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39th Annual Convention and Seminar on Exploration Geophysics
5 - 7th October, 2017, Banaras Hindu University (BHU),Varanasi, India.
The Association of Exploration Geophysicists (AEG), is organizing its 39th Annual Convention
and Seminar on Exploration Geophysics during 5-7th October, 2017 at Banaras Hindu University,
(BHU), Varanasi, India. The Association has successfully conducted 38 annual meetings and seminars
with themes of topical interest and national importance. AEG seminars are organized in different
parts of India to enthuse and involve geoscientists from various geoscience organizations, academic
experts from universities and IIT’s, practitioners, geoscience service providers and Industry experts
and bring them to a common platform. The seminar is expected to attract geoscientists from India
and abroad who will be presenting technical papers on the state of art practices in geosciences. This
seminar will be of immense value to professional geoscientists, industrial planners, investors,
engineering geologists and research scholars of geosciences. The seminar serves as a unique
interdisciplinary platform for the delegates to enjoy a broad spectrum of geology, geophysics and
related technologies in the technical sessions, poster sessions and exhibition.

Call for Papers
Papers are invited from the participating delegates as per the guidelines of Journal of Geophysics.
The number of papers for the seminar is restricted to 50 Oral presentations. Authors are requested
to send the Abstracts by 1st July, 2017. Acceptance of the abstracts will be communicated by 15th
July, 2017. Authors are requested to submit the full paper before 1st September, 2017. Only those
papers which are received before 1st September, 2017 will be considered for presentation in the
seminar. Original scientific contributions are encouraged and invited. Authors are requested to
send the text of the abstract in MS Word by email to aegindiageophysics@yahoo.com.
Communication regarding acceptance of the papers for oral/poster presentation will be sent to the
authors before 15th September, 2017.

Exhibition
An exposition highlighting state of the art techniques, geophysical and allied instruments, service
and products of national and international vendors and geoscience software will be organised
coinciding with the seminar. The exhibition will enable the delegates to gain a comprehensive
overview of the products and services available as well as an opportunity to discuss the latest
developments with representatives from the major companies serving the needs of the exploration
industry. Exhibits are expected to span all the sectors of the exploration industry - petroleum, minerals,
coal, groundwater, engineering and environment. A wide range of publications of AEG and other
institutions will also be exhibited. Exhibitors may contact the AEG to book their exhibition stalls.
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EDITOR’S PAGE
With great pleasure and satisfaction, Association of Exploration Geophysicists (AEG) forwards the
Vol.XXXVIII No.2 April-June, 2017 issue of the Journal of Geophysics (JOG) to all its members and
patrons.
A brief summary on the research contributions in this volume of the journal is given below.
Multi-parameter geophysical surveys conducted in Bayyaram area of Pakhal basin indicated
anomalous zones for occurrence of iron ore and Rare Earth Elements. In the technical paper on
“Multi-Parametric Geophysical Techniques for Iron Ore in Bayyaram area, Pakhal Basin,
Telangana”, M.Mohan Babu et al., highlighted the results of magnetic, Resistivity and Induced
Polarization (IP) surveys. The magnetic data indicated strong anomalies over the BIF associated with
the schistose rocks and granite gneisses while the Resistivity and IP surveys brought out favourable
locale for occurrence of iron bearing quartzite. Multi-parametric geophysical logging revealed high
incidence of Thorium and Rare Earth Elements in Mallampalli quartzites in Irsulapuram and Bayyaram
Gutta blocks.
Indresh Kumar et al., in their article “Inductive Induced Polarization effect in Transient
Electomnagnetic Surveys for Mapping Silphide Rich Zones - A Case strudy from Gurulpada Area,
Singhbhum Shear Zone, Jharkhand”, discussed the results of time domain electromagnetic (TEM)
survey and Induced Polarization (IP) surveys carried out in Gurulpada area, Singhbhum Shear zone,
Jharkhand. In Gurulpada area, chlorite-quartz schist of Chaibasa Formation exhibited sign reversal in
in-loop TEM data at three sounding locations which is attributed to the cumulative polarizability of
the chlorite-quartz schist with sparsely disseminated sulphide and magnetite grains. The IP effect in
the inductive method of Transient Electromagnetic (TEM) is utilized to solve the problem of
differentiating the signals due to highly concentrated sulphide zones from pervasive and disseminated
sulphide zones. The results obtained from the analysis of TEM data were further validated with the
borehole data.
In the technical paper on “Delineating Subsurface Structures using Curvature Analysis of Gravity
Data in parts of Thrust-fold Belt Area of Assam-Arakan Basin in Mizoram State, North Eastern
India”, G. K. Ghosh et al., highlighted the role of gravity data in deciphering subsurface structural
information as an aid in Hydrocarbon exploration. In their study, numerous curvature attributes are
analysed for the identification of fracture and lineament. The attributes, maximum curvature, minimum
curvature and mean curvature indicated the geomorphological distribution. The major faults, Thenzwal
fault and penzwal faults and associated detailed structures are clearly demarcated from the curvature
attributes.
Aditya Pratap Singh Parihar and A. K. Rastogi et al., in their article “Role of Proxysimulators in
Groundwater Simulation Optimisation”, describe the role of proxy simulators in designing an optimal
pumping policy for a heterogeneous anisotropic confined aquifer. Finite element (FEM) based simulation
coupled with differential evolution (DE) based optimisation model was adopted in their study. The
complexity of the model was further reduced by replacing FEM simulation model with artificial
neural network (ANN) and support vector machines (SVM) proxy simulators. The study indicated that
simulation optimization using the proxy simulators produced reliable results which have been cross
examined with finite element based simulation optimization solution.

S. Kar and R. K. Majumdar in their article “Arsenic Distribution and Contamination Study in
some parts of South 24 Parganas District and Adjoining Areas, West Bengal using Geoelectric and
Geochemical Methods” proposed a 2D Arsenic Distribution model using borehole lithologic data,
interpreted Vertical Electrical Sounding (VES) results and arsenic contamination at different depth
level from the tube wells. The study suggests that the arsenic contamination is mainly restricted within
micacious fine gray sand horizon with less gravel, a probable Paleochannel zone. The VES data indicate
an impermeable clay layer which is interpreted to be a Paleosol horizon. The paleosol was found to be
truncated at depth and probably control the arsenic distribution in the immediate underlying subsurface
layer. The paleochannel region has significant arsenic contamination in comparison to paleointerfluve
zone where arsenic contamination is nil due to the presence of paleosol. The 2D Arsenic Distribution
model can be utilized for arsenic contamination study in an unexplored area of similar geological
environment.
In their article “Semi-quantitative Estimation of Heavy Mineral Content of Sand Samples by Magnetic
Susceptibility Measurements – A Case Study from South Gujarat Coast”, Indrajit Patra et al., presented
a case study from South Gujarat Coast for semi-quantitative estimation of total heavy mineral grade
indirectly from the magnetic susceptibility measurement on sand samples. Magnetic susceptibility in
the sand body is mainly contributed by magnetite, ilmenite and ferromagnesian minerals, the major
constituents of provenance dominated by Deccan Traps. The simple, rapid and inexpensive method
proposed can be used to scan large number of samples in short time and help in delineating important
heavy mineral bearing pockets for further detailed investigations.

V.P.Dimri
A.K.Chaturvedi
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Multi-Parametric Geophysical Techniques for Iron ore in Bayyaram Area,
Pakhal Basin, Telangana
M. Mohan Babu, D. Vijayakumar, W. Dinesh Singh, M. Pradeep Kumar and
R. Ananda Reddy
Geological Survey of India, Southern Region, Hyderabad

Abstract
Multi-parameter geophysical techniques were carried out in Bayyaram area along the western contact of Pakhal
basin with rocks of Khammam group and PGC. Based on characteristic Magnetic, Resistivity, Induced Polarisation
(Dipole-Dipole array), Radiometric signatures and multi-parametric Geophysicl Logging techniques, a few anomolous
zones were identified for occurrence of Iron ore. This paper also illustrates first reporting of high incidence of Thorium
and Rare Earth Elements in Mallampalli quartzites in Irsulapuram and Bayyaram Gutta blocks.
Based on the intensity of the magnetic anomaly pattern, geological inferences could be made in the form of
strong bipolar magnetic anomalies recorded over BIF associated with schistose rocks, high dominant magnetic
anomalies over granite gneisses belonging to PGC and moderate magnetic signatures over Haematite bearing
Quartizes (BHQ) in Bayyaram area trending in NW-SE direction. Close spaced Resistivity and IP techniques
helped in delineating the BHQ bands, their strike and depth continuity in the form of low resistivity, high
chargeability associated with moderate magnetic signatures.
Simultaneously, multi-parametric geophysical logging revealed high incidence of natural gamma counts of 2000
to 8000 API units recorded in Borehole No. TSBY-4 in Irsulapuram block. Radiometric surveys has brought out
Total Count values ranging from 0 - 1,350 ppm, Thorium: 0 - 3,305 and Uranium: 0 - 109 ppm over a strike length
of 2 km having a width of 200m in Irsulapuram block and Total Count values ranging from 37 - 1,630 ppm, Thorium:
80 - 3,837 ppm and Uranium: 4 - 73 ppm in Bayyaram Gutta area, over pebbly / basal quartzites.
Geochemical analysis of core samples from 18.5 to 47m depth indicated high Thorium values ranging from 43
ppm to 1,992 ppm and ΣLREE values from 239 to 8,395 ppm while ΣHREE is 47 ppm to 286 ppm. La, Ce, Pr and
Nd are the dominant REEs in the samples. The samples are high in Zr that ranges from 115 ppm to 2,183 ppm.
Keywords: Pakhal basin, Iron ore, Magnetic, Resistivity, Induced Polarisation, Geophysical Logging, Rare Earth Elements.

Introduction
The southeastern part of the Pakhal basin has drawn
considerable attention because of its metamorphic,
deformational history and also for its mineral wealth.
The Bayyaram Iron-ore belt situated between
Sripuram in the south of Khammam district to
Kottagudem in the north of Warangal district, Telangana.
which is an important prospect within the Pakhal
Basin. It extends in a NNW-SSE direction over a strike
length of 50 km along the western contact of Pakhal
Basin with the rocks of the Khammam Group and Peninsular
Gneissic Complex. The hill Δ1905’ about 5 km. north of
Bayyaram, contains two bands of high grade iron-ore, with
an average thickness of 6m and 15m respectively. Along
the northern flank of the hill, iron ore occur as high and
low grade float ore. Detrital iron-ore occurs near
Ramagundala and hematite bearing quartzite as seen in
the Mottla-Timmapur area.

The area south of Pakhal lake is continuously been
mapped by the Geological Survey of India with various
objectives. Appavadhanulu (1960) and Rao & Appavadhanulu (1964) carried out preliminary survey for iron ore
bands and concluded that iron ore content within Pakhals
varies from 35 % to 65% with high grade hematite
concentrations of up to 55% in and around Bayyaram, Motla
Timmapur and Nilvancha areas and estimated iron ore
reserve (visually) mainly of haematite of all grades as 11 million
tonnes. He also reported low grade ore of 40 million tonnes
(22% to 28%of iron content) within banded haematitemagnetite quartzite, which forms as linear bands within PGC.
Drilling was carried out in the upper Bayyaram Gutta by
Sarma et al., (1974), DMG, Govt. of AP, estimated a reserve
of 2.22 million tones of iron ore of less than 55% grade, 0.71
million tones of 55-60% grade and 0.34 million tones of +60%
grade. This paper also gives first account of high incidence
of Thorium and Rare Earth Elements in Mallampali
quartzites in Irsulapurm and Bayyaram Gutta blocks.
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Fig. 1. Geological Map of Bayyaram area (part of Toposheet No. 65C/2), Khammam &
Warangal districts, Telangana
age intruded by dolerite and amphibolites. They
Geology
unconformably overlie by Phakhal Supergroup of
The Pakhal Supergroup consists of Bollapalli, Bayyaram sediments consisting of shales, slates and phyllites with
and Pandikunta Formations of Mallampalli Group which intercalated bands of limestone and hematite bodies. The
are overlain by the Jakaram, Polavaram, Pattipalli and width of iron ore bands as found in boreholes ranged from
Laknavaram Formations of the Mulug Group. The rock types 15 to 40m. Several small discontinuous bodies of limonite
and goethite are also found, which are associated with shale,
met within the area are classified as:
dolomite, chert and arkose units of the Pakhal Supergroup.
Shales, slates and phyllites with
Apart from these, banded hematite magnetite quartzite is
Pakhals
intercalated bands of limestone and
also reported from the schistose rocks of Archaean in
hematite bodies
discontinuous pattern (Srinivasa Rao et al., 1980 & 1981).
………..Unconformity……..
Archeans

Hornblende granites and gneisses
with dolerite and amphibolites
intrusive.
Banded magnetite-hematitequartzites (Dharwar)

The Bayyaram Iron-ore belt situated between Sripuram
in the south of Khammam district to Kottagudem in the north
of Warangal district, is an important prospect within the
Pakhal Basin, that extends in a NNW-SSE direction over a
strike length of 50 km along the western contact of Pakhal
Basin with the rocks of the Khammam Group and PGC. A
few linear and narrow out crops of Banded magnetitehematite-quartzites (Dharwars) within the Khammam schist
belt are exposed in the western part of the study area,
followed by hornblende granite and gneisses of Archean

Geophysical Surveys
To delineate the haematite / magnetite bearing quartzite
/ ferruginous quartzite and also to know their strike and
depth persistence, close spaced magnetic, resistivity, IP
(dipole-dipole array) and geophysical logging were carried
out in Bayyaram area. Since these rocks are characterized
by contrasting susceptibilities, higher densities and
conductive in nature compared to the PGC suite of rocks,
Magnetic (GSM-19T Magnetometer, GEM System),
Resistivity and IP (IRIS VIP-5000 with Elerec-pro receiver)
methods have been advantageously deployed. Fig.2 shows
the distribution of regional magnetic stations and blocks
covered by detailed geophysical surveys overlay on
elevation map of Bayyaram area.
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The hematite / ferruginous quartzite formation have
shown high density and low to moderate susceptibilities,
ranging from 3.13 to 4.4 gm/cc and 14 to 96 X 10-6 cgs
units respectively. Where as, shale, quartzite and chert
samples having low density values ranging from 2.5 to
2.7 gm/cc and susceptibilities from 1 to 115 X 10-6 cgs
units respectively. BIF samples registered high density
and high susceptibility ranging from 3.2 to 3.3 gm/cc
and 3193 to 7307 X 10-6 cgs units respectively. Granite /
gneiss samples having density and susceptibility
values ranging from 2.5 to 2.9 gm/cc and 106 to 985 X
10-6 cgs units respectively (Mohan Babu et al., 2016). The
analysis of magnetic susceptibility data have helped in
establishing the characteristic responses over different
lithological units. As the haematite bearing / ferruginous
quartzites occur as capping in Bayyaram area with
limited depth extent and as there is no much susceptibility
contrast between them, the magnetic anomalies obtained
are mostly from the gneissic basement.

