi-
layer  problem  until  the  synthetic  curve  calculated
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Fig. 2 Geomorphology and lineaments map of the study area with VES locations

Table 2 Classification of lineaments (Sitharam et al. 2006; Venkateswara et al. 2021)

No. Type of the lineament Length of the lineament No. Lineaments identified in the area

1 Medium 10–100 km -
2 Minor 2–10 km 16
3 Micro <2 km 06
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Fig. 3 Vertical electrical resistivity sounding curves obtained from the study area
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with  the  program  fits  the  field  curve  precisely,
ensuring  the  RMS  error  is  minimized.  The  ob-
tained  RMS  error  for  the  sounding  data  ranges
from 0.35% to 4.34% (Table 3), with the minimum
acceptable RMS error for the software being < 5%.
The  resulting  primary  geoelectrical  parameters  of
the  subsurface  layers  were  used  to  determine  the
depth  to  the  basement  and  aquifer  thickness  by
measuring  the  total  thickness  of  the  overlying
layers.  Thereby,  the  spatial  distribution  maps  of
these  two parameters  were  generated  (Fig.  4a and
Fig. 4b).

 2.3 Other geo-electrical parameters

A  geo-electric  layer  can  be  described  by  two
primary  parameters:  Resistivity  (ρi)  and  thickness
(hi) where the subscript ‘ i’  denotes the position of
the layer in the section. The secondary geo-electric
parameters,  such as total  longitudinal conductance
(S),  total  transverse  resistance  (T),  longitudinal
resistivity  (ρl),  transverse  resistivity  (ρt),  and
coefficient  of  anisotropy  (λ),  are  derived  from the
primary parameters (Zohdy et al. 1974).
 2.3.1    Total longitudinal conductance
Total longitudinal conductance (S) is the ability of
current  flow  parallel  to  the  geo-electrical  layers,
which represents the resistance parallel to the face
of  the  prism  Zohdy  et  al.  (1974). S can  be  calcu-
lated using the following equation:

S =
n∑

i = 1

hi

ρi

(1)

Where: hi and ρi represent  the  thickness  and
resistivity  of  the ith layer,  respectively.  The
variation in S from one location to another can be
used  to  qualitatively  document  the  changes  in  the

total  thickness  of  low-resistivity  material  (Zohdy,
1989). High S values are indicative of low aquifer
transmissivities  (Awni,  2013).  According  to  the
classification  system  proposed  by  Oladapo  and
Akintorinwa  (2007),  the S values  can  be  used  to
grade the aquifer  protective capacity  from poor  to
excellent (Table 4).
 2.3.2    Total transverse resistance
The total transverse resistance (T) is the resistance
that is offered to the current flowing perpendicular
to geo-electrical layers (Sathiyamoorthy and Gane-
san, 2018). It can be calculated as

T =
n∑

i = 1

hii (2)

Where: hi refers  to  the  thickness,  and  the ρi

denotes the resistivity of the ith layer.
The  higher  values  of  transverse  resistance  (T)

are used to study the variations in the thickness of
high  resistivity  material,  while  lower  values  of T
provide information about the weathering nature of
the  rocks  (Venkateswara  et  al.  2022; Sri  and
Singhal,  1981).  The parameters ρl  and ρt are used
to calculate the coefficient of anisotropy (λ). When
ρl & ρt are  equal,  the  sub-surface  layers  are

 
Table 3 Rating of  the protective capacity of  aquifers
(After Oladapo and Akintorinwa, 2007)

Total longitudinal conductance
(Siemens)

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
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Fig. 4 Spatial distribution maps of (a) Aquifer thickness, and (b) Basement depth in the study area
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Table 4 Interpreted layer parameters from VES data in the study area

