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Eight parallel two-dimensional (2D) geo-electrical  
resistivity profiles were generated in hard-rock 
(Pulivendla) area of Andhra Pradesh, India using a 
Lund imaging multi-electrode system adopting Wen-
ner array. The aim of the survey was to experiment-
tally evaluate the effectiveness of using parallel  
2D profiles for three-dimensional (3D) geo-electrical  
resistivity imaging for better understanding of aquifer 
geometry and its characteristics. The observed 2D  
apparent resistivity data were independently inverted, 
and then collated to 3D data set. The inversion of the 
resulting 3D data set was carried out using a full 3D 

inversion code. The 3D inverse model of resistivity 
images obtained are presented as horizontal depth 
slices. The 2D images extracted from 3D inverse models 
showed no distortions that are observed in 2D models 
obtained by 2D inversion. The 3D inverse model resis-
tivity appears to be more realistic, considering the 
hydrogeology of the area. The unusually high resistiv-
ity values observed in the 2D inverse models were not 
observed in the 3D inverse models. The very low near-
surface inverse model resistivity observed is thought 
to be structurally influenced. The results, which are 
consistent with numerical evaluation, show that high 
resolution 3D geoelectrical resistivity imaging can be 
successfully conducted using parallel 2D profiles if 
appropriate survey parameters are carefully chosen. 

 

Keywords: Field evaluation, 2D and 3D imaging, 3D 

inversion, parallel 2D profiles, resistivity survey. 

 

GEOELECTRICAL resistivity imaging has been used to  

address a wide variety of hydrological, environmental 

and engineering problems. Subsurface geology in many 

hydrological, environmental and engineering sites is often 

subtly heterogeneous and on multi-scale, such that the 

variations of the subsurface properties can be very rapid 

and erratic. Two-dimensional (2D) geo-electrical resisti-

vity imaging is often used to investigate areas with such 

complex subsurface geology
1–5

. In 2D resistivity surveys, 

subsurface resistivity is usually assumed to vary verti-

cally with depth and laterally along the profile, but  

constant in the direction perpendicular to the profile. 

However, subsurface features are inherently three-

dimensional (3D). Thus, the 2D assumption is commonly 

violated. The violation of the 2D assumption often leads 

to out-of-plane resistivity anomaly in the 2D inverse 

models and this could be misleading in the interpretation 

of subsurface features
6,7

. Thus, a 3D geo-electrical resis-

tivity imaging which allows resistivity variation in all 

possible directions should give more accurate and reliable 

inverse models of the subsurface resistivity. 3D geo-

electrical resistivity imaging can be used to characterize 

the heterogeneity of aquifer system, which allows for bet-

ter understanding of groundwater flow and management. 

In addition, 3D geo-electrical resistivity imaging can be 

used to plan monitoring of groundwater flow at the sites 

of more focused studies, such as, nuclear installations, 

landfill sites and waste disposal sites which often requires 

3D definition of the aquifer geometry and characteriza-

tion. It has also been used in archaeological studies, 

treasure hunt, detection of underground leakages, etc. 

 The techniques for conducting 3D resistivity surveys 

have been presented by Loke and Barker
8
. Square and 

rectangular grids of electrodes with constant electrode 

spacing in both x- and y-directions are commonly used
8–12

. 

Each electrode in the grid is in turn used as the current 

electrode while the potential difference is measured at all 

other electrode positions. However these techniques, 
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which allow the measurements of complete 3D data sets, 

are usually impractical due to the large length of cables 

and the number of electrodes, as also the site geometry 

one commonly faces in most practical surveys. For a sur-

vey involving large grids of electrodes, the number of 

possible electrode permutations for the measurements 

will be very large. Thus, the measurement of complete 

3D data sets using the square or rectangular grids of elec-

trodes is time-consuming and cumbersome. 