Contour Interval: 10m

Regional Magnetic map Bayyaram Area

Regional Magnetic
(TF) surveys

Blocks covered by detailed
Geophysical surveys

Fig. 2. Map showing distribution of Magnetic stations
& blocks covered by detailed Geophysical Surveys in
Bayyaram area.

Physical Properties of Rock Samples
About 62 Rock samples were collected, mostly covering
all the litho units in the study area, to measure the density
and magnetic susceptibility for understanding and evaluating
the geophysical responses. The magnetic susceptibility and
density measurements were carried out in Physical Properties
Laboratory of Geophysics Division; SR using the Bartington
MS-2 Susceptibility meter & Electronic Balance of Afcoset
make respectively, are shown in table-1.

The Magnetic (Total Field) anomaly map of Bayyaram
area with a contour interval of 50nT is presented in Fig.3.
In general, the trend of the contours are NW-SE direction
in the southern and south-western part over PGC,
schistose rocks / BIF and quartzites near Bayyaram Gutta,
Cherlapalle, Irsulapuram, Balajipet, Vinobhanagar and
Motla-timmapuram areas, following the regional strike of
the formations. Where as, contours are trending in
east-west direction in the central and eastern part of
the area, just north of Ramagundala and south of
Mottla-Timmapuram areas over shale and phyllites. For
better understanding of magnetic anomalies with
reference to geological features, the magnetic contours
are overlaid on Geological map of Bayyaram area
(Fig.4). Based on the intensity of the magnetic anomaly
pattern, the study area have been divided into four
magnetic zones described below.

Table - 1
Sl.
No

Rock Type

No. of
samples

Density (gm/cc)
Low
2.60
2.40

1
2
3

Chert
Shale/Phyllite
Ferruginous
Cherty Quartzite

4
5

Hematite
Ferruginous
Quartzite

14

3.81

10

Quartzite
Q
i gneiss
Granite
BIF

12
1
9

6
7
8

1
9
1

2

High
2.70

2.56

Average
2.60
2.55

Susceptibility
X 10-6 CGS units
Low High Average
0.3
2
1
2
7
4

2.56

2.8

5

4

5.11

4.46

14

80

47

2.83

3.42

3.13

1

96

48

2.49
2.54
3.25

2.72
2.92
3.25

2.60
2.73
3.25

1
107
3194

128
985
7308

65
546
5250
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In addition, steep magnetic gradients and a few magnetic
discontinuities trending in NW-SE direction representing the
presence of contact / fault / fracture / shear zones between
PGC, schistose rocks and Phakal sediments in the southwestern part. Further, an east-west trending magnetic linears
on either side of the prominent magnetic low in the central
part between Ramagundala and Motla-Timmapuram,
indicating structural disturbance, may be due to faulting
(Figs. 3 and 4).

Zone-III

Zone-IV

Zone-I

Magnetic
(TF) in nT

Zone-III

Zone-III

Zone-I

Zone-I

Zone-IV
Inferred Magnetic
Linears

Zone-II

Magnetic Intensity
Zones I to IV

Zone-II

Contour Interval: 50 nT

Zone-III

Zone-I

Magnetic Intensity
Zones I to IV

Fig. 3. Magnetic (TF) Anomaly Map Bayyaram area,
Khammam & Warangal districts, Telangana
 Zone-I: Strong bi-polar magnetic anomalies recorded
over Banded Iron Formation (BIF) associated with
schistose rocks (Khammam schist belt) exposed in the
south-western part near north-west of Bayyaram Gutta
and north of Vinobhanagar (Fig.4). Based on the above
signatures a few isolated bi-polar magnetic anomalies
are noticed further south-eastern part, may indicates its
south-eastern extension.
 Zone-II: High dominant magnetic anomalies noticed
over granite gneisses belong to PGC in the south-western
and western part of the area (Fig.4).
 Zone-III: Moderate magnetic signatures of the order of
+100 to +400nT observed over quartzite / haematite
bearing / ferruginous quartzite in the western and southwestern part, trending in NW-SE direction having a
strike length of more than 12km (Fig.4).
 Zone-IV: Low intensity magnetic anomalies identified
in the central part of the area over shale and phyllites
near north of Ramagundala and south of Motlta Timmapuram (Fig.4).

Zone-II

Zone-II

Fig. 4. Magnetic Contours overlay on Geological
Map of Bayyaram area, Khammam & Warangal
districts, Telangana

Magnetic Analytical Signal Map
The analytical signal map provides the magnetic anomaly
enhancement for defining the edges / boundaries / contacts
of geological / structural features and also to map the maxima
(ridges and peaks) in the calculated analytical signal of a
magnetic anomaly. In general, the magnetic contours are
trending in NW-SE direction in the south-western part
(Fig.5), except at a few places trending in east-west direction,
which may indicating the direction of the different phases
of deformation. The analytical signal map clearly brought
out the disposition of Khammam schist belt exposed
intermittently in the western part near north of Balajipet and
Vinobhanagar with strong bipolar magnetic anomalies due
to presence of BIF bands. Further, the map also brings out
the contact between the PGC with Schistose rocks and also
with Pakhal sediments.
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Magnetic
(TF) in nT

Magnetic
(TF) in nT

Contour Interval: 50 nT

Fig.6. Magnetic Low-pass Filter Map, Bayyaram area,
Khammam & Warangal districts, Telangana
Fig.5. Magnetic Analytical Signal Map, Bayyaram area,
Khammam & Warangal districts, Telangana

Magnetic Low-pass Filter Map
The magnetic low pass filter map for wavelength of
2500m is shown in Fig.6. This map depicts smooth
magnetic anomaly pattern suppressing high frequency
anomalies corresponding to shallow / near surface
geological features. Some of the magnetic signatures
observed in the total field magnetic anomaly map are
reflected in this filter map, suggesting that the causative
sources are continuing into deeper levels. The out put map
indicated the contour pattern trending in NW-SE direction
in the south-western part and east-west in the central and
eastern part. The banded iron formation (BIF) with in the
schistose rocks of the Archaean age reflected in the
magnetic anomaly map are disappearing, indicates the
presence of causative source with limited depth extension.
Broadly it can be inferred that, PGC are reflected as
magnetic high zone and quartzite / haematite bearing
quartizites are reflected as moderate magnetic anomaly zone,
trending in NW-SE direction in the south-western part.
Where as shale / phyllites are reflected predominantly as
magnetic low zone in the central and eastern part of the study
area.

Detailed Geophysical Surveys
Close spaced magnetic surveys in conjunction with
electrical resistivity and chargeability (dipole-dipole array)
surveys using a dipole length a=20m and dipole-dipole
separation ‘n’ is equal to 1a to 8a (i.e., 20 to 160m) have
been conducted over 1). Bayyaram Gutta and 2). Irsulapuram
Blocks, to delineate the strike and depth persistence of iron
ore bands if any. Bayyaram Gutta block consists of two
bands, i.e., a). Bayyaram Gutta top band and b). Bayyaram
Gutta lower band.

Bayyaram Gutta Block
Magnetic Anomaly Map
The Magnetic anomaly map with a contour interval of
50nT, superposed on the geological map of Bayyaram Gutta
block consisting of both top and lower bands (haematite
bearing quartzite) are presented in Fig,7a. Where as,
Magnetic image of Bayyaram Gutta Block is shown in
Fig.7b. High dominant magnetic anomaly is recorded over
ferruginous quartzite / haematite bearing quartzite belonging
to lower band in the southern and western parts. Where as,
moderate magnetic anomalies recorded over haematite
bearing quartzite / ferruginous quartzite belonging to top
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Fig. 7. Magnetic Signatures over Haematite bearing Quarizites (both Lower & Top Bands),
Bayyaram Gutta Block
band in the north-eastern part. Based on the magnetic
signatures, the top-band is aligned in NE-SW direction and
the lower band is aligned in almost N-S to NW-SE direction
in the form of magnetic highs. These zones may be favorable
for possible occurrence of haematite bearing quartzite.

Bayyaram Gutta Top Band
IP and Resistivity (Dipole-Dipole) sections
Dipole-dipole surveys conducted over Bayyaram Gutta
top band along the Tr: E4 and E2 with a length of 190m

from stations S-80 to N110 and 240m from station ‘0’ to
N240 respectively are shown in Figs. 8 and 9. A low to
moderate resistivity zone of the order of 260 – 374 Ohm.m
associated with high chargeability anomaly of the order of
10 to 12 mv/V along the Tr: E4, indicating the presence of
southerly dipping band between 2.5 to 40m depths, between
stations N20 to N60, favourable for possible occurrence of
haematite bearing quartzite / iron ore band (Fig.8). Borehole
No. TSBY-13 located over Tr: E4 at station N50,
encountered an iron ore band from 0 to 33.93m depth,
corroborating well with resistivity low and chargeability high.

Tr: E-4, Over Top Band, Bayyaram Gutta Block

SCALE
0

Distance in m.

Distance in m.

Fig. 8. Resistivity and Chargeablity (Dipole-Dipole in verse Model) Depth Section along Tr-E4,
over Bayyaram Top Band, Bayyaram Gurra Block

40m
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Two low resistivity zones with a magnitude of 128 to
266 Ohm.m noticed on either side of Tr: E2, between stations
0 to N80 and N200 to N240m, at depths varying from 0 to
15m and from 2.5m to 27m respectively, corroborating well
with high chargeability signatures of 22 to 30 mv/V,
indicating its conductive nature and extending further for
possible occurrence of haematite bearing quartzite / iron
ore band. Borehole Nos. BH-10 and BH-6 drilled by
Directorate of Mines and Geology (1974), falls over Tr: E2
at stations N80 and N240, encountered iron ore from 0 to
9.90m and 0 to 34m depths respectively.

Bayyaram Gutta Lower Band
IP and Resistivity depth sections
Dipole-dipole surveys conducted along the Tr: 0 over
Bayyaram Gutta lower band, between stations from N40 to
N340m (Fig.10), brought out a prominent resistivity low
zone with magnitude of 32 to 171 Ohm.m associated with
chargeability high anomaly of the order of 13 to 17 mv/V
corresponding to between stations N130 to N240, at a depth
varying from 25 to 43m and beyond. This zone may be
favourable for possible occurrence of iron ore band /

Tr: E-2, Over Top Band, Bayyaram Gutta Block

SCALE
0

Distance in m.

Distance in m.

Fig. 9. Resistivity and Chargeability (Dipole Inverse Model) Depth Section along Tr-E2,
ovcer Bayyaram Top Band, Bayyaram Gutta block
Tr: 0, Over Lower Band, Bayyaram Gutta Block

Distance in m.

Distance in m.

Fig.10. Resistivity and Chargeability (Dipole Inverse Model) Depth Section along Tr-0,
ovcer Bayyaram Lower Band, Bayyaram Gutta block

40m
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haematite bearing quartzite. The depths obtained for iron
ore band in BH No. TSBY-3 is corroborating well with
resistivity low and chargeability high.
The dipole-dipole surveys conducted along the Tr: S6
(Fig.11) over Bayyaram Gutta lower band with a total length
of 400m between stations S10 to N390m, have brought out
three prominent resistivity low zones, i.e., i). with a
magnitude of 53 to 282 Ohm.m between stations N90 to
N140 at a depth varying from 7.75m to 40m, ii). between
stations N160 to N300m at depths varying from 6.5m to
20m and iii). between stations N320 to N380 with depths
varying from 2.5m to 20m, corroborating well with high
chargeability signatures of the order of 25 to 38 mv/V. These
zones may be favourable for possible occurrence of iron
ore body / haematite bearing quartzite band.

Irsulapuram Block
In Irsulapuram block, moderately east dipping basal conglomeratic to coarse grained quartz arenite, interbedded with
hematite / hematite-quartzite and overlying phyllite define
the sedimentary litho-units outcropped at the south-western
boundary of the Pakhal basin in the hill range east of
Irsalpuram. This block falls in the eastern side of Bayyaram
Gutta area. For better understanding of magnetic anomalies
with reference to geological features, the magnetic contours
are overlaid on Geological map of Irsulapuram block
(Fig.12).

Magnetic Anomaly Map
The Magnetic anomaly map of Irslapuram block, with a
contour interval of 25nT is presented in Fig. 12. The trend

Tr: S-6, Over Lower Band, Bayyaram Gutta Block

Distance in m.

Distance in m.

Fig. 11. Resistivity and Chargeability (Dipole-Dipole Inverse Model) Depth Section along Tr-S-6,
over Lower Band, Bayyaram Gutta
SCALE

SCALE

25 0 50 75 100m

25 0 50 75 100m

Magnetic
(TF) in nT

Magnetic Image

Magnetic contours
overlay on Geology

of magnetic anomalies follows the regional strike direction
(NW-SE). The lithological boundaries are well reflected in
the form of moderate magnetic gradients. In the western
part of the study area, a prominent and linear low dominant
magnetic anomaly of the order -200 to -500 nT noticed, trending in NW-SE direction. The out crops of haematite bearing
quartizites exposed in the central and south-western parts
falls over moderate magnetic gradients.

IP & Resistivity depth sections
Magnetic (TF)
Contour Interval: 25nT

Fig. 12. Magnetic contours overlayon Geology & magnetic
image of Irsulapuram block, Bayyaram Area, Telangana

IP and Resistivity depth sections along the Tr: S1 from
stations W340 to E90 are presented in Fig.13. A prominent
low resistivity zone with a magnitude of 8 to 100 Ohm-m
noticed between stations 0 to W100 at depths varying from
2.5 to 33m associated with moderate chargeability signatures
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GEOPHYSICAL LOGGING OF BOREHOLE NO. TSBY-4 FOR IRON ORE IN IRSULAPURAM
BLOCK, BAYYARAM AREA, KHAMMAM DISTRICT, TELANGANA

Casing

High Natural
Gamma Zone

Distance in m.

High Natural
Gamma Zone

Fig. 13. Resistivity and Chargeability (Dipole-Dipole
Inverse Model) Depth Section along Tr-S1,
Irsulapuram block
of the order of 7.0 to 14 mv/V. This zone may be favorable
for possible occurrence of iron ore body / hematite bearing
quartzite. The depths of iron ore body encountered in
Boreholes no TSBY- 4 and geophysical logging data are
collaborating well with low resistivity and moderate
chargeability anomalies.