VES
code

Latitude
degrees

Longitude
degrees

True resistivity Thickness Total
thickness
/m

RMS
error
/%

ρ 1
/Ω·m

ρ 2
/Ω·m

ρ 3
/Ω·m

ρ 4
/Ω·m

ρ 5
/Ω·m

h 1
/m

h 2
/m

h 3
/m

h 4
/m

OP1 18.080 10 82.669 56 34.0 22.9 194 2.60 21.30 23.90 0.539
OP4 18.036 00 82.701 23 81.8 350.0 495 1.06 6.39 7.45 0.485
OP5 18.067 73 82.664 45 18.8 39.3 308 3.18 25.30 28.48 0.789
OP7 18.092 49 82.671 75 11.8 38.1 307 1.59 6.16 7.75 0.951
OP8 18.093 81 82.670 82 178.0 134.0 636 0.75 5.41 6.16 0.432
OP9 18.188 40 82.698 79 176.0 402.0 1 075 1.19 5.87 7.06 0.759
OP10 18.088 56 82.677 34 10.3 67.8 6.90 6.90 0.436
OP13 18.069 07 82.695 53 19.0 44.0 2.34 2.34 0.831
OP14 18.046 30 82.692 76 148.0 25.5 125 1.40 23.10 24.50 0.921
OP16 18.091 64 82.671 08 49.9 9.83 1 818 5.57 3.52 9.09 1.060
OP17 18.090 29 82.673 93 109.0 425.0 18.50 18.50 0.971
OP18 18.129 48 82.637 22 229.0 361.0 148 0.89 7.03 7.92 0.535
OP19 18.128 51 82.629 85 365.0 121.0 89.2 188 0.75 4.69 31.00 36.44 0.719
OP20 18.095 74 82.670 31 154.0 42.8 392 0.75 30.70 31.45 1.180
OP21 18.096 42 82.670 66 82.1 47.7 183 0.90 17.00 17.9 0.938
OP22 18.080 95 82.661 79 15.3 40.0 1 423 1.36 6.66 8.02 1.540
OP23 18.075 07 82.657 56 18.7 41.3 180 1.35 6.98 8.33 0.909
OP24 18.125 71 82.644 24 74.2 30.6 64.4 2.38 10.20 12.58 0.581
OP25 18.124 66 82.644 70 70.1 35.9 150 4.81 16.00 20.81 0.741
OP26 18.074 12 82.658 08 20.6 133.0 2.43 2.43 1.020
OP27 18.101 06 82.673 37 357.0 55.9 478 1.28 15.70 16.98 1.990
OP28 18.100 11 82.673 47 329.0 55.9 473 1.24 18.80 20.04 0.728
P1 18.089 17 82.587 22 165.0 63.79 934 5.41 13.50 18.91 1.460
P2 18.090 28 82.654 44 177.0 25.6 14 755 3.59 8.12 11.71 4.340
P3 18.090 56 82.638 89 70.4 145.3 209 3.16 23.10 26.26 0.522
P4 18.091 10 82.641 11 122.0 39.5 313 10.80 28.90 39.70 1.220
P5 18.091 10 82.639 44 91.7 49.6 4 051 10.90 25.10 36.00 0.635
P6 18.093 89 82.673 63 102.0 38.0 1 558 11.40 16.50 27.90 0.711
P7 18.099 11 82.640 00 89.2 45.3 214 1.97 5.08 7.05 0.752
P8 18.093 89 82.654 10 36.3 199.0 6.37 6.37 1.870
P9 18.096 67 82.606 94 9.76 3 000 27.40 27.40 1.220
P10 18.096 67 82.590 83 30.0 8.20 276 1.30 19.00 20.30 2.050
P11 18.093 06 82.594 72 143.0 9.00 450 1.40 10.00 11.40 1.590
P12 18.093 89 82.594 44 14.2 41.0 9.11 2 000 1.50 2.58 11.10 15.18 0.869
P13 18.068 06 82.599 70 12.7 6.55 17.7 3 201 1.54 3.87 19.50 24.91 1.600
P14 18.084 17 82.599 17 13.4 30.8 101 10.80 7.78 18.58 0.894
P15 18.080 00 82.607 22 94.7 21.3 132 1.75 18.00 19.75 1.780
P16 18.080 28 82.606 39 6.23 16.3 1 591 9.52 4.25 13.77 1.910
P17 18.078 33 82.603 89 14.5 39.4 109 9.91 21.10 31.01 0.631
P18 18.079 72 82.603 61 11.8 8 787 16.10 16.10 1.040
P19 18.068 06 82.599 72 123.0 24.5 3 000 1.20 16.20 17.40 2.240
P20 18.069 17 82.606 94 17.7 31.4 432 3.21 22.20 25.41 1.030
P21 18.068 06 82.599 72 5.63 3 000 11.50 11.50 1.900
P22 18.096 39 82.596 67 5.59 20.6 3 480 7.36 7.55 14.91 3.630
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isotropic  in  nature.  If  they  are  not  equal  then  the
layers are considered to be anisotropic.
 2.3.3    Longitudinal  resistivity  and  Transverse

resistivity
The  longitudinal  resistivity  (ρl)  and  transverse
resistivities (ρt) can be calculated as

ρl =
H
S

(3)

ρt =
T
H

(4)

Where: H is  the thickness of  all  layers, S is  the
total  longitudinal  conductance,  and T is  the  total
transverse resistance.
 2.3.4    Coefficient of Anisotropy
The  coefficient  of  anisotropy  (λ)  measures  the
anisotropic  extent  of  an  aquifer  system  (Singh  et

al. 2021). It can be calculated as:

λ =
√
ρt/ρl (5)

Where: ρt refers to the transverse resistivity, and
the ρl represents  the  longitudinal  resistivity.  The
areas  with  higher  values  of λ are  associated  with
low porosity and permeability (Gupta et al. 2015).
In  most  geological  conditions,  the  electrical  ani-
sotropy  is  1  and  does  not  exceed  2  (Anudu  et  al.
2011).  Singh  and  Singh  (1970)  pointed  out  that
lower  values  of λ correspond  to  high  aquifer
potential  zones.  The  spatial  distribution  maps
(Fig.5a, Fig.5b, Fig.5c, Fig.5d,  and Fig.5e)  have
been prepared for these Dar zarrouk parameters.

 2.4 Aquifer parameters

Hydraulic  conductivity  (K)  is  a  crucial  hydrogeo-

Table 4 (continued)

VES
code

Latitude
degrees

Longitude
degrees

True resistivity Thickness Total
thickness
/m

RMS
error
/%

ρ 1
/Ω·m

ρ 2
/Ω·m

ρ 3
/Ω·m

ρ 4
/Ω·m

ρ 5
/Ω·m

h 1
/m

h 2
/m

h 3
/m

h 4
/m

P23 18.070 56 82.671 39 19.2 8.33 581 1.69 23.50 25.19 1.440
P24 18.071 11 82.671 94 18.8 8.25 2 390 1.81 30.90 32.71 1.450
P25 18.093 61 82.686 92 68.7 14.2 761 1.50 10.50 12.00 1.430
P26 18.093 33 82.688 89 82.0 15.4 17.2 19.2 885 1.56 1.79 3.06 10.80 17.21 0.616
P27 18.096 67 82.686 11 5.58 13.0 593 3.61 40.00 43.61 0.545
P28 18.097 78 82.685 56 6.87 14.7 6.8 1 284 3.28 2.01 21.20 26.49 1.460
P29 18.098 06 82.685 83 6.74 13.0 1 284 5.93 29.80 35.73 1.000
P30 18.097 78 82.686 39 6.36 10.3 3 232 6.97 30.70 37.67 1.070
P31 18.100 56 82.690 83 5.19 37.2 131 5.18 29.10 34.28 0.532
P32 18.099 72 82.691 11 5.02 84.8 5.60 5.60 2.220
P33 18.076 12 82.678 21 9.31 12.0 652 1.78 59.40 61.18 2.160
P34 18.081 82 82.684 10 6.26 27.2 7.09 3 161 2.80 4.27 17.20 24.27 2.020
P35 18.076 11 82.678 06 6.18 62.9 17.50 17.50 1.560
P36 18.078 61 82.676 94 5.89 60.0 12.50 12.50 1.450
P37 18.077 22 82.678 61 5.36 18.3 890 15.20 2.66 17.86 2.620
P38 18.077 22 82.678 22 5.34 25.6 890 14.70 59.20 73.90 2.440
P39 18.090 56 82.667 50 178.0 43.3 13 105 2.14 22.00 24.14 3.000
P40 18.090 28 82.666 70 44.9 21.9 161 1.50 8.55 10.05 1.870
P41 18.109 44 82.680 10 7.14 124.0 11.80 11.80 1.440
P42 18.110 83 82.680 18 6.91 129.0 10.70 10.70 2.200
P43 18.104 72 82.646 67 190.0 19.5 6 000 1.20 18.00 19.20 2.190
P44 18.105 00 82.647 78 93.6 34.3 203 1.50 5.39 6.89 2.230
P45 18.104 72 82.612 20 152.0 13.8 1 278 1.00 6.70 7.70 2.120
P46 18.105 00 82.652 22 54.4 82.8 9 659 4.13 32.90 37.03 0.721
P47 18.141 11 82.690 00 59.4 103.0 714 3.10 26.20 29.30 0.617
P48 18.144 40 82.690 00 87.5 31.0 97.3 1.50 8.57 10.07 0.350
P49 18.141 11 82.690 00 107.0 46.6 96.5 665 1.50 2.55 22.20 26.25 1.110
P50 18.095 28 82.672 20 94.7 50.0 3 144 1.92 29.10 31.02 1.360
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logical  parameter  that  controls  the  movement  of
fluids  and  contaminants  through  the  subsurface,
particularly in solid and and porous aquifers, along
with  other  parameters  (Elango,  2014).  Trans-
missivity  is  another  parameter  that  helps  us
understand  the  groundwater  potential,  secondary