 Several surveying techniques have been adopted to re-

duce the number of data measurements as well as the 

time and effort required for 3D geoelectrical resistivity 

field surveys. These techniques include cross-diagonal 

surveying technique that allows resistivity measurements 

to be made only at the electrodes along the x-axis, y-axis 

and 45-degrees diagonal lines
8
, orthogonal 2D surveying 

technique
5–7,13

 in which apparent resistivity measure-

ments of orthogonal 2D lines are collated to 3D data set, 

and parallel 2D surveying techniques that allows the  

collation of apparent resistivity measurements made in 

parallel 2D profiles to 3D data set
14,15

. 

 The orthogonal and parallel 2D surveying techniques, 

which allow flexible survey design, choice of array and 

easy adaptability to data acquisition systems, requires 

that appropriate inter-line spacing between the 2D  

 

 

 
 

Figure 1. Geological map of Cuddapah basin22 showing the study ar-
ea near Pulivendla. 

profiles be chosen to obtain high resolution 3D resistivity 

images. Numerical evaluation of the parallel 2D resistivity 

techniques shows that the technique is efficient, cost-

effective and fast for 3D resistivity surveys, especially in 

areas with complex subsurface geology
14,15

. The main  

objective of the present study is experimental evaluation 

of the practicability and effectiveness of using parallel set 

of 2D profiles for 3D geoelectrical resistivity imaging. 

The survey has been conducted in a hard rock area near 

Pulivendla, Andhra Pradesh, Southern India (14.4167 N, 

78.2333 E). The study also aimed at determining the soil 

salinity of the site and its impact on the shallow ground-

water system. 

 In the area of study, the Proterozoic Cuddapah Super-

group overlies Archean Crystalline rock basement
16

. The 

rocks of the Cuddapah Supergroup overlie the basement 

with strong angular unconformity. The Cuddapah Super-

group (Figure 1) consists of weakly metamorphosed 

sandstones, shale, dolomite and limestones which are the 

main rock
17

. They occur in a dissected plateau with paral-

lel ridges. 

 The general climate of the region is semi-arid. The 

temperature gradually rises from January and reaches its 

maximum (42 C) in April and decreases gradually from 

May and reaches a minimum in December (20 C). Rela-

tive humidity shows that seasonal variations generally 

fluctuate with rainfall and temperature apart from the di-

urnal variations. The relative humidity is higher (57–75) 

during monsoon and winter as a result of the increase in 

rainfall and decrease in temperature. Similarly, relative 

humidity is less in summer due to the combined effect of 

high temperature and precipitation. Average annual rain-

fall is 703 mm, with the range from 501 to 1064 mm. 

 

 

 
 

Figure 2. Geoelectrical resistivity survey plan showing the locations 
of 2D traverses. 
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Figure 3. 2D smoothness constrained inverse model resistivity sections and measured apparent resistivity  pseudosec-
tions for: (a) Traverse 1; (b) Traverse 2; (c) Traverse 3. 

 

 

Usually, the region receives its first pre-monsoon show-

ers in May; however, the occurrence of this event is  

erratic. The intensity and amount of rainfall is unpredict-

able during the southwest monsoon period (June to Sep-

tember); and the highest rainfall occurs during the 

northeast monsoon period (October and November). The 

period between January and May is the main dry season 

and receives some rainfall due to convections or winter 

cyclonic disturbances. 

 Groundwater occurs in all the geological formations in 

the basin. The occurrence and behaviour of groundwater 

is controlled by geological, structural and climatological 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 105, NO. 4, 25 AUGUST 2013 507 

factors, which together influence the groundwater dy-

namic system. Two main groups of rocks, from the 

groundwater point of view, are known in the basin. These 

are the consolidated rocks comprising quartzites, shales, 

limestones, granites and granite gneisses; and the uncon-

solidated formations consisting of alluvium. The aquifer 

system in consolidated rocks is highly disconnected and 

varies widely. Groundwater occurs under water table 

conditions in weathered portion of the formation and 

thickness of the weathered profile is about 10 m below 

ground level
18

. 