High Natural
Gamma Zone

Fig.14. Geophysical Logging of Borehole No. TSBY-4,
Irsulapuram Block, Bayyaram, Telangana

Radiometric Surveys

In Irsulapuram block, surface measurements were made
High Incidence of Natural Gamma Counts from
using
a hand held portable Gamma-ray Spectrometer used
Geophysical Logging
Multi-parametric Geophysical Logging conducted for
iron ore at Irsulapuram block, in Borehole No. TSBY-4 down
to a depth of 62 m, by deploying RG-Micro Logger,
utilizing ELTG (Electrial Resistance, Self Potential and
Short/Long Normal Resistivity), GDDS (Natural Gamma,
Long Spacing & High Resolution Densities), SSDS (Small
Space Density, Long Space Density, Natural Gamma) and
IMSC (Conductivity and Magnetic susceptibility) probes.
Based on the characteristic electrical and radiometric
responses (Fig.14), a few anomalous zones in the form of
High Incidence of Natural Gamma Counts of the order of
2000 to 8000 API units recorded over pebbly / basal
quartzites (Pradeep Kumar et al., 2016).

for mapping of natural radioactive elements for the
estimation of Total Count, Uranium and Thorium
concentrations. The basal quartzite is found to have high
Natural Gamma counts in the Borehole No. TSBY-4 and
the radiometric survey showed high thorium content over
an area of 2km long and 200 to 300m wide hill range east of
Irsulapuram (Fig.15). The observed Total Count values are
ranging from 0 to 1,350 ppm, Thorium: 0 to 3,305 ppm
and Uranium: 0 to 109 ppm over the sub-rounded to
sub-angular texturally immature quartzite. Radiometric
surveys conducted along Traverse E4 over Bayyaram top
band, has brought out observed Total Count values are
ranging from 37 to 1,630 ppm, Thorium 80 to 3,837 ppm,
Uranium 4 to 73 ppm, over exposed ferruginous quartzite.

Fig. 15. Thorium, Uranium and Total Count images, Irsulapuram Block, Bayyaram area, Telangana
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chargeability signatures at a depth of 25 to 43m,
favourable for possible occurrence of iron ore.

Geochemical Analysis for Rare Earth Elements
Geochemical analysis of core samples (20 nos.) collected
from BH No. TSBY-4, between 18.5m to 47m depths at an
interval of 1m to 2m has brought out high Thorium values
ranging from 43 ppm to 1,992 ppm and ΣLREE values from
239 to 8,395 ppm while ΣHREE is 47 ppm to 286 ppm. La,
Ce, Pr and Nd are the dominant REEs in the samples
(Fig.16). The samples are also high in Zr that ranges from
115 ppm to 2,183 ppm (Vikas Tripathy et al., 2016).

 In Irsulapuram Block, dipole-dipole surveys along
Tr: S1 brought out a prominent low resistivity zone
with a magnitude of 8 to 100 Ohm-m noticed between
stations 0 to W100 at depths varying from 2.5 to 33m
associated with moderate chargeability signatures, may
be favorable for possible occurrence of iron ore body /
hematite bearing quartzite.

Sample No.

Fig. 16. Graph showing contents of ΣLREE, Thorium and ΣHREE in Borehole Core Samples from TSBY-4,
drilled at Irsulapuram Block, Bayyaram area

Conclusions and Recommendations
 Based on the intensity of the magnetic anomaly pattern
in Bayyaram, the area have been divided into 4
magnetic zones, viz., i). Strong bi-polar magnetic
anomalies over BIF associated with schistose rocks,
ii). High dominant magnetic anomalies over granite
gneisses, iii). Moderate magnetic signatures over
haematite bearing quartzites trending in NW-SE
direction and iv). Low intensity magnetic anomalies
over shale and phyllites.
 The haematite bearing / ferruginous quartzites in
Bayyaram area are indicated by low resistivity,
moderate magnetic and high chargeability anomalies
with limited depth extent.
 IP and Resistivity (dipole-dipole) surveys over
Bayyaram Top Band along the Tr: E4 from stations
N10 to N50, along the Tr: E2 from 0 to N80 and from
N200 to N240 stations corresponding to low resistivity
zone, corroborating well with high chargeabilities,
favorable for possible occurrence of iron bearing quartzite.
 Over Bayyaram Lower band, dipole-dipole surveys
along Tr: 0, brought out a low resistivity zone, between
N130 to N240 corroborating well with high

 Geophysical logging and Radiometric surveys in
Irsulapuram Block has brought out High Incidence of
Natural Gamma Counts and with Total count values of
0 to 1,350, Thorium: 0-3,305 ppm and 3) Uranium:
0-109 ppm over basal quartzites.
 Geochemical analysis of core samples (20 nos.)
collected from BH No. TSBY-4, between 18.5m to 47m
depths at an interval of 1m to 2m has brought out high
Thorium values ranging from 43 ppm to 1,992 ppm
and ΣLREE values from 239 to 8,395 ppm while
ΣHREE is 47 ppm to 286 ppm. La, Ce, Pr and Nd are
the dominant REEs in the samples. The samples are
also high in Zr that ranges from 115 ppm to 2,183 ppm.
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Abstract
Induced polarization (IP) and resistivity methods are frequently used in geological mapping and base-metal
exploration. The base-metals in massive form, occurring in a variety of geological environments, are of more economic
interest than their disseminated counterpart which necessitates differentiation of the massive types from the
disseminated type. Generally, resistivity data combined with IP data serves the purpose better by correlating the
low resistivity with high chargeability attributed to the fracture filled sulphide deposits or highly concentrated sulphide
deposits. The overall resistivity of the geological formation in the study area of Singhbhum Shear Zone (SSZ) is
significantly high due to intense shearing with profuse infiltration of silicified material and basic intrusions followed
by metamorphism. Therefore, integration of IP and resistivity data is not adequate to identify highly concentrated
sulphide mineralization in such geological domain. As such in the study area, uranium mineralization is invariably
associated with the conductive sulphide veins extending intermittently upto a depth of about 600m.
In this paper, we present a case study from the Gurulpada area, in the western part of SSZ, Seraikella-Kharsawan
district, Jharkhand, where sulphide mineralization is hosted by the chlorite - quartz schist (±sericite) of Chaibasa Formation
of Singhbhum Group. It is well known that the sulphide mineralization in the area is not of volcanogenic massive
sulphide type but hydrothermal vein related and hosted in relatively resistive setting and therefore the galvanic method
alone can’t help in finding deep-seated sulphide rich zones. A time domain electromagnetic (TEM) survey was carried
out in the area to map the conductive structures related to the deep-seated sulphide rich zone. A sign reversal in the inloop measurements of time decay of vertical magnetic field component revealing the characteristics of the IP effect is
observed in the inductive method of Transient Electromagnetic (TEM). The inferences drawn have been utilized to
solve the problem of differentiating the signals due to highly concentrated sulphide zones from pervasive and disseminated
sulphide zones. The anomaly observed in TEM is further corroborated by chargeability data. The IP effect in the in-loop
TEM data depicted as sign reversal in transient response curve is attributed to the cumulative polarizability of the
chlorite-quartz-schist with disseminated magnetite grains and vein sulphides. Spectral variations in the induction based
IP phenomena observed in the response curve at one of the sounding location, correlating with the high chargeability
anomaly observed within the schist, may be caused by the strongly polarizable source and is attributed to the highly
concentrated sulphide mineralization. A cross-over in the profile plot of time derivative of vertical component of the
magnetic field for fixed loop-moving receiver is also observed at the same location which is inferred as a conductor
anomaly rich in sulphide. When the inductively generated smoke ring of current diffuse past the conductor in the
subsurface, depolarization currents dominate over the galvanic and vortex currents and many crossovers are observed in
the late time channel. As such this phenomenon is more pronounced in the areas where host rock geology records high
resistivity; higher the resistivity stronger the IP relaxation effect on the TEM signal. The occurrence of the high
concentration of sulphide mineralization at this location is further confirmed by the sludge report of the non-coring
borehole drilled for uranium exploration by Atomic Mineral Directorate for Exploration and Research (AMD).
Keywords: Induced polarization, transient electromagnetic, Singhbhum Shear Zone, base metal.

Introduction
Increasing concern in base-metal exploration, driven by
perceived future demand has encouraged development of
improved geophysical methodology and advanced
processing techniques of geophysical data. Base-metal

exploration by IP method has been practiced for last few
decades (Fraser, et al., 1964; Goudie and Hallof, 1971;
Oldenburg et al., 1997; Pardo et al., 2012) and few well
known characteristics of IP phenomena have even enabled
differentiation of IP sources (Johnson, 1984; Katsube and
collett, 1973; Pelton et al., 1978; Shuye, 1973; Seigel et al.,

92

Indresh Kumar et. al.,

1997; Tombs, 1981; Van Voorhis et al., 1973; Vanhala and
Peltoniemi, 1992; Zonge, 1972a; Zonge et al., 1972). The
IP method has proven its applicability in exploring both
massive and disseminated type of sulphide mineralization.
TEM is another geophysical method which has been
recognized as a major contributor to volcanogenic massive
sulphide (VMS) discoveries during last five decades (Alan
et al., 2007; Fritz et al., 1984; Gitonga, 2011). The TEM
helps in directly detecting the VMS mineralization because
of high conductivity of the massive sulphides.
The geological domain such as Gurulpada area in western
part of Singhbhum Shear Zone (SSZ), has undergone three
stages of folding followed by metamorphism, basic and
acidic intrusions. These processes have increased bulk
resistivity of the host rock in the shear zone. The high
resistive rock hosting hydrothermal related sulphide
mineralization can be conceived by IP survey. Sarvanan et
al., 2014 have found that sulphide mineralization is occurring
in highly disseminated form in most of the boreholes drilled
in the study area. Though it is not economical, highly
disseminated form of sulphide mineralization can be mapped
by the IP method. Higher concentration of sulphide
mineralization can be predicted by the TEM method, but
the results are uncertain when the anomalies are caused by
fractures. Therefore, it’s been a puzzle to delineate zones of
higher concentration of sulphide mineralization in the study
area. In this paper, we have tried to solve the problem from
the characteristics of the inductively induced polarization
observed in the in-loop TEM data. As the sulphide
mineralization is hosted by the highly resistive rock,
induction phenomena will die out shortly and when the
polarization currents dominate the galvanic and vortex

current, a sign reversal is observed in the late time data. The
frequency effect in the inductively generated IP data is
utilized for finding sulphide rich zones. The inferences are
further validated with the available sludge report of the
boreholes drilled in the area.

Geology of the Area
The Singhbhum Shear Zone (SSZ) extends in arc shape
over a length of 200 km. The shear zone is a site of acid and
basic magmatism and hydrothermal metasomatic activity and
is well known for uranium and copper deposits. The SSZ
mainly consists Proterozoic meta-sediments and is a zone
of intense and deep tectonisation in the eastern part of India.
Rocks on both sides of the shear zone belong to two
contrasting ages – Archean in the south and a thick pile of
Proterozoic meta-sediments in the north respectively
(Banerji, 1972). The rocks along the shear zone have
undergone varying grades of metamorphism. The study area
forms a branch in western part of SSZ and located about 60
to 70 km WNW of Jamshedpur in Saraikella-Kharsawan
district, Jharkahand. The area mainly exposes Chaibasa and
Dhalbhum Formations of Singhbhum Group. The rocks to
the south of the shear zone, comprising Singhbhum Granites
and Iron Ore Group are of Archean age which together
constitutes the cratonic part. The Chaibasa Formation
includes magnetite-tourmaline bearing chlorite-sericite
quartz schist, sericite-chlorite-quartz schist with variable
proportion of chlorite, sericite and quartzite. Sericitization,
ferruginisation (hematitisation), silicification, chloritization
and tourmalinization are common alterations associated with
host rock. The general strike of the foliations in the area is
N600E to N1100E with northerly dips of 300-500. Dhalbhum
rocks include mica schist, carbon phyllites and quartzites.

Fig 1. Geological map of the Gurulpada area, western part of SSZ, Seraikella-Kharsawan dist., Jharkhand.
18, 10 & 19 are borehole locations and centers of loops in in-loop TEM data acquisition
and A & B are the loop (200m×200m) locations for TEM profiling.
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Sulphide Mineralization
The sulphide mineralization is occurring all along the
shear zone right from Bahragora in the east to Duarpuram
in west (S. C. Sarkar, 1984). It occurs mostly in association
with chlorite-quartz schist and chlorite-sericite-quartz schist
as disseminations and also fracture filled in association with
quartz and magnetite at places. Pyrite and chalcopyrite are
the main ore minerals of sulphide. Further, sulphide
mineralization, associated with metabasic rock/basic rock,
is epigenetic and deposited from a high temperature
hydrothermal solution. Alteration associated with ore
mineralisation had a retrogressive effect on high grade
metamorphic rocks. Chloritization is associated with
sulphide mineralization.

Data Acquisition and Analysis
In-loop TEM data was acquired at the borehole locations
GLP-18, 10 and 19 with the square loop of arm size 200 m
by Phoenix make V8-Multifuction receiver system. These
boreholes were drilled within the shear zone for uranium
mineralization. The time derivative of horizontal and vertical
magnetic field components were recorded simultaneously
with three orthogonal coils in twenty sampling windows with
ramp time of 240 μs for four different pulse repetition rates
viz., 25 Hz, 8.33 Hz, 2.5 Hz and 0.125 Hz. As the records
for 0.125 Hz are very noisy it was not considered for further
analysis. The observed in-loop records for the loop locations
GLP-18, 10 and 19 are shown in the Figs 2, 3 and 4
respectively. At these three locations, GLP-18, 10 and 19,

the time derivative of secondary magnetic field caused by
induction phenomena decays very fast due to highly resistive
host rock of the chlorite-quartz schist (±sericite) of Chaibasa
Formation intruded by silica and basic material. When the
induction phenomena die out in few early time windows
(<0.8 ms), the inductively generated IP phenomena caused
by the strong polarizability of schist hosting occasional
sulphide and magnetite grains dominates over the induction
phenomena. The inductively generated IP phenomena is
observed as sign reversal (at t=0.71 ms) in the time derivative
of vertical magnetic field at these three sounding locations.
The sign reversal as an endorsement of inductively generated
IP phenomena is observed in the later channel of TEM data
and is attributed to formational effect because it is commonly
observed at all three boreholes (Figs 2, 3 and 4) drilled in
the same formation. On comparison of behavior of negative
amplitude with respect to frequency at these sounding
locations, amplitude of IP effect remains almost constant
with frequency for GLP-18 and GLP-10 whereas at GLP19 different characteristic is observed. The IP effect at GLP19 is increasing as there is change in pulse repetition
frequency from 25 Hz to 8.33 Hz but remains constant with
further decreasing to 2.5 Hz. The frequency effect in the IP
phenomena could be either due to conductivity or
permeability dispersion. It is well known that permeability
dispersion is generally observed at very high frequencies
whereas conductivity dispersion occurs at relatively lower
frequencies. Therefore, frequency effect in IP phenomena
observed at GLP-19 is attributed to a strong polarizable and
conductive source which could be a sulphide rich body.
These observations from in-loop TEM data are further
corroborated with
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Fig 2. Time derivative of vertical magnetic field versus time plot for three different
frequencies recorded at the loop location of GLP-18 as shown in Fig 1. Solid lines are
indicating positive amplitude and dashed lines are for negative amplitude. 'N' in the
legend is indicating negative amplitude to the corresponding frequency.
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Fig 3. Time derivative of vertical magnetic field versus time plot for three different
frequencies recorded at the loop location of GLP-10 as shown in Fig 1. Solid lines are
indicating positive amplitude and dashed lines are for negative amplitude. ‘N’ in the
legend is indicating negative amplitude to the corresponding frequency.
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Fig 4. Time derivative of vertical magnetic field versus time plot for three different
frequencies recorded at the loop location of GLP-19 as shown in Fig 1. Solid lines are
indicating positive amplitude and dashed lines are for negative amplitude. 'N' in the
legend is indicating negative amplitude to the corresponding frequency.
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fixed-loop TEM profiling data. The profile plots for the time
derivative of vertical magnetic field component for the loops
(200m×200m) fixed at 'A' and 'B' (Fig 1) are shown in Figs 5
(a & b) and 6 (a & b). In the profile plots along the boreholes
GLP-9 and GLP-19 (Figs 5 a & b), a crossover representing
the location of massive conductor is observed at 22m north
of the GLP-19. The point of inflection observed for early
time windows from W1 to W8 (0.448 ms) in profile plot
(Fig 5 a) is caused by the diffusion phenomena. Once
induction current diffuse past the conductor, multiple
crossovers are observed at W9 (0.564 ms) as an indicator of
inductive IP effect (Flis et al., 1989). In the further late time
40