porosity,  and  hydrogeological  conditions  of  a
groundwater  development  area  (Kumar  et  al.
2016).  The  aquifer’ s  hydraulic  conductivity  (K)
and  aquifer  transmissivity  (Tr)  can  be  determined
from  D-Z  parameters.  The  hydraulic  conductivity
of  an  aquifer  is  defined  as  its  ability  to  transport
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Fig. 5 Spatial  distribution  maps  of  (a)  Total  longitudinal  conductance  (b)  Total  transverse  resistance  (c)
Longitudinal resistivity (d) Transverse resistivity (e) Coefficient of anisotropy of the study area
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water  under  the  influence  of  a  hydraulic  gradient,
while  the  transmissivity  refers  to  the  aquifer’ s
ability  to  transmit  groundwater  throughout  its
entire saturated thickness (Todd, 1980). Areas with
high transmissivity values are usually indicative of
high  water-bearing  potential  (Obiora  et  al.  2016).
According  to  Todd’ s  (1980)  equation,  the  rela-
tionship between the aquifer transmissivity (Tr) and
hydraulic  conductivity  (K)  can  be  expressed  as
follows:

K = 386.40R−0.932 83
rw (6)

Where: Rrw is  the  aquifer  resistivity  (i.e.
resistivity of the inferred aquiferous layer from the
interpreted curves). The hydraulic conductivity (K)
can  be  determined  from  the  formula  (Equation  6)
given by Heigold et al. (1979)

Tr = KσT (7)

Where:  σ  is  electrical  conductivity  and T is
transverse resistance.

 3  Results and discussions

 3.1 Primary  geo-electrical  parameters
(True resistivity/thickness of layers)

The  interpreted  VES  results  indicate  that  the  true
resistivity  of  the  first  layer  ranges  from 5.02 Ω·m
to 365 Ω·m, with an average of 72.86 Ω·m, and its
thickness ranges from 0.75 m to 27.4 m (average:
5.07 m).  The second layer’ s  true resistivity varies
from  6.55  Ω·m  to 8  787 Ω·m  (average:  267.92
Ω·m), and its thickness varies from 1.79 m to 59.4
m  (average:  16.40  m).  The  third  layer’ s  true
resistivity ranges from 6.8 Ω·m to 14 755 Ω·m (ave-
rage: 1 460.14 Ω·m), and its thickness ranges from
3.06  m  to  31  m  (average:  17.89  m).  The  fourth
layer’s true resistivity ranges from 19.2 Ω·m to 3 201
Ω·m  (average: 1  502.60 Ω·m)  and  it  has  a  thick-
ness of 10.8 m (Table 4).

The results indicate that the true resistivity some
layers  at  certain  locations  is  less  than  10  Ω·m,
which  may  be  attributed  to  highly  weathered,
sandy clay or highly saturated formation. Based on
the  classification  of  Venkateswara  et  al.  (2019b)
for  inferred  lithology  in  the  Eastern  Ghats  mobile

belt  of  Andhra  Pradesh  using  VES  results,  the
subsurface  lithology  in  the  present  study  area  can
be inferred as shown in Table 5.

The  aquifer  resistivity  in  the  hard  rocks  of  the
Eastern Ghats falls  within the range of 10 Ω·m to
150  Ω·m  (Venkateswara  et  al.  2019b).  How-
ever, aquifer formations with resistivities less than
10 Ω·m are also observed, which can be attributed
to highly weathered or saturated formations. There-
fore,  for  the  present  study  area,  the  aquifer  resis-
tivity range between 5 Ω·m and 150 Ω·m has been
considered. The aquifer thickness in the study area
ranges  from  1.1  m  to  74  m,  with  the  maximum
thickness (74 m) observed in the eastern part (Fig.
4a).  However,  most  of  the  study  area  has  an
aquifer thickness of 12 m to 32 m, except for a few
patches  in  the  east,  southeast,  central,  south,  and
north.  On average,  the aquifer  thickness  is  greater
than 33 m in the eastern, central, and south-eastern
parts of the study area (Fig. 4a). In the eastern side
of  the  study  area,  a  long  and  NNE-SSW  directed
lineament has been identified, which is surrounded
by  a  25  km2 area  of  the  pediment-pediplain  com-
plex  zone.  The  sediments  eroded  from the  dissec-
ted  hills  are  deposited  in  this  zone  which  may
explain high thickness observed in this area.

