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Besides the high resolution offered by HERT, the  
resistivity models obtained using different electrode 
arrays differ significantly in geological structure and 
resistivity range. We combine the apparent resistivity 
data from multiple arrays to provide single resistivity 
model of high resolution as ‘composite method’. In-
itially, the method was tested on physical model data 
obtained over horizontal marble sheet kept in water. 
The parameters of target (resistivity, geometry, thick-
ness) noticed in the resistivity model corresponding to 
composite method are appropriately matching with 
the true parameters. Finally, the method was applied 
to the data from Mahabubnagar, Telangana, India for 
groundwater studies. The resistivity model obtained 
using the proposed method has shown good match 
with regional hydro-geology and borehole data. The 
results from physical model as well as field data sug-
gest plausible resolution enhancement in composite 
methodology for resolving thin layer(s) in 2D and 3D 
electrical resistivity tomography and induced polari-
zation (IP) studies. 
 
Keywords: Electrical resistivity tomography, ground-
water, induced polarization, physical model studies, reso-
lution enhancement. 
 
DEVELOPMENT of resistivity methods, which has been 
very rapid in the last three decades through the initiation 
of super-fast computers in data acquisition and 
processing, has increased their usage in geophysical stu-
dies1–3. High-resolution electrical resistivity tomography 
(HERT) is a high-end technology in the resistivity me-
thod, which provides both lateral and depth-wise infor-
mation of the subsurface geological features in a 2D 
cross-section4–6. Over the past one decade, HERT has 
been successful in providing significant results in the  
investigation of 2D and 3D features of subsurface geolo-
gical formations. 
 Although HERT is an advanced technique, the elec-
trode arrays employed in the field procedure are the same 

as those in conventional arrays7,8. The sensitivity and res-
olution contrast between the electrode arrays play a major 
role in the selection of optimum electrode arrays for a 
specific geophysical investigation4. Researchers have also 
compared different electrode arrays using laboratory 
models and field studies9–23 to understand the depth of  
investigation and sensitivities for their optimal field  
operation. Accordingly, dipole–dipole array is more sen-
sitive to laterally extended formations, whereas the 
Schlumberger array is preferable for vertically extended 
geological formations. Thus, the selection of a proper  
array is necessary for accurately mapping the geological 
features of a region. As the subsurface formations show 
variations in their lateral and depth extents, it is not  
possible to estimate the parameters of the formation pre-
cisely using a single electrode array. 
 In multi-electrode resistivity surveys, high resolution 
can be achieved using dipole–dipole array with small  
inter-electrode spacing. However, smaller inter-electrode 
spacing reduces the depth of investigation16,24,25. In gen-
eral, Schlumberger array is more suitable for vertical 
electrical sounding because of its geometrical convenience 
for field operations. The Wenner–Schlumberger configu-
ration – a hybrid configuration of conventional Wenner 
and Schlumberger arrays, is used to map lateral and ver-
tical extensions of subsurface objects with moderate reso-
lution4. In addition, increasing the resolution by altering 
the electrode separation will have an inverse effect on 
depth of investigation25, and vice versa. The pitfalls of  
resistivity imaging in connection with resolution have  
already been reported26. Apart from the inversion method, 
a probability-based approach has also been used in 2D 
imaging to address the uncertainties in interpretation to 
certain extent27–29. 
 We noticed considerable mismatch among cross-
section images obtained using dipole–dipole, Wenner, 
Schlumberger and Wenner–Schlumberger arrays, both with 
regard to geological structure and resistivity range along 
the same profile with the same profile constants (i.e.  
inter-electrode spacing and profile length). This  
causes diversity or ambiguity in interpretation while 
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Figure 1. Pseudo depth section of two different electrode arrays (devices). 
 