windows W10 to W15 (2.246 ms) a reverse behavior is
observed caused by depolarization currents with a single
crossover (Fig 5 b) inferring the location of the conductor. Thus
the inductive IP effect along with the crossover in the profiling
data is well correlating with the frequency effect in
inductively generated IP effect observed in the in-loop TEM
data measured at GLP-19 justifies it as a massive conductor of
strong polarizability and is attributed to massive sulphide body.
Although inductively generated IP effect is observed in the
in-loop TEM data at locations GLP-18 and GLP-10, the
profiling data (Figs 6 a & b) along these boreholes has not
indicated anomaly due to massive conductor.
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Fig 5. Profile plot of time derivative of vertical component of magnetic field for (a) early time
windows W1 to W8 (0.448 ms) (b) late time windows W9 (0.564ms) to W15(2.264ms) along the
boreholes GLP-09 (-120 m) and GLP-19 (reference point).
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time windows W1 to W8 (0.448 ms) (b) late time windows W9 (0.564ms) to W15(2.264ms)
along the boreholes GLP-18 (-120 m) and GLP-10 (reference point).
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Validation with Borehole Results
From the above discussions, a massive sulphide body is
inferred at the location which is 22m north of borehole GLP19. Subsequently, few non-coring boreholes were drilled by
Atomic Mineral Directorate for Exploration and Reasearch
(AMD) in the Gurulpada area, western part of SSZ,
Seraikella-Kharsawan dist., Jharkhand. Lithological sections
are prepared for the boreholes GLP-18, GLP-10, GLP-09
and GLP-19 from the sludge report (Sarvanan et al., 2014)
as depicted in Fig 7. Chlorite-quartz schist is common in all
the boreholes and occasional sulphides are encountered in
the boreholes GLP-18 and GLP-9. The boreholes GLP-10
and GLP-19 are found rich in magnetite and sulphide
respectively. The inductive IP effect observed in the in-loop
TEM data at locations GLP-18, GLP-10 and GLP-09 has
been attributed to the commonly observed polarizable effect
due to host rock of schist with pervasive sulphides meet in
the boreholes drilled at these locations. Thus massive
sulphide inferred at GLP-19 from the analysis of TEM data
is well correlating with the borehole results.

97
the present study area of Gurulpada in the western part of
SSZ, chlorite-quartz schist of Chaibasa Formation hosting
occasional sulphide and magnetite grains infiltrated by silica
and basic material is of very high resistivity. Therefore, the
time derivative of vertical component of magnetic field
decays very fast within a few early time windows (< 0.5 ms)
and in the later time windows (0.5 – 2.5 ms) the inductive IP
dominates over the induction effect which is observed as
sign reversal in in-loop TEM data. The sign reversal is
observed at the three sounding locations GLP-18, GLP-10
and GLP-19 (Figs 2, 3 & 4) which is attributed to the
cumulative polarizability of the chlorite-quartz schist with
sparsely disseminated sulphide and magnetite grains.

Inductive IP effect has been observed in the resistive
rocks hosting polarizable sources as the induction
phenomena decay fast and the inductively generated IP effect
pre-dominates over the induction effect in late time data. In

Ground IP/Resistivity data was collected for delineation
of the trends of the sulphide and magnetite bearing zones.
Image maps of the observed chargeability and resistivity
data acquired with the Wenner-Schlumberger array (a=50m
and L=350m) are shown in Figs 8 a & b respectively. There
is no clear defined trend of the chargeability and also the
zone is quite wide (Fig 8 a). The sludge report (Sarvanan et
al., 2014) of the boreholes drilled in the area indicates
invariable presence of occasional sulphides everywhere. The
boreholes GLP-18, GLP-10, GLP-09 and GLP-19 are within
high chargeability zone but GLP-18, GLP-10 and GLP-19
are coinciding with high resistivity whereas GLP-09 is at
low resistivity value (Figs 8 b). With these observations from
IP/Resistivity data, it is very difficult to delineate zones of

a

b

Results and discussion

Fig 7. Lithological sections of the boreholes (a) GLP-18 and GLP-10 and
(b) GLP-9 and GLP-19 prepared from the sludge report (After Sarvanan et al., 2014).

98

Indresh Kumar et. al.,

higher concentration of sulphide mineralization. The
problem has been attempted by the characteristics features
of the inductively generated IP effect observed in TEM
data. Comparison of inductively generated IP voltage at
two different frequencies is referred here as frequency
effect in inductive IP. The transmitting pulse of low
frequency energizes the ground for longer period yielding
to larger accumulation of electrolytic charges at mineral
block end and hence larger will be the amplitude of
inductive IP voltage. Frequency effect in the inductive
IP phenomena is seen in the in-loop TEM data at sounding
location GLP-19 (Fig 4) which is not observed at the
sounding locations GLP-18 and GLP-10 (Figs 2 & 3).
Had the frequency effect been observed at these three
sounding locations, it would have been a formational
effect, but being observed at only one location GLP-19
which is distinctly different behavior from those observed
at GLP-18 and GLP-10 within the same formation infers
presence of strongly polarizable sulphides. In the fixedloop TEM data, time derivative of vertical component of

a

magnetic field, for loop location ‘A’ (Fig 1), a crossover
for early time windows – W1 to W8 (< 0.5 ms) is observed
at 22m (Fig 5 a) north of the borehole GLP-19 drilled along
base line. For the ninth window profile plot, multiple
cr ossover s a re obser ved, in dicat ing th e par ti al
dominance of inductive IP effect over induction phenomena
and further late time windows – W9 to W15 (0.5 to 2.5
ms) profile plots are observed with sign reversal and a
crossover at the same location (Fig 5 b) which has been
in fer red from earl y t im e i nduct ion ph en omena
justifying it as a strongly polarizable massive conductor.
Whereas, the profile plots of time derivative of vertical
component of the magnetic field (Figs 6 a & b) along
boreholes GLP-18 and GLP-10 for fixed-loop at ‘B’ (Fig
1), have not given any anomaly. A non-coring borehole
GLP-19 drilled along base line has encountered very good
sulphide mineralization (Fig 7 b) which is very close to
the inferred location of sulphide mineralization at 22m
from TEM data (Figs 4 & 6).

b

Fig 8. (a) Chargeability and (b) Resistivity maps of Gurulpada area, western part of SSZ,
Seraikella-Kharsawan dist., Jharkhand.
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Conclusion
Although IP/Resistivity method is best suitable for
base-metal exploration but in the context of Gurulpada area,
western part of SSZ, Seraikella-Kharsawan district,
Jharkhand, it could not help in finding the zones of
higher concentration of the sulphide mineralization. The
problem has been attempted with close inspection of TEM
data and the characteristic of inductively generated IP
effect in the in-loop TEM data that indicated presence of
higher concentration of sulphide mineralization. Variations
in the inductively generated IP voltage at two different
frequencies is explained by the fact that the low frequency
transmitting pulse energizes the ground for longer
duration yielding greater accumulation of electrolytic
charges at mineral block end. This frequency effect in
inductive IP phenomena facilitated delineation of strong
polarizable body of sulphide mineralization. The fixed-loop
TEM data has also inferred a strongly polarizable conductor
at the same location. The results obtained from the analysis
of TEM data have been further validated with borehole
data. The higher concentration of sulphide mineralization
encountered in the borehole GLP-19 is just 22m south of
the inferred location of sulphide mineralization from TEM
data. We do not discard the role of the IP/Resistivity in the
base metal exploration but if the characteristics of in-loop
TEM data, as discussed in the present paper, are observed
in the airborne in-loop TEM data, the economically viable
zones of sulphide mineralization can be easily delineated at
very first stage of exploration.
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Abstract
Mizoram area is one of the most logistically difficult thrust-fold belt area situated in Assam-Arakan Basin in the
north eastern part of India. The mapping of subsurface is one of the most challenging tasks due to complex geology
and hostile terrain. Thrust-fault identifications are very essential in order to carry out enhanced interpretation for
subsurface structures for planning and executing hydrocarbon exploration. Because of extremely difficult surface and
near surface logistics, seismic data are not good in most of the places, and thus the seismic survey is not proven
adequate for understanding the subsurface structure where basement depth is more than 10 km with complex
geological setup. In this study, an attempt has been made to study the gravity data for delineating the subsurface
structures in Mizoram area of Assam-Arakan basin. During this study, various curvature attributes of the equipotential
surface are studied andsubsequently the different results are correlated and interpreted in terms subsurface delineation
for further enhanced interpretation. The colour contrast of these various differential curvatures make a significant
remarks about the subsurface delineation. However, manual interpretations as quality control need to be carried out
for better understanding of the data in terms of noise and attribute.
Keywords: Assam-Arakan Basin, Gravity, curvature attribute, shape index, strike, dip.

Introduction
A good understanding of structural progression and
geometry is a challenging task for all the geoscientists for
hydrocarbon exploration due to adverse topography and
complex geology in the Assam-Arakan basin positioned in
the Mizoram area.Seismic methods are mostly used for
carrying out subsurface structures for hydrocarbon
exploration; but the imaging of subsurface are not adequate
in this study area, so that gravity and magnetic methods play
an important role and becomes more suitable for the
interpretation of geological structures in this region of
Assam-Arakan basin. The location map of the study area
and its surrounding including oil, gas, oil and gas and
gas and condensate fields have shown in figure 1. The
various gravity derivatives and curvature analysis have
been computed from the complete Bouguer anomaly to
interpretsubsurface structural patterns by enhancing shallow
structures and approximating thrust and fault
locations.Gravity potential is the function of source
geometry, density contrast, relative distance and position
in between source and the observation points. It is stated
that higher the gravity anomaly with lower density contrast
indicates structural high and lower the gravity anomaly
with higher density contrast indicates structures low.
Structural high with higher density contrast, produced
higher vertical gravity gradient over the structures and low
outside the structures.

Curvature can be defined as the reciprocal of the radius
of a circle that is tangent to the given curve at a point. The
various gravity derivatives are used to derive the different
curvatures. The results of the mean, Gaussian,
maximum, minimum, differential curvatures, most-positive,
most-negative and curvedness are presented here for
understanding subsurface information. Apart from this,
shape-index of gravity data is carried out which directly
provides the information about the lithological boundaries
and structures and can help to identify dome, ridge, flat,
valley and bowl shapes structures of the area. This
shape-index curvature attribute does not affect by the
absolute magnitude of curvature.The dip (profile), strike
(tangential) and contours (plane) curvatures are used for
further for the identification of subsurface interpretation.
Interpretation of curvature analysis in potential field data
has played a major role to estimate the source location, depth
and strike direction (Phillips et al.,2007; Cooper, 2010; Lee et
al.,2012; Li, 2015). The aim of this paper is to prepare a
subsurface model using the curvature equipotential surface.
The interpretations of geophysical work using curvature analysis
has been widely used in this study usingacquired ground
gravitydata in Mizoram area for further subsurface interpretation.

Mathematical Derivation of Curvatures
The gravity field anomaly φ is a function of ( x, y , z )
and in the form of quadratic equation as expressed in
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figure 2(a). Represents a Cartesian coordinate system for
an equipotential surface (S) (in green colour) (after Slotnick,
1932). The z-axis represents normal to surface S at point P,
and the x- and y-axes represent two mutually perpendicular
lines in the tangent plane to S at point P and are perpendicular
to the z-axis; (b). The gridding of Z1 to Z9 points shows a
3x3 grid cell used for curvature computation (Robert 2001).
The coefficients of the equation (1) in terms of first and
second order can be expressed as in equation (2).

∂ 2φ ( z1 + z2 + z4 + z6 + z7 + z9 ) z2 + z5 + z8
=
−
2∂x 2
12Δx 2
6Δx 2
∂ 2φ ( z1 + z 2 + z3 + z7 + z8 + z9 ) z4 + z5 + z6
b=
−
=
2∂y 2
12Δx 2
6Δx 2
∂ 2φ ( z3 + z7 − z1 − z9 )
c=
=
∂x∂y
4 Δx 2
a=

Fig. 1. Location map of the syudy area and surrounded
various oil and gas discovered field. The block boundary
of the study area is shown in yellow colour.
equation (1), ignoring altitude variation (z).

φ ( x, y , z ) = ax 2 + by 2 + cxy + dx + ey + f

(1)

The x- and y-axes are in the tangential plane to the
equipotential surface andthe z-axis is directed along the
normal to the equipotential surface, (figure 2a).

∂φ ( z3 + z 6 + z9 − z1 − z7 )
=
∂x
6Δx
∂φ ( z1 + z2 + z3 − z7 − z8 − z9 )
=
e=
∂y
6 Δx

(2)

d=

f =

2( z 2 + z 4 + z 6 + z8 ) − ( z1 + z3 + z7 + z9 ) + 5 z 5
9
∂φ
∂φ

The first order gravity derivatives

∂x

and

∂y

become

zero in equation (2) and thecoefficients a, b and c of equation
(2) associated with vertical gravity gradients.The coefficient
a, b, c, d, and e can be expressed as shownin equation (3)
a = −

G xx
G yy
G xy
;b = −
;c = −
; d = 0; e = 0
2g
2g
g

(3)

Therefore, gradients components Gxx, Gyy, Gxy are the
function of curvature of equipotential surface and expressed
as the curvature gradients.