The  basement  depth  in  the  study  area  ranges
from  2.4  m  to  74  m  (Fig.  4b).  The  spatial  distri-
bution  map of  basement  depth  indicates  that  most
of the area falls within the range of 14 m to 33 m,
except  for  a  few areas on the eastern,  central,  and
northern  sides  that  exceed  the  33-meter  depth.  In
the  eastern  region,  two  small  patches  on  the  east
side  show  a  deeper  basement  depth  ranging  from
65  m  to  74  m  (Fig.  4b).  The  higher  values  of
basement depth in these areas are attributed to rock
weathering,  which  is  more  pronounced  in  the
central to eastern parts of the study area.

 3.2 Secondary  geo-electrical  parame-
ters (D-Z parameters)

Longitudinal  conductivity  (S)  is  defined  as  the
ability  of  current  to  flow  through  the  sub-surface
layers  and  has  direct  relationship  with  both
hydraulic  conductivity  (K)  and  aquifer  transmi-
ssivity  (Tr),  which  are  parameters  of  aquifer  flow.

Table 5 Resistivity range of subsurface layers (After Venkateswara et al. 2019b)

No Resistivity (Ω·m) Formation

1 <10 Clayey sand/highly weathered/highly saturated formation
2 10–60 Weathered formations
3 61–150 Semi-weathered/fractured formation
4 >150 Hard rock
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Transverse  resistance  (T)  reflects  the  highly  per-
meable (less porous) nature of the formation, with
transmissivity and transverse resistance showing a
meaningful  relationship  due  to  the  direct  linear
relationship  between  hydraulic  conductivity  and
resistivity,  as  per  Darcy  and  Ohm’ s  law  (Sri  and
Singhal, 1981).

The total longitudinal conductance (S) values in
the  present  study  area  vary  from  0.02  Siemens  to
5.1 Siemens (Table 6), with the spatial distribution
map of S (Fig. 5a) showing that most of the study
area has S values ranging between 0.2 Siemens and
4.9 Siemens, and indicating that the study area has
moderate  to  good aquifer  protective  capacity.  The
higher values of S are observed on the eastern and
western  sides  of  the  study  area,  attributed  to  the
highly  porous  material  along  the  streams  and

sediments  deposited  in  pediment-pediplain  com-
plex zones on both sides (E&W) of the study area.

The T values in the study area range from 28.35
Ω·m2 to 3  604 Ω·m2 (Table  6),  with  the  spatial
distribution map of T (Fig. 5b) clearly showing that
higher  values  (>743.5  Ω·m2)  occur  in  the  north-
south direction and at  the  NNE corner.  The lower
values (<743.5 Ω·m2) on the east and west sides of
the  study  area,  is  possibly  due  to  the  presence  of
highly  porous  material  in  the  pediment-pediplain
complex  zone  on  the  eastern  side,  discontinued
patches  of  pediment-pediplains  on  the  western
side,  and  structural  lineaments.  The  higher  values
of T are  observed  in  the  N-S  and  NE parts  of  the
study  area,  attributed  to  the  poorly  weathered  and
fractured rocks at these locations.

In the study area, the longitudinal resistivity (ρl)

Table 6 Secondary geoelectrical parameters and transmissivity values

VES
code

Latitude
degrees

Longitude
degrees

Longitudinal
conductance
(S)/siemens

Transverser
esistance
(T)/Ωm2

Anisotropy
(λ)