 Eight parallel 2D geo-electrical resistivity profiles 

(Figure 2) were conducted in February (post-monsoon) 

using SAS1000 Lund imaging multi-electrode system 

which has one input channel. The survey was conducted 

using a layout of 41 electrodes at 2.0 m spacing (Figure 

2), giving a total length of 80.0 m for each of the 2D pro-

files which were oriented in S50 E–N50 W direction.  

Inter-line spacing of 10.0 m (five times the minimum 

electrode separation) between each of the 2D profiles was 

used in the survey; thus giving electrode grid size of 

41  8 with a total survey area of 80 m  70 m, corre-

sponding to 41 electrodes in the x-direction and 8 elec-

trodes in the y-direction respectively. The survey area 

was more or less flat with a maximum elevation differ-

ence of less than 0.1 m; hence elevation corrections were 

not incorporated to the field measurements. 

 The conventional Wenner array was used for data col-

lection in all 2D profiles. Two cables, each with 21 elec-

trode take-outs were used for the survey; the last 

electrode take-out of the first cable and the first electrode 

take-out of the second cable were overlapped at the mid-

point of each survey line. The cables were connected to 

an automated electrode selector which scanned all the 

electrodes to ensure that they were all connected to the 

electrode cables and had good contact with the ground. 

Electrode positions were watered so as to ensure good 

contact between the ground and electrodes. The apparent 

resistivity readings were written on the disk file in the 

imaging system and were then transferred to an external 

PC after field observations. A total of 190 datum points 

were read in each of the 2D profiles. 

 The observed apparent resistivity data for each of the 

2D profiles were processed with RES2DINV computer 

code
8
. The RES2DINV computer program uses a nonlin-

ear optimization technique which automatically deter-

mines a 2D resistivity model of the subsurface for the 

input apparent resistivity data
1,8

. The program divides the 

subsurface into a number of rectangular blocks according 

to the spread of the observed data. Least-squares inver-

sion with standard least-squares constraint which attempt 

to minimize the square of the difference between the  

observed and the calculated apparent resistivity values 

was used to invert all the 2D traverses. Smoothness con-

straint was applied to the model perturbation vector only 

and appropriate damping factors were selected using trial 

and error methods. Apparent resistivity datum points with 

greater than 50% root mean square (RMS) errors were 

eliminated from the 2D data set before final inversion. 

The inverted model sections and measured apparent resis-

tivity pseudosections for the 2D profiles are given in  

Figures 3 to 5. 

 The observed apparent resistivity data for the eight 

parallel 2D profiles were then collated to 3D data set,  

after isolating datum points with RMS error greater than 

50% from the individual 2D data set. The 2D data sets 

were collated on a 3D grid of 41  8 electrodes with a 

density of 1520 data points. The 3D grid corresponds to a 

separation of 2 m on the x-axis and 10 m on the y-axis, 

since the profiles were separated by inter-line spacing of 

five times the minimum electrode spacing. The inversion 

of the 3D data set collated was carried out using 

RES3DINV, a full 3D inversion code, which automati-

cally determines a 3D inverse model of resistivity distr i-

bution using apparent resistivity data obtained from a 3D 

resistivity imaging survey
9,19

. The process of inversion 

involves consideration subsurface layer as number of 

small rectangular prism. The resistivity values of these 

prisms are determined so as to minimize the difference 

between calculated and observed apparent resistivity  

values. Ideally, the electrodes used for such a survey are 

arranged in squares or rectangular grids. The inversion 

routine used by the RES3DINV program is based on the 

smoothness constrained least-squares method
20,21

, as in 

RES2DINV for 2D inversion, though a robust inversion 

can also be implemented. The program allows users to 

adjust the damping factor and the flatness filters in the 

equation below to suit the data set being inverted. 
 

 T T T T{ ( )} ,x x z zJ J f f f f d J g  (1) 

 

where fx is the horizontal flatness, fz the vertical flatness, 

 the damping factor, J the Jacobian matrix of partial  

derivatives, d the model perturbation vector, g the dis-

crepancy vector which contains the differences between 

the logarithms of the measured and calculated apparent 

resistivity values, and J
T
 is the transpose of J.  