(a)

(b)
Fig. 2(a). Cartesian coordinate system for an equipotential
surface (S) 2(b). 3x3 grid cell used for curvature computation

Fig. 3. Curvatures in a 2D space
Figure 3. Various curvatures are shown in a 2D space. The
arrows shows the normal to the curved surface. It is noted
that parallel vectors are flat, shows zero curvature either
dipping plan or flat plan. Diverging arrows show positive

Delineating Subsurface Structures using Curvature

103

curvature (anticline) and converging arrows show negative
curvature (syncline) (after Robert, 2001).
Prior to deriving the various curvatures we need to
understand the role of curvature and its property. Positive
curvature and negative curvature are located in anticline and
syncline respectively. Zero curvature is shown in the dipping
plan or in the flat surface (figure 3). Figure 4 shows the
various curvatures in the 3D space as minimum curvature
(Kmin), mmaximum curvature(Kmax), N is the vector
normal to the surface at point P which makes an angle Theta
(θ) called dip angle. Strike curvature (Ks) and Dip curvature
(Kd) are orthogonal normal curvature. Principal curvatures
are also called the maximum and minimum curvatures.Φ is
the orientation of minimum curvature (after Robert 2001).

K min = Km − Km 2 − Kg

Where, Where Kmin= minimum curvature, Km= mean
curvature, Kg=Gaussian curvature

Mean Curvature
The mean curvature of the equipotential surface is the
average of two orthogonal curvatures (Kmax and Kmin)
through a point on a surface is constant is defined as the
mean curvature (Cevallos et al. 2013; Condi, 1999;
HofmannWellenhof and Moritz, 2006). The mathematically,
it can be expressed as equation (7& 8).

K max = Km + Km 2 − Kg

(5)

Where Kmax= maximum curvature, Km= mean curvature,
Kg=Gaussian curvature.

K max + K m in
2

(7)

a(1 + e 2) + b(1 + e 2) − cde
3/2
(1 + d 2 + e 2)

(8)

Km =

Maximum Curvature
The various number of normal curvature which passed
through a particular point on a surface and there exists one
curve and defined as the largest absolute curvature called as
maximum curvature (Kmax). Mathematically, the maximum
curvature is expressed as in equation (5).

(6)

Km =

Gaussian (or total) Curvature
Gaussian curvature defines as the product of the
principalcurvatures i.e. Kmax and Kmin(Dransfield, 1994)as
expressed as in equation (9).This type of curvature is referred
as the total curvature. This states that isometric bending of
the surface does not change the Gaussian curvature of points
on that surface. If the surface is folded and is not broken,
then the Gaussian curvature does not change. It is noted
that for a flat surfacein all direction, the curvature is zero.
For example, forming a cone or cylinder, with a piece of
paper, only alter the maximum curvature, as the minimum
curvature remains zero. In this case,Gaussian curvature alone
does not differentiate many shapes and hence needs mean
curvature information. A combination of curvature is
summarized and shown in figure 6. The dimension is 1/
(length)2.
Kg= Kmax x Kmin
or

Kg =
Fig. 4. Various curvatures in a 3D space
Minimum curvature (Kmin), Mmaximum curvature
(Kmax), N is the vector normal to the surface at point P
which makes an angle Theta (θ) called dip angle. Strike
curvature (Ks) and Dip curvature (Kd) are orthogonal normal
curvature. Φ is the orientation of minimum curvature (after
Robert 2001).

Minimum Curvatures
The curve perpendicular to the maximum curvature
(Kmax) is called minimum curvature and expressed as
minimum curvature (Kmin) (equation 6).

4ab − c 2
2
(1 + d 2 + e2)

(9)

Most-positive Curvature
It is noted that first derivative based attributes are (dip, edge
and azimuth) are used for detecting edges and are associated
with asymmetric (faults) and symmetric (ridges/valleys)
surface features. An edge–type display can find by searching
all possible normal curvatures for most positive or most
negative values. This can be achieved by setting the
coefficient d and e equal to zero in equation (1). So mostpositive curvature is expressed in equation (10).

K + = (a + b) + (a − b) 2 + c 2

(10)
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Most Negative Curvature

Curvedness

Similar to most positive curvature, we can calculate most
negative curvature by putting the coefficient d and e equal
to zero in equation (1). It is noted that by incorporating
these K+ and K-curavtures exaggerate faults and smaller
linear feature on the surface. The most-negative curvature
is expressd as in eqution (11).

The curvedness attribute characterized the magnitude of
the curvature of a surface independent of its shape
(Koenderink& van Doorn, 1992). The curvedness derivation
is shown in equation (15).

K − = ( a + b) − ( a − b) 2 + c 2

(11)

Dip curvature is the measure of the rate of change of dip
in the maximum dip direction and also called the profile
curvature. This curvatures helps to exaggerate any local relief
contained within the surface and can be enhanced
differentially compacted features. Dip caurvature is
expressed as in equation (12).

Kdip =

(d 2 + e 2) (1+ d 2+e 2)

3/ 2

(12)

The rate of change of curvature in the right angle to the
dip direction or extracting the curvature in a direction which
is at the right angle to the dip curvature is called the strike
curvature or the tangential curvature. Mathematically, the
strike curvature is expressed in equation (13).This curvature
basically separated the ridge shapes and valley shapes.
This curvature also used to map the buoyancy-driven
processes for hydrocarbon migration and production
drainage efficiency. This can help to study the regional
hydrocarbon migration pathway in terms of the area and
possible bypass. It is noted that calculating average dip
curvature and average strike curvature resulted in the mean
curvature as they are orthogonal curvatures.However gravity
highs and lows are shown prominently in strike curvature.

2(ae2 + bd 2 − cde)
1/2
(d 2 + e2) (1+ d 2+e2)

(13)

The mathematical derivation of the contour (plan)
curvature is shown in equation (14). Contour curvature is
very similar to the strike curvature and effectively represents
the curvature of the map contours associated with the surface,
created by cutting horizontally through the surface.

2(ae 2 + bd 2 − cde)
3/ 2
(d 2+e2)

Shape-index is the combination of maximum and
minimum curvature (equation 16) (Koenderink& van Doorn,
1992; Roberts, 2001) and describes about the qualitative
nature of shapes. The morphology in terms of colour code
can be reflected in the various shapes like bowl, valley, flat,
ridges and dome shapes.

S i = π2 tan

−1

K
K

m ax
m ax

+K
−K

min

(16)

m in

The differential curvature is useful for interpretation of
the gravity potential. It is the difference between the
maximum curvature and theminimum curvature (Slotnick,
1932; Condi, 1999).

Kd = K max− K min

(17)

Dip Angle Attribute
Dipangle attribute can be calculated as in equation (18).
This can help for fault interpretation. It can also measure in
degrees and restricted in between 0 to 900. Dip angle has
been used preferably for dip or slope attribute.

D i p A n g le = t a n -1

d 2 +e2

(18)

Azimuth Attribute
Azimuth can be calculated as in equation (19).
⎛e⎞
Azimuth = tan -1⎜ ⎟
⎝d ⎠

(19)

Like Dip attribute, Azimuth attribute can also locate the
fault. It measures in degrees (from 0 to 3600).

Contour (plan) Curvature

Kc =

(15)

Difference Curvature

Strike (tangential) Curvature

Ks =

2 K
2
max + min
2

Shape-index

Dip (profile) Curvature

2(ad 2 + be 2 + cde)

Kn =

K

(14)

Geological Setting
Indian plate and the Eurasian plate movement havebeen
studied around 45 Ma (Patriat andAchache, 1984; and
Dewey et al., 1988). Current study sates about the plate
movement of Indian Plate (N-E direction 5cm/year and
Eurasian Plate (2 cm/year). Due to this reason there isa
deform inthe Eurasian Plate and compression in the Indian
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Plate of 4 mm/year. Various researchers(Guzman-Speziale
and Ni, 1996; Kundu and Gahalaut., 2013) have studied this
subduction of the Indian Plate movement. Nandy et al,
(1983) have studied about collision of theamong the
Indian, Tripura and West Burmese Plates inLate EoceneOligocene period lies in the Tripura-Cachar-MizoramMyanmar fold belt. The updated lithological shape has
been formed bythe Burmese Plateclosed over the Assam
Shelf in the Late Eocene to Oligocene period. This led to an
unconformity in the Mizoram area and the development
of a large fluvio-deltaic system across the whole BengalAssam area. The different types of geological formations
are Upper Bhuban, Middle Bhuban and Lower Bhuban are
in Miocene age; Renji, Jenam and Laisong formations are
in Oligocene age; Part of Laisong also falls in the Eocene
age. Disang groups falls in both Eocene and
Paleoceneage.Cretaceous located below the Disang Group
in the form of unconformity and Precambrian basement rock
located below the Cretaceous. There are numerous potential
source rocks in this area belongs to Disang Group, Barail
Group and Bhuban Formations. Different potential reservoir
rocks are expected in this area specifically Disang Group,
RenjiFormation, Lower Bhuban and Middle Bhuban
Formations. Upper Bhuban and Bokabil Formation are the
reservoir rocks.

Gravity Data Acquisition
Oil India Limited (OIL) in collaboration with National
Geophysical Research Institute (NGRI), Hyderabad has
acquired ground gravity-magnetic data during 2009-2011.
The data has been acquired at an interval of 0.5 to 1 km
along the available roads, foot tracks Fig.5(a)as per the
availability around the block using Lacoste Romberg
Gravimeter (LRG) with accuracy 0.01 mGal. The drift
corrections have been carried out for the gravitymeter before
and after the field work. 2500 gravity observation has been
carried out in this area numerous base stations (around 46
numbers) were established for enabling smooth and accurate
gravity survey in this operational area. All the base stations
are in double tie mode to confirm least instrument drift.
Various corrections are applied to get complete Bouguer
gravity anomaly for further interpretation work. The
variation of gravity data is -97 mGal and maximum -17 mGal
Fig. 5(b). The orientation of the gravity data is N-S direction.
It is observed that eastern part is lower gravity variation
compared to the western part. However, the topography
increases in the eastern part (1316 m) and lowest upto 40 m
in the western part.It is noted that gravity and elevation data
follow the principle of isostasy.
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As the basement depth is estimated in this area is more than
10 km (Ghosh and Dasgupta (2014a),Ghosh and
Dasgupta(2014b); Ghosh et al, 2016). The present section
discussed about the various curvaturederived from
gravity dataand made to help understand these curvature
differences and the link with the structure of gravity data
and the subsurface structures.
Initially, isostatic regional is corrected from the complete
Bouguer gravity anomaly and then upward continuation
of 1000 m is applied. The corrected residual data is applied
3x3 filter and used for the calculation of derivative. The
various derivatives are calculated as shown in the equation
(2). The different coefficients are also calculated for deriving
the different curvatures mathematically and these are plotted
(figure 5).
The residual corrected map with 1000m upward
correction is shown in figure 6(a). It is noted that the
operation area is divided into two parts based on gravity
data namely the northern part and the southern part. The
gravity data is spread throw-out the area in the northern part
and is centralised in the middle of the southern part. It is
also noted that gravity anomaly is oriented in the N-S
direction; however gravity anomaly is discontinued in the
middle of the study area and not continuedas observed in
the northern part.There is a fault called Thenzwal Fault in
between these two parts.
It is noted that gravity anomaly is comparatively lower
in the eastern part then the western part. The gravity
orientation is N-S direction and follows the same trend of
the elevation map. The various gravity derivatives like Dx
(eastern component), Dy (northern component) and Dz
(vertical component) are shown in figure 6b, 6c and 5d
respectively. The coefficients of the equation (1) in terms of
first and second order can be expressed as in equation (2).
The coefficients of the equation are calculated and the same
are plotted. The coefficient a, b and c are shown in figure
6e, 6f and 6g respectively.

Interpretation of Gravity Data in Mizoram Area
Seismic exploration is known as one of the most adequate
technique for imaging the surface. However, the study area
is situated in the Himalayan belt where mapping of
thesubsurface like thrust–fault boundaries is not adequate.

Fig. 5(a). Elevation map shows higher elevation in the
eastern part compared to the western part
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The maximum curvature of the geometric surface
(figure 6h) indicates the fault and the lineament pattern
in the surface. The maximum values are indicated by the
red -pink colour (refer colour scale bar).The fault studied
marked by black colour by the geological fieldstudy has
been superimposed on this maximum curvature map and
indicated well correlation. Like maximum curvature,
minimum curvature (Kmin) is also calculated asshown in
the blue colour (figure 6i). It is observed that the fault
patterns are matching with the derived map.

Fig. 5 (b) Bouguer Gravity anomaly map along
with the station locations

The average of the Kmax and Kmin curvature is called
the mean curvature (Km). The plot of the mean curvature
is shown in figure 6(j). Similarly the fault studied by the
previous studied are superimposed on thi s mean
ccurvature map. The most positive curvature is shown in
figure 6(k) and most negative curvature is shown in figure
6(l).The greatest positive values indicate the anticlinal
and dome shape feature for most positive curvature.
Similarly, in the most negative curvature indicates the
greatest negative values and specifies the extreme
synclinal and the bowl feature.

Fig.6. (a) Residual corrected map of gravity data; (b) Dy derivative ; (c) Dx derivative; (d) Dz derivative

Fig. 6. (e)The coeffieient a; (f) the coeffieient b; and (g) the coefficient c
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Fig. 6 (h) Maximum curvature; (i) Minimum curvature; (j) Mean curvature
It is studied that the most positive curvature and the positive, then the surface will be elliptic point and a dome
maximum curvature looked identical pattern. The most shape. If the Gaussian curvature is negative, the surface will
positive and the most negative curvature Fig. 6(k) and 6 (l) be saddle shape and hyperbolic. If the Gaussian curvature
highlighted the lineament / fault in the geometric surface is zero, the subsurface is said to be parabolic curve. The
which is also supporting the derived fault section from the zero contour line from the Gaussian curvature (figure 6m)
(in zero value in the scale bar (yellow colour) can track high
geological study.
and low density contrast and it should define the edges of
The product of the principal curvatures that is maximum the sources. It also shows a pattern of orientation in N-S
curvature and the minimum curvature is called as the direction, However, N-E part shows maximum and minimum
Gaussian curvature (Kg). If the Gaussian curvature is Gaussian curvature value.

Fig. 6 (k)Most positive curvature; (l) Most negative curvature
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Fig. 6(m) Gaussian curvature; (n) Dip (profile) curvature; (o) Strike (tangential) curvature
Dip (profile) curvature (figure 6n) is the measure of the
rate of change of dip in the maximum dip direction.
Extracting the curvature perpendicular to the dip curvature
that is along the strike provide the strike (tangential
curvature) figure 6o.The magnitude of dip curvature refers
developed local ridges or valleys. It is understood that, the
gravity and vertical gravity gradient represents highs over
the ridges and lows over the valleys. However, these highs
and lows are sharpened in their dip curvature and also show
prominently in strike curvature (figure 6n, 6o).
Contour (plan) curvature is very similar to strike
curvature and associated with surface bycutting horizontally
through the surface. Visually contour curvature (figure 6p)
is similar to the strike curvature (figure 6o). It is noted that
the contour curvature (figure 6o) values are not well
constrained and accordingly very large values occur at the
culmination of anticlines, synclines, ridges and valleys.
The curvedness is a positive number that specifies the
amount of curvature, describing the curvature in this absolute

sense gives a general measure of the amount of total
curvature present within this surface. The curvedness is
shown in (figure 6q).
Shape-index curvature (figure 6r) is the combination
maximum curvature and minimum curvature and it does
qualitatively describe the shape like bowl, valley, flat,
ridges and dome shapes.The fault and lineament can also
be identified using this interface. Shape- index values vary
from -1 to +1. The quantitative description for the geomorphological bodies like bowl (-1), Valley (-0.5), flat
(0.0), ridge (+0.5) and dome (+1) (Robert 2001, Cevallos
et al., 2013). The shape-indexis dimensionless. However,
after carefully applying this to gravity data for equivalent
surface, produce much false indication due to the
neighbouring bodies and the complexity for calculating
higher derivatives. It is studied that, the two major faults:
one is Thenzwal fault (passing through Serchep and
ThenzwalDuarlung) and another is Penzwalfault (passing
through Haulawng) are clearly shows in the Bowl shape
(Blue colour, figure 6r).