 
using the cross-section images of individual configura-
tions. 
 The ambiguity is the result of difference among the 
resolution indices and depths of investigation (or pseudo 
depths) of different arrays. The data obtained along the 
same profile using different arrays tend to map different 
depths in the cross-section/pseudo section for any geolo-
gical strata. The generation of the cross-section images  
involves interpolation between the measured data levels. 
This leads to uncertainty regarding the geological struc-
ture and resistivity range observed from cross-section  
images of different arrays for the same profile. In the 
present study, we present ‘composite methodology’ to  
resolve the aforementioned ambiguity by integrating the 
data from different arrays to produce only one cross-
section image where the resolution is enhanced by mini-
mizing the interpolation. First we present the physical 
model laboratory experiment over a known marble sheet 
(length = 60 cm, breadth = 30 cm, thickness = 2 cm)  
immersed in water inside a non-conducting tank. Then we 
apply the method to field data from Mahabubnagar dis-
trict, Telangana, India, for interpreting the groundwater 
potential zones and assessing recharge characteristics  
using resistivity and induced polarization (IP) data. 

Methodology 

Theoretically, investigation depth of any electrode array 
is constant for a fixed set of profile constants within a  
region16,17,30. Different electrode arrays possess different 
investigation depths for the same profile constants. Due 
to difference in the depth of investigation of different 
electrode arrays, depth to the data levels varies and there-
by produces ambiguity both in the structure and resistivity 
range for a given geological set-up. For example, consider 
apparent resistivity data ρα(l, n) (where l = 1, 2, … , L, L 
is the length of the profile and n = 1, 2, …, N, N is the 
depth level corresponding to maximum depth) measured 
by a electrode device (dipole–dipole, Wenner, Wenner–
Schlumberger, etc.) along a profile located on the free 

surface of an inhomogeneous, isotropic resistivity struc-
ture. Each node in the pseudo section ((l, n) in the grid) 
represents the apparent resistivity (true resistivity in the 
case of inverse model) measured for a particular location 
of current and potential electrodes (Figure 1). While  
generating the 2D tomogram from the inverse model of 
the above apparent resistivity data, interpolation will take 
place between the data levels corresponding to different 
depth levels. As the depth of investigation of different  
arrays for the same profile length is different, the maxi-
mum depth in the pseudo sections also differs (Figure 
1 a). The change in interpolation boundaries thus produc-
es difference in the structure and resistivity range among 
the cross-section images obtained from different elec-
trode devices. Figure 2 a and b shows the cross-section 
images obtained from a profile using dipole–dipole and 
Wenner–Schlumberger configurations respectively. One 
can clearly notice differences in the structure and resisti-
vity range of subsurface formations in the figure. It is dif-
ficult to interpret a unique geologically consistent model 
from these images. In addition, Table 1 shows effective 
depth levels of dipole–dipole and Wenner–Schlumberger 
configurations of a 60-electrode profile with 5 m inter-
electrode spacing up to a depth of 20 m. One can notice 
that the depths to the data levels are clearly different for 
dipole–dipole and Wenner–Schlumberger arrays (Table 
1) and also within a depth of 20 m there are 15 and 10  
data levels in dipole–dipole and Wenner–Schlumberger 
array methods respectively. This demonstrates the high 
lateral resolution of dipole–dipole configuration for the 
same profile length and inter-electrode spacing. One can 
also notice that there is significant difference between the 
depth levels of these two array configurations, which 
could lead to difference in the final cross-section images 
obtained from the data. 
 Therefore, we attempt here to merge the data from dif-
ferent electrode arrays to form the composite data with 
increased data levels. For example, the composite data 
will have 25 data levels (15 from dipole–dipole and 10 
from Wenner–Schlumberger) within the 20 m depth for 
the example shown in Table 1. Thus the proposed method 
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Figure 2. Two-dimensional HERT images of (a) dipole–dipole and (b) Wenner–Schlumberger configurations. 
 