Longitudinal
resistivity
(ρl)/Ω·m

Transverse
resistivity
(ρt)/Ω·m

Aquifer
transmissivity
(Tr)/m2/d

OP1 18.080 10 82.669 56 1.01 576.17 1.01 23.74 24.11 523.91
OP4 18.036 00 82.701 23 0.03 2 323.21 1.14 238.66 311.84 180.34
OP5 18.067 73 82.664 45 0.81 1 054.07 1.03 35.03 37.01 337.46
OP7 18.092 49 82.671 75 0.30 253.46 1.12 26.14 32.70 86.16
OP8 18.093 81 82.670 82 0.04 858.44 1.00 138.16 139.36 35.50
OP9 18.188 40 82.698 79 0.02 2 569.18 1.05 330.47 363.91 45.36
OP10 18.088 56 82.677 34 0.67 71.07 1.00 10.30 10.30 302.75
OP13 18.069 07 82.695 53 0.12 44.46 1.00 19.00 19.00 58.00
OP14 18.046 30 82.692 76 0.92 796.25 1.10 26.77 32.50 588.14
OP16 18.091 64 82.671 08 0.47 312.54 1.33 19.35 34.38 63.07
OP17 18.090 29 82.673 93 0.17 2 016.50 1.00 109.00 109.00 89.87
OP18 18.129 48 82.637 22 0.02 2 741.64 1.01 339.04 346.17 67.66
OP19 18.128 51 82.629 85 0.39 3 606.44 1.03 93.83 98.97 236.81
OP20 18.095 74 82.670 31 0.72 1 429.46 1.02 43.55 45.45 388.07
OP21 18.096 42 82.670 66 0.37 884.79 1.01 48.73 49.43 194.80
OP22 18.080 95 82.661 79 0.26 287.21 1.07 31.40 35.81 88.86
OP23 18.075 07 82.657 56 0.24 313.52 1.04 34.54 37.64 91.19
OP24 18.125 71 82.644 24 0.37 488.72 1.06 34.43 38.85 253.77
OP25 18.124 66 82.644 70 0.51 911.58 1.04 40.46 43.80 347.62
OP26 18.074 12 82.658 08 0.12 50.06 1.00 20.60 20.60 55.85
OP27 18.101 06 82.673 37 0.28 1 334.59 1.15 59.70 78.60 216.24
OP28 18.100 11 82.673 47 0.34 1 458.88 1.11 58.93 72.80 236.38
P1 18.089 17 82.587 22 0.24 1 753.82 1.09 77.37 92.75 220.16
P2 18.090 28 82.654 44 0.34 843.30 1.44 34.70 72.02 618.20
P3 18.090 56 82.638 89 0.20 3 578.89 1.03 128.81 136.29 91.52
P4 18.091 10 82.641 11 0.82 2 459.15 1.13 48.40 61.94 779.60
P5 18.091 10 82.639 44 0.62 2 244.49 1.04 57.61 62.35 458.22
P6 18.093 89 82.673 63 0.55 1 789.80 1.12 51.10 64.15 611.49
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Table 6 (continued)

VES
code

Latitude
degrees

Longitude
degrees

Longitudinal
conductance
(S)/siemens

Transverser
esistance
(T)/Ωm2

Anisotropy
(λ)

Longitudinal
resistivity
(ρl)/Ω·m

Transverse
resistivity
(ρt)/Ω·m

Aquifer
transmissivity
(Tr)/m2/d

P7 18.099 11 82.640 00 0.13 405.85 1.05 52.52 57.57 98.73
P8 18.093 89 82.654 10 0.18 231.23 1.00 36.30 36.30 86.31
P9 18.096 67 82.606 94 2.81 267.42 1.00 9.76 9.76 1 264.15
P10 18.096 67 82.590 83 2.36 194.80 1.06 8.60 9.60 1 289.37
P11 18.093 06 82.594 72 1.12 290.20 1.58 10.17 25.46 1 604.52
P12 18.093 89 82.594 44 1.39 228.20 1.17 10.94 15.03 1 232.45
P13 18.068 06 82.599 70 1.81 390.06 1.07 13.73 15.66 583.50
P14 18.084 17 82.599 17 1.06 384.34 1.09 17.55 20.69 197.08
P15 18.080 00 82.607 22 0.86 549.13 1.10 22.87 27.80 574.35
P16 18.080 28 82.606 39 1.79 128.58 1.10 7.70 9.34 225.57
P17 18.078 33 82.603 89 1.22 975.04 1.11 25.44 31.44 310.62
P18 18.079 72 82.603 61 1.36 189.98 1.00 11.80 11.80 622.27
P19 18.068 06 82.599 72 0.67 544.50 1.10 25.93 31.29 434.52
P20 18.069 17 82.606 94 0.89 753.90 1.02 28.60 29.67 372.42
P21 18.068 06 82.599 72 2.04 64.75 1.00 5.63 5.63 886.42
P22 18.096 39 82.596 67 1.68 196.67 1.22 8.86 13.19 219.43
P23 18.070 56 82.671 39 2.91 228.20 1.02 8.66 9.06 1 465.24
P24 18.071 11 82.671 94 3.84 288.95 1.02 8.51 8.83 1 890.23
P25 18.093 61 82.686 92 0.76 252.15 1.15 15.76 21.01 577.46
P26 18.093 33 82.688 89 0.73 674.97 1.29 23.65 39.22 862.81
P27 18.096 67 82.686 11 3.72 540.14 1.03 11.71 12.39 1 467.18
P28 18.097 78 82.685 56 3.73 196.24 1.02 7.10 7.41 1 865.21
P29 18.098 06 82.685 83 3.17 427.37 1.03 11.26 11.96 1 160.85
P30 18.097 78 82.686 39 4.08 360.54 1.02 9.24 9.57 1 535.85
P31 18.100 56 82.690 83 1.78 1 109.40 1.30 19.25 32.36 394.94
P32 18.099 72 82.691 11 1.12 28.11 1.00 5.02 5.02 480.38
P33 18.076 12 82.678 21 5.14 729.37 1.00 11.90 11.92 2 312.66
P34 18.081 82 82.684 10 3.03 255.62 1.15 8.01 10.53 2 241.18
P35 18.076 11 82.678 06 2.83 108.15 1.00 6.18 6.18 1 236.57
P36 18.078 61 82.676 94 2.12 73.63 1.00 5.89 5.89 923.76
P37 18.077 22 82.678 61 2.98 130.15 1.10 5.99 7.29 1 959.43
P38 18.077 22 82.678 22 5.07 1 594.02 1.22 14.59 21.57 1 168.54
P39 18.090 56 82.667 50 0.52 1 333.52 1.09 46.41 55.24 353.98
P40 18.090 28 82.666 70 0.42 254.60 1.03 23.71 25.33 252.37
P41 18.109 44 82.680 10 1.65 84.25 1.00 7.14 7.14 728.73
P42 18.110 83 82.680 18 1.55 73.94 1.00 6.91 6.91 681.29
P43 18.104 72 82.646 67 0.93 579.00 1.21 20.66 30.16 718.29
P44 18.105 00 82.647 78 0.17 325.28 1.09 39.79 47.21 135.47
P45 18.104 72 82.612 20 0.49 244.46 1.42 15.65 31.75 591.63
P46 18.105 00 82.652 22 0.47 2 948.79 1.01 78.24 79.63 223.59
P47 18.141 11 82.690 00 0.31 2 882.74 1.01 95.58 98.39 143.34
P48 18.144 40 82.690 00 0.29 396.92 1.07 34.30 39.42 201.00
P49 18.141 11 82.690 00 0.30 2 421.63 1.02 87.85 92.25 136.58
P50 18.095 28 82.672 20 0.60 1 636.82 1.01 51.50 52.77 329.02
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ranges from 5 Ω·m to 340 Ω·m. Except for a few
locations,  most  of  the  study  area  has  lower  ρl
between  5  Ω·m  and  72  Ω·m.  Higher  values  of  ρl
(>73  Ω·m)  are  observed  in  the  south,  north,  and
northeast  regions  (Fig.  5c).  The  transverse  resis-
tivity  ρt  ranges  from  5  Ω·m  to  360  Ω·m,  with
lower values (5 Ω·m to 77 Ω·m) observed for most
of  the  study  area,  and  higher  values  (>78  Ω·m)
observed in the south, north, and northeast regions
(Fig. 5d). These values suggest an inhomogeneous
and anisotropic subsurface lithology.