Fig. 6 (p) Contour (Plan) Curvature; (q) Curvedness; (r) Shape- index
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Fig. 6 (s) Difference curvature; (t) Dip angle attribute; (u) Azimuth attribute
Dipangle attribute (Figure 6t) is one of the tools for fault
interpretation. It can measure between 0 to 900. Dip angle
has been used preferably for dip or slope attribute.Azimuth
attribute (Figure 6u) can also locate the fault.It generally
measures in degrees (from 0 to 3600).

Summary and Conclusion
In this work, numerous curvature attributes are analysed
for the identification of fracture and lineament. It has been
noted that the curvature attribute specified the significant
pattern. It is noted that maximum curvature, minimum
curvature and mean curvature show the geomorphological
distribution. Most negative curvature shows better lineament
variation and alsoshows a good correlation after
superposition of fault studies from field (figure 6l).
Maximum curvaturealso shows the similar property and
effective for fault mapping (figure 6k). The shape index
curvature identified the different shapes of the lithological
information like ridges, flat, valleys and bowl shaped (figure
6r).The application of curvature are based on the colour scale

and the values. Sometimes due to complexity and noise, itis
very much essential to understand the actual behaviour of
the map prior to finalization. The overall understanding
through these various curvatures studies show a good
correlation with the fault-lineament studied by the geological
field studies.Two major faults: Thenzwal fault (passing
through Serchep and Thenzwal-Duarlung) and another is
Penzwal fault (passing through Haulawng) are clearly
located in the bowl shape (Blue colour, figure 6r) and
associated details structures. The fault and thrust marked
from the field studies are shown in fig. 6v. However, the
fault and thrust location derived from seismic depth is not
adequately marked and lacked many thrust-faults is
shown in Fig. 6w. It is also noted that thrust and fault
section using grvity data provides details lineament
and smaller and larger faults along with different
geo-morphological information which are lacking in seismic
data. It is important that in geologically complex and
logistically difficult area, integrated approach can provided
better subsurface imaging associated with fault-thrust
pattern for hydrocarbon exploration.

Fig. 6 (v) Fault pattern studied in field; (w) fault-thrust calculated from seismic data
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Abstract
Groundwater Simulation models (finite element, finite difference, finite volume, meshless, method of characteristics)
are often used worldwide to obtain the head distribution in the aquifer system for given aquifer stresses. In groundwater
optimisation problems and inverse modeling these simulation models are required to be coupled with the optimisation
models. In recent times evolutionary algorithms are frequently used in simulation - optimisation (S-O) models which
require calling the simulation model hundred times over to obtain the optimal solutions. This causes considerable
burden on the computing resources particularly for the large field problems. Researchers have found that considerable
computer runtime saving is possible, if the simulation models can be replaced by the proxy simulators. These simulators
are developed to show a direct cause effect relation between the aquifer head and a decision variable (pumping discharge,
injection rate, recharge rate etc.) without involving the system simulation. In this context the present study is focused
on finding out the optimal pumping policy for a heterogeneous anisotropic confined aquifer. This is first accomplished
with finite element (FEM) based simulation coupled with differential evolution (DE) based optimisation model.The
simulation model was formulated using triangular finite element which has significant advantage for curved boundaries
and which was coupled with the differential evolution algorithm to assess the optimum pumping policy for the aquifer.
Twelve pumping well discharges were chosen as the decision variables for this study to meet a demand of 24000 m3/d.
Optimal policy aims to minimize the drawown from these wells. Simulation model is called by the DE optimisation
model several times to deliver the optimal results. The complexity of the model is reduced by replacing FEM simulation
model with artificial neural network (ANN) and support vector machines (SVM) proxy simulators. Simulation
optimization using the proxy simulators produced reliable results which have been cross examined with finite element
based simulation optimization solution. The study found that the ANN and SVM proxy simulators reduce the computer
run time significantly as compared to FEM based S-O model. Presently on a personal computer with Intel i5 CPU
@3.20 GHz with 4 GB of RAM the computation runtime was found out to be 1139 sec, 7 sec and 1 sec for FEM-DE,
ANN-DE and SVM-DE methods respectively to obtain the near similar solutions.
Keywords: Groundwater, Simulation - optimisation models, finite element (FEM), artificial neural network (ANN).

Introduction
Due to changing climate, industrial and urbanisation
activities, many surface water sources have ceased to exist
and the others are not sufficient to meet the growing demand
of water. In the past few decades groundwater has been used
as a primary source in many places of the country. It accounts
for approximately 65% of irrigation and 85% of drinking
water supply in India (World Bank 2010). If the current trend
continues 60% of the present groundwater resources will
be in a critical state of degradation within next 20 years
(World Bank 2010).
To meet the ever growing demand of water under these
circumstances in various user sectors, it is required to use
the available resources in a carefully planned manner.
Groundwater management is thus required for the efficient
use of available resources. Groundwater simulationoptimization (S-O) is a powerful tool for analysing
groundwater management problems. Optimal pumping

design, collective drawdown minimisation, cost
minimisation, aquifer remediation and for inverse
groundwater modeling S-O models play an important role
throughout the world. For simulation modeling involving
pumping, surface recharge, boundary flow and irregular flow
domains finite element models (FEM) are often preferred
over finite difference, finite volume and meshless methods.
In the field of optimisation for the past few years gradient
based conventional numerical methods are successfully
substituted by meta-heuristic optimizers which do not
demand the objective function to be continuous, explicit and
differentiable. These evolutionary methods are particularly
convenient to implement in groundwater simulation
optimization problems. Genetic algorithms, simulated
annealing, particle swarm optimisation, ant colony
optimisation, imperial colony optimisation, cat swarm
optimisation and differential evolution are some frequently
used optimisation methods in water resources engineering.Of
these methods differential evolution has been attributed for
its early convergence and programming convenience. Vasan
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and Raju (2006), Reddy and Kumar (2007), Vasan and
Simonovic (2010),Elci and Ayvaz (2014) amongst others
have successfully applied the differential evolution method
for obtaining optimal solutions in water resources
engineering problems. There have been some studies where
simulation models are replaced by proxy simulatorswhich
produce a direct relationship between the decision variable
(like pumping rate, time of aquifer remediation etc) and the
aquifer head without involving the formal simulation with
FEM or other techniques.Safavi H. R. et al. (2013), Ch et
al. (2013), Rao et al. (2004), Aly A. H. and Peralta (1999),
Chen et al (2014), Kourakos et al. (2009,) Bhattacharjya et
al. (2009) and Coppola et al. (2007) used proxy simulators
for conjunctive use of surface water and groundwater,
optimal design of an in-situ bioremediation system, desirable
size of pumping facility selection, well locations and the
discharge rate, groundwater pollution source identification,
pumping optimisation in coastal aquifers and maximizing
the pumping rates of the clean wells while minimizing
their vulnerability to contamination. Therefore there
appears to be a growing group of researchers who are
engaged in proxy simulator applications in water re
sources. In the context of above available literature the
present study aims to develop a MATLAB code to
simulate a synthetic confined aquifer by FEM. This is
used to find the optimal pumping policy to meet a
definite demand of groundwater with differential evolution.
Later the FEM simulation model is replaced by ANN
and SVM proxy simulators which are coupled with DE to
assess the policy.

Problem Formulation and Theoretical
Considerations
A hypothetical confined aquifer with irregular boundary
conditions and known aquifer parameters is used in this
study.Study assumes that the only available source of water
in a region is groundwater which is pumped out to meet its
water demand for irrigation, industrial use and municipal
water supply. It is planned to install the pumping wells at
suitable locations to pump out the groundwater for supplying
it to the required locations. The region lies above a confined
aquifer having an area of 80 km2. The thickness of the aquifer
is 50 m, length 10 km and a width of 8 km. A river is located
towards the east side boundary of the aquifer and a reservoir
in the south-west part of the region. Along the north-west
boundary the known flow condition is given as 1m3/d/m.
Other boundaries of the flow domain are impervious. The
details of the aquifer are shown in the Figure 1.
There are 12 pumping wells operating in the area with a
pumping rate of 2000 m3/d from each well. The locations of
the wells are decided according to the availability of water
and the societal needs. The aquifer is anisotropic and
heterogeneous and consists of 13 zones of different
transmissivity and storativity. The coefficient of anisotropy
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Fig. 1. Plan view of aquifer domain
of the aquifer is 1.5 and hydraulic conductivities for the
system range from 60 to 6 m/d and 40 to 4 m/d for x and y
directions respectively and can be attributed to the media
property (sandy clay to very coarse sand). Aquifer thickness
is considered as 50 m, therefore the transmissivity values
range from 200 to 2000 m2/d in the y direction and 300 to
3000 m2/d in the x direction. Further the total withdrawals
from the aquifer is required to be 24000 m3/d.
The governing groundwater flow equation for the time
variant condition is given as:
(1)
Where initial conditions are
(2)
For Dirichilet Boundary Condition (known head boundary)
(3)
and for the known flow boundary
(4)
Where,

Piezometric head (m)

Tx(x,y) and Ty (x,y) =Transmissivity (m2/d) along principal axes
S = Storage coefficient
x,y = Horizontal space variables (m)
Qw= Pumping rate from a well (m3/d/m2)
t = Time in days
= The flow region

The boundary region (

= Normal derivative

)
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= Initial head in the flow domain (m)
= Known head value of the boundary head (m)
= Known inflow rate (m3/d/m)
is Dirac delta function = 1 if

; = 0 if

Galerkin’s finite element was used to simulate the aquifer
system with a set of 292 triangular elements built up of
167 nodes. The systems of equation generated by FEM
can be written as
(5)
Here [G = 167×167] and [P=167×167] are the conductance
and storage matrices respectively. [G] and [P} need to be
assembled only once for the whole region but the system of
linear equations represented by Eq. (5) must be solved for
each time step of one day. The solution of Eq. (5) gives the
unknown groundwater head values in the aquifer domain
for a period of one year.

Differential Evolution
Differential evolution was found by Price and Storn
(1997). It is a meta-heuristic optimization method based
upon evolution strategy. Differential evolution is a
population based optimization algorithm and uses mutation
and crossover to drive the optimization algorithm. It uses a
population of decision variables and the new population is
generated by taking the weighted difference of two
population sets and adding it to a third population set. DE
maintains two arrays, each of which holds a population
size NP and D dimensional,real-valued vectors. The primary
array holds the current vector population, while these
condary array accumulates vectors that are selected for
the next generation. In eachgeneration, NP competitions
are held to determine the composition of the nextgeneration.
Every pair of vectors (Xa, Xb) defines a vector differential
(Xa - Xb). When Xa and Xb are chosen randomly, their
weighted differential is used to perturb another randomly
chosen vector Xc. This process can be mathematically
expressed as:
Xc’ = Xc+ F(Xa- Xb)

(6)

The weighting or scaling factor F is a user supplied
constant in the optimal range between 0.5 and 1.0 (DE,
2008). In every generation, each primary array vector
Xaistargeted for crossover with a vector likeXcto produce a
trial vector Xc’. Thus, the trialvector is the child of two
parents, a noisy random vector and the target vector against

which it must compete. Uniform crossover (that can take
child vector parameters fromone parent more often than it
does from others) is used with a crossover constant (CR)
inthe optimal range of 0.5 to 1.0 (DE, 2008) which actually
represents the probability thatthe child vector in herits
the parameter values from the noisy random vector. When
CR =1, for example, every trial vector parameter is certain
to come from Xc. On the otherhand, if CR = 0, all but one
trial vector parameter comes from the target vector. Then
the objective functioncorresponding to the trial
vector is compared with that of the target vector and the
vectorthat has the lower objective function value (for
minimization) of the two would survivefor the next
generation. This process is continued until the termination
criterion of apreset maximum number of generations is
met, and difference in objectivefunction values between
two consecutive generations reaches a rather small value.

Artificial Neural Networks
Coppola Jr. et al. (2005)used ANNs involving the initial
water level measurements, production well extractions, and
climate conditions as inputs to predict the final water level
elevations 30 days into the future at two monitoring
wells.Their study demonstrated that ANNs can provide both
excellent prediction capability and valuable sensitivity
analyses, which can result in more appropriateground water
management strategies.ANNs can be visualized as a set of
interconnected nodes arranged in layers. The input layer
contains one node for each of the input variables which is
connected to one or more hidden layers and the hidden layer
is then connected to the output layer. The different nodes in
ANN are interconnected and there is a weight associated
with the interconnections between these nodes. As the neural
network is trained these weights are adjusted to minimize
the difference between the model output and the actual
output. The presently adopted ANN algorithm can be
summarized as follows:
The number of neurons in input, hidden and output layers
is fixed to define the architecture.
Connection weights are randomly initialized and the
available training data is presented to the ANN model.
The network output is calculated using log-sigmoid
transfer function for the given input pattern. The transfer
function is given as:
(7)
where β is the sloping parameter to obtain different shapes
for the curve.
The error is calculated by comparing the network
generated output to the actual output of the model.
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Connection weights are adjusted to minimize the error
between the model generated and actual output

Objective Function: Minimization of Drawdown

Above steps are repeated for each pair of input output
vector in the training set, until no significant error is
remaining in the ANN model. After completion of training,
weights in the model are fixed and new input data is
presented to the model for the prediction.

The objective of this study is to minimize the collective
drawdown from the twelve pumping wells (Fig. 2). The
function can be presented as follows:
Minimize

Support Vector Machines

Under the constraints

Behzad et al. (2010) used data driven modeling approach
SVM for predicting transient groundwater levels in a
complex groundwater system under variable pumping and
weather conditions.They found out that SVM outperformed
ANN particularly for longer prediction horizons when fewer
data events were available for model development.They also
showed high consistency between the training and testing
phases of modeling when using SVM compared to ANN.
The support vector machines work on the methodology
of statistical learning theory. Unlike ANN the structure of
support vector machines is not known prior to its
implementation. Support vector machines work with the
kernels which project the input data in a higher dimension
in which a simple linear regression can cope with the
complex nonlinear regression of the input space. Given by
, x R, y R,
a set of N samples of

(10)

Where
K

= nodal location of wells
= Groundwater head at each well after t days of pumping
= initial groundwater head at each well
= a scaling constant

P is a penalty function defined as:
(11)

where xis an input vector and y is a corresponding output
value, an SVM estimator (f) on regression can be expressed
as :
(8)

=Qmin minimum allowable pumping discharge from wells

Where wi is a weight vector, and b is a bias. Õ denotes
radial basis function and is given as:

Thus, the objective function is implicit in nature and
connected to the decision variable through the governing
equations for the system with the concomitant boundary
conditions. It is not possible to obtain the gradient of the
objective function with respect to the decision variable i.e.
due t o t he i mpl icit n a ture of t he object ive
function. Therefore, conventional numerical
optimization techniques are not suitable for the given
problem. The objective function is not continuous but
discrete that also limits the application of conventional
techniques. It has also been found from the past studies in
DE application in groundwater hydrology that penalty
function is coupled well with DE to obtain near
globaloptimal solution.