 
Table 1. Pseudo depth levels of dipole–dipole and Wenner– 
 Schlumberger arrays 

 Configuration 
 

No. of depth Dipole–dipole Wenner–Schlumberger 
levels (n) Pseudo depth (m) pseudo depth (m) 
 

 1 –2.08 –2.6 
 2 –3.49 –4.43 
 3 –4.81 –6.59 
 4 –6.1 –8.53 
 5 –7.38 –10.47 
 6 –8.65 –12.39 
 7 –9.91 –14.31 
 8 –11.18 –16.24 
 9 –12.44 –18.16 
10 –13.7 –20.08 
11 –14.95  
12 –16.21  
13 –17.47  
14 –18.72  
15 –19.98  

 
helps to (i) increase the number of data levels that  
reduces the spacing between the data levels, (ii) minimize 
interpolation and (iii) obtain single resistivity model for 
the unique interpretation. This final image obtained from 
the inversion of the merged data incorporates combined 
sensitivity and resolves the problems in estimating the 
subsurface geological features more reasonably from a 
single electrical tomogram. 
 As the resolution of HERT depends on the number of 
apparent resistivity measurements acquired from a unit 
cube of the subsurface or unit square in the pseudo depth 

section, the resolution can be increased in the composite 
cross-section because the number of apparent resistivity 
measurements is high. Hence the resolution of resistivity 
image obtained from the composite dataset is higher 
compared to that obtained from individual configurations. 
Thus the ambiguity/uncertainty can be resolved with a 
better resemblance of all the subsurface geological  
features within one cross section image with enhanced 
resolution to serve better interpretation. Theoretically,  
increase in the number of data points within unit depth 
assures the accuracy of geophysical interpretation of the 
geo-electrical layers using composite method.  

Applications and discussion 

Testing on physical model data 

We tested the proposed phenomenon using physical model 
experiments. For this, physical model data were acquired 
in a laboratory model tank31 over a known marble sheet 
(length = 60 cm, breadth = 30 cm, thickness = 2 cm) with 
the Syscal Pro-96 instrument with 48 electrodes with 
2 cm inter-electrode separation. Figure 3 a–c shows  
the cross-section images of dipole–dipole, Wenner–
Schlumberger and composite method over the marble 
sheet in the physical model tank with tap water as host  
medium respectively. The cross-section images obtained 
using dipole–dipole and Wenner–Schlumberger configu-
rations show different target thickness and continuity. 
The target is not reflected as a sheet of uniform thickness 
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Figure 3. Two-dimensional cross-section images obtained using (a) dipole–dipole, (b) Wenner–Schlumberger and (c) 
composite arrays in lab physical model over a green marble sheet (l = 60 cm, b = 30cm, t = 2 cm) at depth d = 3 cm. 

 
 
in the resistivity images of dipole–dipole and Wenner–
Schlumberger configurations. The resistivity of the marble 
sheet is close to 180 and 210 Ohm ⋅ m in the resistivity 
models of dipole–dipole and Wenner–Schlumberger  
arrays respectively. Whereas the cross section obtained 
from the composite data reflects the resistivity 
120 Ohm ⋅ m. Although the resistivity of the marble sheet 
observed in all the three models is close to wet marble re-
sistivity (100 Ohm ⋅ m), the resistivity obtained from 
composite method is very close to that of the wet marble 
resistivity. In addition, the marble layer appears as a con-
tinuous layer in the model obtained from composite site 
data. The parameters of the marble layer identified in the 
model resistivity section corresponding to composite data 
are more close to the true parameters of the marble sheet 
used in the modelling. Thus, the results from physical 
model experiment support the usage of composite  
array/mixed array for more reliable interpretation of  
resistivity cross-sections for any 2D resistivity dataset. 

Application to 2D resistivity and induced  
polarization field data 

The 2D resistivity and IP data acquired from a granite 
hard rock terrain in Mahabubnagar district, Telangana, 
were used here to identify the shallow groundwater pockets 
based on resistivity and chargeability variations32. The 
data were collected using gradient and dipole–dipole arrays 
to understand the sub-surface lateral and depthwise hete-
rogeneity in terms of resistivity and chargeability of the 
geological formation up to a depth <100 m. Figure 4 a 
and b shows the 2D inverted resistivity models from  
gradient and dipole–dipole arrays respectively. The resis-
tivity models of gradient array (Figure 4 a) and dipole–
dipole array (Figure 4 b) show layered structure with a 
gradual increase in resistivity with depth. However, the 
resistivity values show clear deviation. The true resistivity 
values observed from dipole–dipole cross-section image 
are smaller compared to gradient array. On the other 
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Figure 4. Two-dimensional inverted resistivity model from (a) gradient array data, (b) dipole–dipole array data and (c) 
composite data in a granitic hard rock area32. 