 The smoothness constrained least-squares inversion 

method implementing the finite difference method was 

used in inverting the data. Initial damping factor of 0.15 

and a minimum damping factor of 0.011, and standard 

Gauss–Newton optimization method were used in the  

inversion. After each iterating process, the inversion sub-

routine generally reduced the damping factor used; a 

minimum limit (one-tenth of the value of the initial 

damping factor used) was set to stabilize the inversion 

process. The damping factor was increased by a factor of 

1.050 for each deeper layer and optimized so as to reduce 

the number of iterations the inversion code required for 

convergence. In order to determine the 3D distribution of 

the model resistivity values from the distribution of 
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Figure 4. 2D smoothness constrained inverse model resistivity sections and measured apparent resistivity pseudosec-
tions for: (a) Traverse 4; (b) Traverse 5; (c) Traverse 6. 

 

 

apparent resistivity values, the subsurface was subdivided 

into a number of small rectangular blocks. 

 The program defunct for the first layer thickness based 

on the maximum depth of investigation of the array was 

used and was increased by 1.15 (15%) for subsequent 

layers since resolution decreases with depth. Homogene-

ous earth model was used as the initial model for inver-

sion. Also, four-nodes were used between adjacent 

electrodes in the finite difference so as to significantly 

increase the accuracy of the 3D inversion model. Poten-

tial values were normalized during the inversion. The  

inversion converged with a RMS error of 14.0% after five 

iterations. The 3D inversion models are presented as 

horizontal depth slices in Figure 6 and 2D images 



RESEARCH COMMUNICATIONS 
 

CURRENT SCIENCE, VOL. 105, NO. 4, 25 AUGUST 2013 509 

 
 

Figure 5. 2D smoothness constrained inverse model resistivity sections and measured apparent resistivity pseudosec-
tions for: (a) Traverse 7; (b) Traverse 8. 

 
 

extracted from the 3D inversion models, which are com-

pared directly with the 2D inversion models, are pre-

sented in Figure 7. 

 The 2D inverse resistivity models presented in Figures 

3 to 5 generally show low model resistivity values that 

range from a minimum of about 2 m to a maximum of 

about 150 m. There is a reasonable agreement and cor-

relation of the inverse model resistivity sections among 

all the 2D profiles presented. The top soil is characterized 

with very low model resistivity values ranging from 

about 2 to 8 m with a model layer thickness of about 

1.5 m. This high conductivity layer is largely composed 

of loamy silt with increased salinity due to the application 

of fertilizers on the soil for crop cultivation and alteration 

of the soil density due to tillage. A relatively higher resis-

tive layer corresponding to fractured shale (Rangarajan, 

R., pers. commun., 2013) underlies the top soil with  

inverse model resistivity values ranging from about 

65 m to 150 m. The high resistivity of more than 

100 m as observed in traverse 2 and 3 seems to be more 

than expected. The maximum depth of investigation for 

the 2D inverse models is 12.5 m on an average. 

 The 3D inverse model resistivity images obtained  

are presented as horizontal depth slices in Figure 6. The  

inverse model resistivity values range from a minimum of 

about 21 m, which is consistent with that obtained from 

the 2D inverse models, to a maximum of about 75 m. 

The inverse model resistivity observed in the 3D inver-

sion indicates that the abnormally high model resistivity 

values observed in the 2D inversion images has been 

eliminated. The study area is occupied by weathered zone 

underlain by fractured shale (Rangarajan, R., pers.  

commun., 2013). The abnormally high inverse model resi-

stivity in the 2D inversion images are thought to be out-

of-plane resistivity anomaly in the 2D inverse models. 