=

(9)

x is the support vector and x’ is the input that is pumping for
the present problem. r is called as the radius of influence.
The weights and the bias are found by minimizing a
regularized ε-insensitive loss function. ε-insensitive loss
function is used for optimizing support vector machines
instead of least square estimator because it is sensitive to
the presence of outliers whereas an ε-insensitive function is
robust to the small changes in the model.
In the present research, the sequential minimal
optimization (SMO) algorithm, introduced by (Platt 1998;
Scholkopf and Smola 2002), has been employed. The main
advantage of the SMO is that an analytical solution of a
subset can be obtained directly without invoking a quadratic
optimizer. The model parameters of the SVM are trained by
SMO. The calibration and prediction were performed using
the programming codes of the Library for Support Vector
Machines (LIBSVM) (Chang and Lin 2011).

Qmax = maximum allowable pumping discharge from wells
Qdemand = total water demand to be met by the wells

Transient State Head Distribution and Optimal
Pumping Policy
Variable river head and 12 pumping wells withdrawing
groundwater at a rate of 2000 m3/d are introduced in the
model for transient state. The time step size is kept at Δt =
1day and the model is run for 360 days assuming all the
months of 30 days. The river head varied from upstream to
downstream by 3m where the upstream head is 95m and the
downstream head is 92m.

Role of Proxysimulators in Groundwater
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for each element before the simulation period and after the
simulation period multiplied by the storativity in the region
and area of each element.
Therefore for a period of one year following quantities
are obtained:
• Total volume of water entering through the reservoir
boundary = 6834300 m3
• Total volume of water entering the aquifer from river
boundary = 1723100 m3
• Total volume of water leaving the aquifer through
pumping wells in a year = 8760000 m3

Fig. 2. Location of pumping wells and
discretised aquifer domain

• Net flow to the system = Total inflow – Total outflow = 82600 m3(ie outflow)
• Release from storage in the system as computed from
the decline of head in the aquifer during the period of
360 days = 77869 m3
In an ideal situation net outflow of 82600 m3should be equal
to the release from aquifer storage. Therefore
• Error = = -82607m3 + 77869m3 = 4738 m3
Percentage error =

Fig. 3. Contour Plot for Transient State Head Distribution
The common flow direction in the transient state solution
is towards the minimum river head boundary as indicated in
the Figure 3. As the water is pumped out the groundwater
head first decreases quickly but after some time the decrease
in head diminishes because the aquifer system tries to attain
the steady state. It is found that the storage change in the
system decreases with time as the model tries to meet the
demand of pumping water by contributions from the higher
head reservoir and river boundaries in the system.

Calculation of Mass Balance
To check the simulation model performance a mass
balance check was carried out for the transient state
condition. The computation was based on the assumption
that the change in the volume of water stored in the aquifer
in 360 days should be equal to the total inflow (from the
reservoir and river boundary) minus the total outflow
(withdrawal from pumping wells). The fundamental idea
for a mass balance check derives from the fact that the
governing equation of groundwater flow is based upon
the mass balance which is applicable to every nodal control
volume of the aquifer system. For the transient state
condition, the change in storage is computed for each
element in the flow domain using the average change in head

The small error is practically acceptable in groundwater
flow modeling due to complex nature of parameter
distribution and difficulty in correctly assessing the aquifer
recharge.

Mass Balance for a Well
This is another rigorous check to assess the adequacy of
the FEM solutions before these can be used for the S-O
modeling. Mass balance for each individual well was also
checked by applying Darcy’s law around the well. The
computation is done considering the fact that the net volume
of water coming towards a well from all the directions near
the well vicinity should be equal to well discharge if the
wells are simulated correctly. For a typical well located at
node 113 the detailed calculation is shown in Fig.4 as
follows:

Fig. 4. Typical mass balance calculation for a well
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The discharge from side A towards the well = 862.58 m3/d



The discharge from side B towards the well = 192.84 m3/d



The discharge from side C towards the well = 521.40 m3d



The discharge from side D towards the well = 422.96 m3/d



Total discharge towards the well = 1999.78 m /d



Total pumping simulated by the well = 2000 m3/d

3

Pumping cost is computed as = (
discharge rate,

)where Q is the

is the specific density of water, g is the

acceleration due to gravity, h is the head and

is the pump

efficiency. With 60% pump efficiency and 6 rupees per unit
(kwh), it is found out that using the optimization technique
pumping cost reduces by rupees 3793 per day.

FEM – ANN and FEM – SVM Results


Hence error =

×100 = 0.011 %

Hence the model performs satisfactorily for the mass
balance check for the entire system and around a pumping
well. The model was also tested for the sensitivity to the
time step size and it was found that a change in time step
size from 0.5 to 2 days produced very near similar results.
Results were also found sensitive to the pumping rate and
the aquifer transmissivity and anisotropy on the expected
lines. The FEM model was then coupled with the DE
optimisation model and the optimal well discharges are
obtained to minimise the collective drawdown from the
twelve wells as given in Table 1. Summation of well
discharges meet the total demand of 24000 m 3/d.
Corresponding drawdown values are listed in column three
whereas for comparison column four lists the drawdown
values when equal well discharge (2000 m 3/d) was
withdrawn from each well. It can be appreciated that an
optimised pumping policy saves considerable money
because the collective drawdown (and therefore the lift cost
of water) is reduced from 13.53 m to 7.73 m.
Table 1 Optimal pumping policy and drawdown
comparison for pumping with and without optimization
Well
location

24
33
46
58
71
97
103
113
116
127
136
156
Total

Discharge
(m3/d)

Drawdown
with
optimization
(m)

3992

0.287

501

0.8018

500

0.8112

500

0.8541

501.7

0.8628

506.8

0.6967

3788

0.5821

500.5
3858

0.8307
0.5934

3751

0.6186

1900

0.5729

3701
24000

0.2236
7.73

Later the FEM model was substituted with proxy
simulators as discussed earlier in the theoretical
considerations. To develop ANN and SVM proxy simulators
training data is required which is generated using finite
element model. 500 sets of input-output data is generated
where pumping patterns are kept as input data and collective
annual drawdown is the output data. For ANN model no
pre-processing was required, however to improve the
accuracy of SVM model the data was required to be scaled
between 0 and 1.
A comprehensive comparison of results between FEMDE, ANN-DE and SVM-DE models is made in Table 2.
Optimal pumping rates and the corresponding cumulative
drawdown obtained at the 12 wells to meet the total demand
of 24000 m3/d by the three methods is presented in this
table. It also shows considerable saving in computational
run time with support vector proxy simulator, which is
maximum (1139 seconds) with FEM simulation.
Table 2 Optimal pumping policy and drawdown
comparison for FEM-DE, ANN-DE and SVM-DE
Well location

FEM-DE

ANN-DE

SVM-DE

24

3992

4000

3990

33

501

649.6

501.14

46

500

500

500

58

500

500

500.31

71

501.7

500

500.22

97

506.8

500.1

500.34

103

3788

3710

3715.6

113

500.5

518.8

504.56

116

3858

3999

3925.2

127

3751

2977

2472.1

136

1900

2169

2894

3701

3977

3996.6

24000

24000

24000

0.22

156
Total
Discharge(m3/d)
Total
Drawdown(m)

7.73

7.79

7.8

13.53

Run Time (sec)

1139

7

1

Drawdown without
optimization(m)
(Constant discharge
2000m3/d )
0.2735
2.2073
2.0187
1.89
1.83
1.32
0.61
1.24
0.58
0.64
0.698

Role of Proxysimulators in Groundwater
The three S-O models attain the minimum value of
drawdown in almost 300 iterations but the time taken by
finite element based model is much more than it is taken by
proxy simulators. The reason being that FEM involves
much longer simulation time to deliver the drawdown at the
pumping wells after 360 days. However for ANN and
SVM models the drawdown at pumping wells is generated
using regression equations involving insignificant time
compared to the FEM method. Further the time taken by
SVM model is much less than the ANN model. It is
attributed to the fact that in ANN the regression curve is
defined by all the data points which were used to train the
model but in SVM only a few data points out of all the
training data define the regression curve and these points
are known as support vectors.

Conclusions
The study is initially focused on finding out the optimal
pumping policy for a heterogeneous anisotropic confined
aquifer with FEM-DE simulation optimization model. The
simulation model was formulated using finite element
method which has significant advantage for curved
boundaries. The model was analysed with different
sensitivity checks such as time step and pumping discharge
to consider the adequacy of the model. An aquifer system
mass balance check was also performed which produced an
acceptable error of 6% for a total simulation period of 360
days. An additional mass balance around a pumping well
involving groundwater moving from all directions towards
the pumping well showed excellent match with the pumping
withdrawal rate at the well nodes. The different checks
testified the adequacy of the simulation model. Simulation
model was then coupled with the differential evolution
algorithm to assess the optimum pumping policy and
collective drawdown from the aquifer. Pumping well
dischargerates from the twelve wells were considered to meet
a demand of 24000 cubic meters per day. Later the
complexity of the model is reduced by ANN and SVM proxy
simulators. ANN and SVM proxy simulators are developed
using training data from the FEM model. The results from
the ANN-DE and SVM-DE models compare very closely
with FEM-DE solutions while meeting the demand
constraints and the collective drawdown consideration.
Therefore the study concludes that the ANN and SVM proxy
simulators can replace simulation model in groundwater
management. One of the most important conclusion is that
considerable computational runtime is saved by the
application of proxy simulators. The model was run on a
system with Intel i5 CPU @3.20 GHz with 4 GB of RAM
and the computation runtime was found out to be 1139 sec,
7 sec and 1 sec for FEM-DE, ANN-DE and SVM-DE models
respectively. There is future scope in studying simulation
optimization by involving more input parameters in proxy
simulators like groundwater recharge and understanding
its effect on groundwater level in an aquifer.
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Abstract
Arsenic contamination study carried out in some parts of South 24 Parganas district and adjoining areas, West
Bengal is assessed for finding the ground water arsenic pollution level and its lateral as well as vertical extension. Eighty
groundwater samples were collected for both pre and post-monsoon period from different depth level. Samples are
analyzed by authors’ Low cost quantitative arsenic determination technique. Arsenic contamination of ten groundwater
samples collected from Baruipur area are plotted along a straight line of length 4.5 km in which four locations show
arsenic concentration above the WHO’s permissible limit. Extent of arsenic contamination along the depth as well as in
lateral direction is estimated along this straight line. Using borehole lithologic data, interpreted VES results and arsenic
contamination at different depth level from the tube wells, a 2D Arsenic Distribution model is proposed which suggests
that the arsenic contamination is mainly restricted within micacious fine gray sand horizon with less gravel (fourth layer)
and it may be a Paleochannel zone. An impermeable clay layer is also present in this model and it may be a Paleosol
horizon which is also reflected from the VES study. The paleosol is truncated somewhere at depth which might control
the arsenic distribution in the immediate underlying subsurface layer. The paleochannel region has significant arsenic
contamination in comparison to paleointerfluve zone where arsenic contamination is nil due to presence of paleosol.
Most of the samples collected from deep tube wells of mainland and coastal region are free from arsenic contamination.
Key words: Arsenic detection, Master colour chart, Paleochannel, Paleosol, Paleointerfluve

Introduction
Humans are exposed to arsenic primarily from air, food
and water. Drinking water may be contaminated with arsenic
from arsenical pesticide, natural mineral deposits or
improperly disposed arsenical chemicals. However, elevated
arsenic level in drinking water is the major cause of arsenic
toxicity in the world. Reports of arsenic contamination in
water are available from more than 30 countries in the world.
However, the major affected regions are in the river basin of
the Ganga, Brahmaputra and Meghna in India and
Bangladesh. The arsenic affected areas in West Bengal form
a part of Ganga-Bhagarathi delta comprising succession of
quaternary sediments of over thousand meter thickness. The
arseniferous tract located mainly within the upper deltaic
plain and south eastern part of the delta. Sediments
deposited in the mouth of the delta at shallow depth are
possibly made by meandering streams and levees (Das, 2015).
School of Environmental Studies, Jadavpur University,
(SOES, 2006) had tested the arsenic pollution level of all
the 29 blocks of South 24 Parganas district in which 17 blocks
are affected by arsenic contaminated water. Out of 17 blocks,
4 blocks i.e. Baruipur, Bhangar-I, Magrahat-I and Sonarpur
are severely affected by arsenic pollution and affected patients
also come from such blocks. The concentration level of
arsenic in such blocks is above 50 parts per billion (ppb),
which crosses the permissible limit of World Health
Organization (WHO) and needs further study. Integrated

geoelectric and geochemical investigations were carried out
in some areas of South 24 Parganas district, West Bengal to
assess the prevailing groundwater conditions and chemical
quality of groundwater (Majumdar and Das, 2007, 2011,
Majumdar and Kar, 2013, Majumdar, et. al., 2014). Six
distinct lithologic layers are found in these areas of
investigations which consist of top soil, saline water, clay
layer, brackish water, another clay layer and fresh-water
bearing zone of appreciable thicknesses. This ground water
is generally safe for drinking purposes excepting the upper
shallow fresh water bearing zone. Hence, arsenic
contamination test is essential before drinking of water from
shallow tube well.