The  coefficient  of  anisotropy  (λ)  in  the  study
area  varies  from  1  to  1.58,  with  most  of  the  area
exhibiting  lower  values  (1  to  1.14)  and  higher
values  (>1.37)  observed  in  the  northwest  and
central  regions,  as  indicated  by  the  spatial  distri-
bution  map  of λ (Fig.  5e).  The  lower  values  of
electrical  anisotropy  suggest  the  presence  of  good
to  moderated  potentiality  of  aquifers  and  deeper
basement depth in the study area.

 3.3 Hydro-geological parameters

The  aquifer  transmissivity  (Tr)  values  in  the  pre-
sent study area range from 35.5 m2/d to 2 312 m2/d
(Table 6). A spatial distribution map of the aquifer
transmissivity  (Tr)  has  been  generated  and  shown
in Fig. 6.

The  lower  values  of Tr have  been  mostly
observed  in  the  central  part  of  the  area,  while
higher Tr values were found in the east,  southeast,

and northwestern corners. A long linear zone with
high  transmissivities  is  observed  along  the  NNE-
SSW direction towards the eastern side. Addition-
ally, a 9.6 km lineament has been identified along
this zone (Fig. 2).

Based  on  the  aquifer  transmissivity  values,  all
locations  are  classified  according  to  the  ground-
water potential classification provided by Offodile
(1983)  and  Venkateswara  et  al.  (2022)  into
categories  of  good,  moderate,  low,  very  low,  and
negligible groundwater potential (Table 7 and Fig.
7).  Out  of  the  72  groundwater  locations,  31  were
classified  as  having  good  potential,  39  as  having
moderate potential,  and 2 as having low potential.
To  better  understand  the  geomorphology  of  the
study  area,  the  classified  potential  groundwater
locations  and  lineaments  were  superimposed  on  a
recent  (16th March  2022)  Landsat-8  Satellite
image.