This may be due to the violation of the 2D assumption in 

characterizing 3D effects on the resulting 2D inverse 

model images
6,7

. The effective depth of investigation, as 

observed in the 3D inverse models, is greater than 13.7 m 

which is higher than that attained in the 2D inversion of 

the collated profiles. The observed 3D inverse model  

images suggest that the very low near-surface inverse 

model resistivity in the study area may be principally due 

to the near-surface lithology other than increased salinity. 
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Figure 6. Horizontal depth slices obtained from the 3D inversion of eight parallel 2D profiles using smoothness constrained least-squares 
inversion, Pulivendla, India. 

 
 

 
 

Figure 7. Extracted 2D vertical x–z slices from the 3D inversion models shown above (smoothness constrained least-squares method). 
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 The high RMS error of 14.0% observed in the 3D  

inversion model is partly attributed to the differences in 

the error characteristics of the parallel 2D data sets col-

lated to the 3D data set on the one hand. The combination 

of the different error characteristics of the 2D data sets 

can complicate the error characteristic of the resulting 3D 

data set. Other factors that may be responsible for the 

high RMS error in the 3D inverse model include the  

inter-line spacing relative to the 2D profiles to the mini-

mum electrode separation used for the survey as well as 

the 3D inversion code used for data inversion. The inver-

sion code is specifically designed for 3D data acquired 

using square or rectangular grid of electrodes. The RMS 

error can be greatly reduced if the inter-line spacing rela-

tive to the minimum electrode separation is reduced as 

this will increase the data density in the 3D data set, and 

consequently increase inverse model resolution. 

 The 2D images in the x–z plane extracted from the 3D 

inversion models, where x is the direction of the 2D pro-

files and z is depth, are shown in Figure 7. These 2D  

images are extracted at the mid-point between two adja-

cent 2D profiles so that the inverse model results can be 

directly compared. A direct comparison between the ob-

served 2D inverse models and the extracted 2D inverse 

models shows that the 3D inverse model resistivity is 

more realistic and contains fewer artefacts than the  

inverse model resistivity obtained in the 2D inversion of 

the same data set. The 2D model images extracted from 

3D inverse models show evidence of vertical structures 

with high resistivity anomaly in the investigated site, and 

this could not be easily inferred from the 2D inversion 

images for the same data set. This may be due to the  

inability of 2D imaging to effectively map 3D features. 

Thus, 3D geoelectrical resistivity imaging/inversion is 

superior to the conventional 2D imaging/inversion, espe-

cially in complex heterogeneous subsurface. 

 The effects of grid orientation in the 3D inversion im-

ages obtained are minimal, suggesting that 3D geoelectri-

cal resistivity survey in which the 3D data set is collated 

from closely spaced parallel 2D profiles can produce 

good quality and high resolution 3D images. The 3D 

geoelectrical resistivity inverse models obtained in this 

study are considered reasonable and realistic. These re-

sults agree largely with the ones obtained from numerical 

evaluation of 3D data acquisitions using parallel 2D pro-

files
14,15

. Although inter-line spacing of five times the 

minimum electrode spacing between the parallel 2D pro-

files was used for this study, results obtained from nu-

merical evaluation indicate that, the inter-line spacing of 

four times the minimum electrode spacing or less would 

yield good quality and high resolution 3D inversion mod-

els
14,15

. Larger inter-line spacing relative to the minimum 

electrode separation would produce 3D inversion models 

that are prone to near-surface artefacts and grid orienta-

tion effects and could be misleading for interpretation. 

The inter-line spacing relative to the minimum electrode 

separation should be as small as possible within practical 

limits; ideally, it should be equal to the minimum elec-

trode spacing. This is often not practicable due to the cost 

of the survey and the desire to speed up field procedures. 

Thus, good quality and high resolution 3D geoelectrical 

resistivity imaging can be successfully conducted using 

parallel 2D profiles if appropriate inter-line spacing rela-

tive to the minimum electrode separation is carefully  

chosen. 