 
 

 
 

Figure 5. Mixed array 2D inverted resistivity model with changed scale of resistivity highlighting only the near-surface 
layer up to a depth of ∼20 m along with borehole location (BH). 

 
 
hand, Kumar et al.32 have also reported that the true resis-
tivities from gradient array model corresponding to  
dipole–dipole array are smaller than those from gradient 
array in the same region. Although the broad geological 
structure is the same, the observed changes in resistivity 
values do not indicate any consistent relationship. There-
fore, we have merged the datasets and processed to con-
struct a composite model (Figure 4 c). One can notice that 
the overall resistivity structure in the composite model is 
consistent with the geological regime of the region and 

also compatible with the resistivity models from indi-
vidual array data. We can identify the shallow, low-
resistivity zone with resistivity changes <150 Ohm-m in 
the near-surface layer up to ∼20 m depth (Figure 5). This 
could be the weathered shallow aquifer zone. At depth 
>20 m, the formation resistivity increases with depth, 
which is inferred as semi-weathered/massive granite. As 
the main focus here is to discuss the shallow groundwater 
zones from the conventional as well as mixed/composite 
arrays, we have modified the resistivity scale to highlight 
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Figure 6. Two-dimensional inverted model chargeability using mixed array data along the resistivity profile with  
borehole location (BH). 

 
 
changes in the near surface up to 20–25 m (Figure 5). If 
we consider the mixed array 2D resistivity model with 
changed scale highlighting only the near-surface layer up 
to a depth of ∼20 m (Figure 5), it can be clearly seen that 
the resistivity varies from <34 to 150 Ohm-m. This varia-
tion indicates weathered rock formation and moisture 
content within the conducting weathered formation com-
posed of clay particles. It can be seen that the borehole 
location is connected well with the low-resistivity water-
bearing (<50 Ohm-m) regions. The borehole drilled in the 
northeastern part of the area (BH, Figure 5) shows that 
water level fluctuates between 7.8 m and 29 m bgl during 
pre-monsoon to post-monsoon period. The borehole data 
also corroborate with resistivity variation of the weathered 
layer up to 20 m depth. The resistivity range (<50 Ohm-m) 
observed in the shallow portion of Figure 5 is within the 
range for fresh groundwater (10–100 Ohm-m), and sug-
gests water saturation in shallow weathered layer. 
 Along with the resistivity models, the 2D inverted 
chargeability model was developed to study the variations 
in electrical conductivity of the near-surface geological 
formations up to a depth of 20 m. The chargeability mod-
el shows a distinct variation in chargeability all along the 
section (Figure 5) and the variation is between close  
to zero and 7.0 mV/V, which indicates the presence of 
different conducting materials as well as availability of 
groundwater. Very low chargeability (close to zero) no-
ticed below the borehole location (Figure 6) confirms the 
presence of water bearing weathered aquifer. The effect 
of conducting minerals and rock materials is clearly seen 
up to a depth of 20 m (Figure 6). 

Conclusion 

The composite method, in which the apparent resistivity 
data from different electrode arrays were combined and 
inverted to produce a single resistivity model of the sub-
surface, brings out  both lateral and depth wise resolution 
with optimal sensitivity and resolves the uncertainty in 
interpretation that arises due to the mismatch of resistivity 

models obtained using individual electrode arrays. From 
the physical model example, it is clear that the cross-
sections obtained from the composite dataset reflect the 
true target parameters. The target thickness estimation in 
case of thin resistive formations like marble sheets is also 
more appropriate in the composite model. As the compo-
site data provide additional information about thin layers 
present in the subsurface than the individual arrays, this 
method is highly useful and sensitive for studying thin 
layers. The success of the borehole identified from the 
composite model of resistivity and chargeability of field 
data suggests the merit of the composite method. This 
procedure is applicable in 2D and 3D resistivity and IP 
studies to answer various geophysical and environmental 
problems. 
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