After analyzing the aquifer transmissivity values
and  aquifer  thickness  in  the  study  area,  it  was
observed  that  out  of  the  31  locations  classified  as
having good potential groundwater (Tr > 500 m2/d),
only the 16 of them (OP1, OP14, P4, P6, P9, P10,
P13, P23, P24, P27, P28, P29, P30, P33, P34, and
P38)  have  aquifer  thicknesses  greater  than  20  m
and  transmissivity  values  greater  than  500  m2/d.
Although  the  remaining  good  potential  ground-
water  locations  have Tr values  greater  than  500
m2/d,  they  have  less  than  20  m  thickness  of
aquifers.  Only  6  of  the  16  good  potential  ground-
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Fig. 6 Spatial distribution map of aquifer transmissivity (Tr) of the study area
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water locations (P24, P27, P29, P30, P33, and P38)
have an aquifer thickness greater than 30 m, which
makes  them  suitable  for  yielding  a  significant
quantity  of  groundwater.  The  remote  sensing ana-
lysis revealed that a long (9.6 km) lineament on the
eastern side of the study area, oriented in the NNE-
SSW direction,  is  located  in  a  pediment-pediplain
complex  zone,  characterized  by  a  good  (>30  m)
thickness  of  the  aquifer  and  deeper  basement
depth.  The analysis  of  D-Z parameters  shows that
this  portion  of  the  study  area  exhibits  high
longitudinal  conductivity  (0.7–4.9  Siemens)  and
low  electrical  anisotropy  (λ)  (1–1.14),  which  are
highly  favorable  for  groundwater  occurrence.
Based on these characteristics, drilling recommen-
dations  may  be  made  for  these  six  good  potential
groundwater locations.

The  analysis  also  revealed  that  out  of  the  39
locations  classified  as  having  moderate  potential
groundwater  (Tr:  50–500  m2/d,  only  15  of  them
(OP5,  OP14,  OP19,  OP20,  OP25,  P3,  P5,  P17,
P20,  P31,  P39,  P46,  P47,  P49,  and  P50)  have

aquifer thickness greater than 20 m. However, out
of these 15 locations,  only 3 (OP19, P5, and P46)
have  high  (>30  m)  aquifer  thickness.  These  three
locations are located along the N-S direction in the
central region. The analysis of D-Z parameters also
revealed  that  the  low  longitudinal  conductance
(0.02  Siemens  to  2.1  Siemens)  at  these  locations
indicates  that  the  aquifer  is  of  moderate  to  good
protective capacity. The anisotropy coefficient also
shows  lower  values  (1  to  1.14)  at  all  these  three
locations,  which  is  a  good  indicator  of  a  deep
basement.  Although  the  remaining  moderately
potential  groundwater  locations  have  aquifer Tr

values  of  50–500  m2/d,  they  only  have  an  aquifer
thickness of less than 20 m.

 4  Conclusion

Based  on  the  analysis  of  the  Dar-Zarrouk  and
aquifer  parameters,  a  linear  groundwater  potential
zone  (8.46  km2)  in  the  eastern  part  of  the  study
area,  extending  in  NNE-SSW  direction  along  a

Table 7 Aquifer classification based on the transmissivity values (Offodile, 1983; Venkateswara et al. 2022)

Transmissivity (Tr) /m2/d Classification of aquifers No of sounding points based on Tr value
>500 Good potential 31
50–500 Moderate potential 39
5–50 Low potential 02
0.5–5 Very low potential -
<0.5 Negligible potential -
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Fig. 7 Map of potential groundwater locations based on aquifer transmissivity values
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long lineament of 9.6 km, was identified. Of the 16
VES  locations  classified  as  good  groundwater
potential  based  on  aquifer  transmissivity  values,
six  locations  (P24,  P27,  P29,  P30,  P33,  and  P38)
exhibit  good  aquifer  thickness  (>  30  m)  and  are
recommended as excellent sources for groundwater
exploration.  The  remaining  10  locations  in  this
zone  exhibit  moderate  thickness  (20–30  m).
Aquifer  thickness  in  this  zone  is  obtained  from
sediments  derived  from  the  weathering  and  tran-
sportation of existing dissected hills. Total longitu-
dinal  conductance  values  in  this  zone  (0.7–4.9
Siemens)  reveal  that  the  aquifer  is  under  good
protective  capacity.  Additionally,  three  locations
(OP19,  P5,  and  P46)  in  the  central  region,
exhibiting high aquifer thickness (> 30 m) from the
weathering  of  rocks  are  recommended  for  drilling
bore wells. Other locations (OP14, OP20, P4, P10,
P12, P13, P15, P17, P18, P31, P46, and P50) along
streams in the western and central part of the area
exhibit  moderate  aquifer  thickness  (20–30 m)  and
can  yield  reasonable  quantities  of  water.  This
information is  beneficial  for  groundwater  explora-
tion  and  watershed  management  to  meet  the  de-
mand of the tribal people in the area.
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