 A 3D geoelectrical resistivity imaging has been suc-

cessfully conducted by collating apparent resistivity data 

of parallel 2D profiles to a 3D data set. The 3D data set 

collated was successfully inverted using RES3DINV 

computer program, which is a full 3D inversion code  

designed for 3D data set collected using a square or rec-

tangular grid of electrodes. The unusually high inverse 

model resistivity values observed in the 2D models are 

not observed in the 3D inverse models. These abnormally 

high resistivity values in the 2D inverse models are  

attributed to 3D effects of subsurface features on the 2D 

data sets. The very low surface inverse resistivity models 

in the near-surface are thought to be mainly due to the 

near-surface lithology. The effect of increased salinity 

and tillage on the resistivity models and the consequent 

impacts on the shallow groundwater system is therefore 

minimal. 

 Thus, good quality and high resolution 3D geo-electrical 

resistivity imaging can be successfully conducted using 

parallel 2D profiles if appropriate inter-line spacing rela-

tive to the minimum electrode separation is carefully  

chosen. Ideally, the inter-line spacing should be equal to 

the minimum electrode separation; but this may not be 

practicable due to cost and time required for the survey. 

A compromise is often made between speed and resolu-

tion. The smaller the inter-line spacing relative to the 

minimum electrode separation between the parallel 2D 

profiles, the better the quality and resolution of the 3D 

model inversion images that would be obtained. Hence, 

the acquisition of 3D geoelectrical resistivity data using 

parallel 2D profiles is fast, efficient and cost-effective, 

and can yield high resolution 3D inverse models if appro-

priate survey parameters are used.  
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Quantification of gas hydrate and  

free gas in the Andaman offshore  

from downhole data 
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Under Expedition-01 of Indian National Gas Hydrate 
Programme (NGHP Exp-01), drilling/coring was done 
in 2006 at one site in the Andaman Sea, where the 
base of gas hydrate stability, coinciding with the bot-
tom simulating reflector (BSR) on seismic section, was 
observed at 610 m below sea floor (mbsf) with water 
depth of 1344 m. We estimate the saturation of gas 
hydrate and free gas by applying rock physics theories 
to downhole sonic velocity, and compare the results 
with the resistivity and chlorinity data. The result 
matches well with the pressure core data. Although 
the average saturation of gas hydrate is only 5% of 
pore volume (or 3% of sediment volume), the total 
amount of gas in the form of gas hydrate is about 
1570.8 cubic metre within the sedimentary column of 
308 m above the BSR. The average concentration of 
free gas is estimated as ~

 
1.4% of the pore volume 

within the sedimentary column of 80 m below the BSR. 

 

Keywords: National Gas Hydrate Programme, quanti-

fication, rock physics. 

 

ONE of the world’s deepest and thickest gas hydrate-

bearing zone was identified on the seismic data
1
. Drilling 

and coring were carried out at one site in the Andaman 

Sea during Expedition 01 of the Indian National Gas  

Hydrate Programme (NGHP Exp-01) for validating the 

ground truth of gas hydrate as inferred from seismic  

data (Figure 1). The Site NGHP-01-17 is located at 

10 45.1912 N, 93 6.7365 E in the Andaman Sea, where 

coring along with wire line sonic, gamma ray, density and 

resistivity logging were carried out through sediments up 

to 691.6 m below the sea floor (mbsf) with water depth  

of ~
 
1344 m (ref. 1). Very low geothermal gradient 

(19  2 C per km) and high rate of sedimentation 

(~
 
5.6 cm/kyr) led to thick gas hydrate zone in this area. 

The infrared (IR) thermal and porewater Cl
–
 anomalies at 

site 17 indicate gas hydrate within the ash-rich sediments 

between 250 to 608 mbsf where the bottom stimulating 

reflector (BSR), representing the base of gas hydrate sta-

bility field, has been observed on seismic section along a 

line passing through site 17 (ref. 1). Due to bad hole con-

dition, good quality sonic velocity is available from 

~
 
300 mbsf, which has been used here to estimate the 

saturation of gas hydrate and free gas across the BSR. We 
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