Geology of the Study Area
The Bengal Basin, being one of the world’s widest,
deepest and most tectonically active basins, extends over
parts of eastern India, Bay of Bengal Sea and Bangladesh
and represents a classical asymmetric pericratonic basin
which originated through different phases of the Tertiary
Himalayan orogeny (Biswas, 1963). The basin is located at
the junction of the three plates. It is bounded by the
Peninsular shield of India in the west, Chittagong hills in
the southeast, and the Dauki fault zone (Evans 1964) and
Naga thrust in the north and northeast (Sengupta, 1966).
The Indo-Gangetic Plain is the biggest alluvial tract of the
world and this alluvial fill is essentially of Quaternary age.
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The Indo-Gangetic Plain, more precisely, the Bengal Plain
in its southern extremity is characterized by the presence of
an extensive coastal belt. The study area lies at the southern
most part of the Indo-Gangetic Plain and the Quaternary
sediment is carried and deposited by the river Ganga and its
distributaries. Here, Quaternary sediments is underlain by
Tertiary sediments (upper Cretaceous to Pleistocene)
indicating an accumulation in a subsiding tectonic trough
i.e. all the sediments were deposited under shallow water
but those were gradually lowered down due to tectonic
movements (Morgan, et. al., 1959). Geomorphologically,
these plains are generally designated as – (Das, 1991).
Recent Coastal and Deltaic plains

Holocene

Younger Deltaic plains Late

Pleistocene

Older Deltaic plains Upper

Pleistocene

Laterite Upland

Lower to Middle
Pleistocene

Hydrology of the Study Area for Tapping
Groundwater
The groundwater bearing aquifers are present in the
district within Quaternary and Tertiary sediments and
generally occur under confined condition in the depth
range of ~75 to ~360 metres with numerous alternations of
clayey and sandy layers of varying thicknesses. The
confined aquifers can be divided into two groups in this
district from north to extreme south. The upper one, usually
in the depth span of ~20 to ~160 metres has a sandy gravel
layer as a marker bed at its base which pinches out eastward.
The groundwater in general except at a few places occurring
in this upper group of aquifers, is brackish to saline and is
not in use The lower group of aquifer occurring in the depth
range of ~160 to ~360 metres is separated from upper group
by a thick impermeable sticky clay bed which is laterally
extended with varying thicknesses. The ground water
occurring in this lower group of aquifer is generally fresh
and is used extensively.

Earlier studies
The first large-scale survey of arsenic pollution in
groundwater of Bangladesh (DPHE, 1999) indicates that
arsenic is mainly restricted within the aquifers containing
gray sand. This gray sand was formed after the low stand of
sea level at the Last Glacial Maximum (LGM) around 20
ka. But arsenic pollution is absent in the underlying yellow
or brown Pleistocene aquifers that were typically found at
depths greater than 100 meter below ground level (DPHE,
1999). Mapping of As pollution suggests that shallow aquifer
of southern Bengal basin is capped by organic matter rich
aquitard that might control arsenic distribution in
groundwater. An impermeable ‘‘brown clay’’ was also found
at depth around 21 to 24 m below ground level in southern
West Bengal which may also control the distribution of

arsenic pollution in groundwater. This brown clay was a local
representation of a basin-wide event and identified as a
paleosol horizon (McArthur et al., 2004). It was formed by
weathering of the exposed land surface as sea level fall
during the Pleistocene time from a high at 125 ka to a low at
20 ka of around 120 m below sea level (Umitsu, 1993;
Lambeck et al., 2002). The fall was glacio-eustatic which
was a global sea level fall. The lowest stand of sea level
occurred at around 20 ka and was commonly termed the
Last Glacial Maximum. The paleosol was termed as the Last
Glacial Maximum paleosol (LGMP). The presence of this
paleosol, or its absence through non-deposition or erosion,
has a strong control on groundwater flow and so on the
distribution of arsenic pollution in the study area of West
Bengal. The presence of the paleosol area is termed as
Paleointerfluve zone and the absence of the paleosol area is
known as Paleochannel zone (McArthur et al., 2008).
The stratigraphic succession of the paleochannel area is
Top soil
Holocene gray sand
Pleistocene brown sand
Pleistocene gray sand
where, the stratigraphic succession of the paleointerfluve
area is
Top soil
Holocene gray sand
Impermeable clay layer (paleosol)
Pleistocene brown sand
Pleistocene gray sand
The aquifer sediments of lower Bengal delta comprise
these two sequences. One is paleochannel sequence and
another is paleointerfluve sequence. A paleochannel
sequence is comprised of Holocene gray sand which directly
overlies gray-to-brown Pleistocene sand. This gray sand
contains groundwater that is polluted by arsenic. On the other
hand, peaty, Holocene gray sand and silt directly overlies a
Late Pleistocene paleosol in paleointerfluve sequence. The
Paleosol is acting as a capped formation over the brown
Pleistocene sand in which groundwater is not polluted by
arsenic. In the paleointerfluve zone, the LGMP prevents the
downward flow of arsenic bearing groundwater from the
Holocene gray sand to the underlying Pleistocene brown
sands. In the paleochannel zone where the LGMP is absent,
there is good hydraulic continuity between the Pleistocene
brown sand and overlying Holocene gray sand. Arsenic is
mobilized by the degradation of Holocene organic matter
in the upper aquitard and migrates downward towards the
underlying unpolluted brown Pleistocene sand. This
phenomenon is accompanied by organic matter which
promotes FeOOH reduction and so aggravates the arsenic

Arsenic Distribution and Contamination Study
pollution. Groundwater polluted by arsenic also migrates
laterally at depth through the paleochannel sands into the
paleointerfluvial brown Pleistocene sands. Electrical
resistivity survey suggests that low resistivity corresponds
to the paleosol zone in the paleointerfluve sequence and
high resistivity corresponds to the paleochannel zone (Aspolluted) in paleochannel sequence (McArthur et al., 2008).

Field Sample Selection and Data Collection
Arsenic contamination study was carried out to determine
the groundwater arsenic pollution from different depth
level and its distribution. Eighty groundwater samples
were collected from tube well locations A1 to A78 tapping
water from depth ~9 meter to ~366 meter of South 24
Parganas district (Fig.1) from the year 2013 to 2014. Another
two groundwater samples W133 and W138 tapping water
from depth ~91 meter and ~107 meter are collected from
Dhapa and Bidhannagar areas respectively of North 24
Parganas district (Fig.1) in the year of 2015. The
groundwater samples were collected in 100 ml pre-cleaned
transparent plastic bottles. After rinsing with the same tube
well water, 10 ml of concentrated hydrochloric acid was
added to each of 100 ml groundwater samples. Wax coating
was done after collection of the water sample as it was
preserved for 3 to 4 days.
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Analytical Technique
The total eighty ground water samples (A1 to A72 and
W133 and W138) are analyzed by the Low Cost Quantitative
Arsenic Detection Kit developed by the authors (Kar, et.
al., 2014). The results are shown in Table.1.

Results of Analysis
Arsenic contaminations above 10 ppb (WHO, 2004) are
found in groundwater locations A21 (15.78 ppb for tube
well depth 43 meter), A24 (48.10 ppb for tube well depth
25 meter), A25 (14.33 ppb for tube well depth 35 meter),
A27 (99.56 ppb for tube well depth 30 meter), A44 (15.75
ppb for tube well depth 30 meter), A60 (14.32 ppb for tube
well depth 30 meter) and A78 (30.56 ppb for tube well depth
21 meter) (Table.1). Arsenic contamination is zero to less
than 10 ppb are found for rest of the tube well locations
(Table.1).

VES and Borehole Investigation
Geoelectric resistivity method has been extensively used
for structural, hydrological and geothermal investigation
(Majumdar et al., 2000; Pal and Majumdar, 2001; Majumdar
and Pal, 2005; Majumdar and Das, 2011; Stewart et al,
1983). Here vertical electrical sounding (VES) with

Fig.1. Tube well locations as well as borehole and VES locations in the study area
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Table-1. Analyzed results of arsenic concentration
in the study area.

Location
No.

As Conc.
(ppb)

Depth
(m)

Location
No.

A1

0.00

200

A2

8.24

A3

Location
No.

As Conc.
(ppb)

Depth
(m)

Location
No.

As Conc.
(ppb)

Depth
(m)

A51

0.00

305

A66

0.00

329

A52

0.00

11

A67

0.00

183

A53

0.00

244

A68

0.00

137

As Conc.
(ppb)

Dept
h (m)

A26

0.00

305

200

A27

99.56

30

A54

0.00

9

A69

0.02

305

9.11

200

A28

0.00

75

A55

0.00

11

A70

0.00

15

A4

0.00

300

A29

0.00

30

A56

0.00

305

A71

0.00

98

A5

0.00

100

A30

0.00

30

A57

0.00

91

A72

0.00

107

A6

8.18

30

A31

0.00

366

A58

0.00

76

A73

0.00

30

A7

0.00

12

A32

0.00

305

A59

0.00

305

A74

0.00

335

A8

0.00

12

A33

0.00

305

A60

14.32

30

A75

0.00

76

A9

8.20

30

A34

0.00

232

A61

0.00

30

A76

5.16

12

A10

0.00

21

A35

0.00

290

A62

0.00

274

A77

0.00

305

A11

0.99

37

A36

0.00

274

A63

0.00

183

A78

30.56

21

A12

0.78

40

A37

0.00

305

A64

0.00

274

W133

0.00

91

A13

0.76

40

A38

0.00

260

A65

0.00

183

W138

0.00

107

A14

0.74

40

A39

0.00

293

A15

0.04

43

A40

0.00

305

A16

0.00

305

A41

0.00

305

A17

0.00

305

A42

0.00

152

A18

1.02

37

A43

0.00

305

A19

0.02

43

A44

15.75

30

A20

0.00

305

A45

0.00

152

A21

15.78

43

A46

0.00

305

A22

0.00

305

A47

0.00

146

A23

0.00

75

A48

0.00

366

A24

48.10

25

A49

0.00

305

A25

14.33

35

A50

0.00

152

Schlumberger array (V4) has been carried out in Baruipur
area (Fig.1) for ascertaining the vertical distribution of
arsenic contaminated horizon. The maximum current
electrode distance was 600 meter in this VES investigation.
One borehole study (BH) with location 22 o17’00"N,
88o27’30"E of Central Ground Water Board (CGWB, 1994),
Government of India was carried out to identify the
subsurface lithology of the study area. The interpreted VES
result for subsurface layer parameter significantly
corresponds with the prescribe borehole lithology. Hence,
in an unknown area under the similar hydrodynamic
condition, VES study can be successfully carried out for
finding the subsurface lithology where borehole data are
not available (Majumdar and Kar, 2016).

Data Acquisition and Interpretation
The resistivity sounding curve is interpreted by one
dimensional (1-D) inversion technique using the software
“RESIST”. Preliminary values of the model parameters
are obtained by matching the field VES curves with the
theoretical master curves and auxiliary point charts. These
model parameters are subsequently used as input (starting
model) in “RESIST” for further refinement of the results of
the 1-D inversion algorithm. The resistivity of different layers
and corresponding thicknesses are reproduced by a number
of iterations until the model parameters of all VES curves
are totally resolved with minimum RMS error. The 1-D
inversion model parameters can serve as the starting model
for 2-D and 3-D approaches to improve the approximation
of the subsurface geology. In such cases, 1-D interpretation
is usually found to fairly consistent with those observed in
2-D and 3-D inversions. The results of VES are interpreted
in terms of the subsurface geology and aquifer characteristics
under the prevailing hydrodynamic conditions. Inversion
result of the VES location is interpreted and subsequently
correlated to resolve the lithologic condition of the area.
The result of VES is finally compared with one borehole
(Fig.4) litholog data.

Result and Discussion
In Baruipur block, ten groundwater locations are plotted
in Google map and connected by a straight line ACB of
length 4.5 km (Fig.2) in which four locations show arsenic
concentrations above the WHO’s permissible limit from

Arsenic Distribution and Contamination Study
different depth level. The arsenic concentrations of 14.33,
15.78, 48.10 and 99.56 ppb are found in tube well locations
A25, A21, A24 and A27 respectively (Table.1). The arsenic
contamination is mostly restricted in shallower aquifer with
depth ranging from 25 to 43 meter. The channel Adi Ganga
passes from north-west to south-east beside this ACB line
(Fig.2). Borehole location of Central Ground Water Board,
(CGWB, 1994) Government of India is shown near A (Fig.1).
Vertical Electrical Sounding (VES) study which was
conducted towards the northern part of ACB line near B,
shows eight distinct lithologic layers along the depth.
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consisting of fine sand with clay, gray sand and several multi
layers contain alternate bands of clay, fine sand, silt, gravel
with angular to sub-angular ferruginous quartzite. Another
impermeable clay layer (seventh layer of VES study) with
resistivity 2.6 ohm.m and bottom most fresh water (eighth
layer of VES study) zone (ρ = 51.1 ohm.m) containing fine
sand with clay are also identified. The VES results almost
correspond with the borehole lithologic data. The depth and
thicknesses of VES results may little differ from borehole
data due to the rapid thickness variation of facies in the
changing environment.

Fig.2. Groundwater locations along ACB line in Baruipur for arsenic contamination study
Using the tube well data (depth and arsenic
concentration), interpreted VES results and bore-hole
lithologic data of CGWB, Govt. of India, a 2D Arsenic
Distribution model is proposed below the line ACB
representing the vertical as well as lateral distribution of
arsenic contamination. The depths of all the ten groundwater
locations are corrected with respect to MSL. The interpreted
VES result near B shows eight layers (Figure.3). The first
layer is the top soil (ρ = 2.6 ohm.m) containing sticky brown
clay, the second layer is saline water zone (ρ = 0.5 ohm.m),
the third layer is aquitard zone (ρ = 2.2 ohm.m) containing
clay with silt stone, the fourth layer is brackish water zone
(ρ = 8.1 ohm.m) containing micaceous fine gray sand with
less gravel and the fifth layer is identified as impermeable
clay layer (ρ = 1.0 ohm.m). The sixth layer of VES study
shows fresh water bearing zone of resistivity 45.1 ohm.m

The proposed model (Fig.4)suggests that the arsenic
contamination is mainly restricted within micacious fine gray
sand horizon with less gravel (fourth layer of VES study)
having more resistivity value compare to sticky clay layer
(fifth layer of VES study). This zone directly overlies the
clay containing silt stone with sand gravel zone from A to C
and this zone may be a Paleochannel (McArthur, et. al.,
2008). An impermeable clay layer may be present from C to
B between the micacious fine gray sand with less gravel
and clay containing silt stone with sand gravel zone. This
layer may be a Paleosol horizon. This impermeable clay
layer is also reflected from the VES study having resistivity
1.0 ohm.m. The area from C to B may be a Paleointerfluve
zone (McArthur, et. al., 2008). The impermeable clay layer
might be pinched out near C due to erosion or non-deposition
as significant arsenic concentration is found at location A21
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Fig.3. VES study in Baruipur (Northern part of ACB Section)
but zero arsenic concentration at location A19 although both deeper aquifer in the tube well locations A20, A22 and A26
the tube wells have same depth (McArthur, et. al., 2008). are free from arsenic contamination as shown in the model.
The low arsenic concentrations are found in location A21 So the deeper aquifer is free of arsenic in the study area.
and A25 which may be due to percolation of arsenic rich Another six groundwater samples (A73 to A78) from
groundwater from contaminated zone to clay containing silt northern part of Baruipur area also shows the same
stone with sand gravel zone as the tube wells are situated on phenomenon. Subsurface arsenic contaminated layers at
the Paleochannel zone. Below this horizon, fine gray sand shallower depth level in other unexplored areas of similar
is also present which is prescribed by CGWB and this zone geological environment may be identified using this model
is free from arsenic as zero arsenic concentration is found and VES studies along with borehole lithologic data of that
at tube well locations A23 and A28. Groundwater from particular area.

Fig.4. Proposed Model along ACB Section in Baruipur

Arsenic Distribution and Contamination Study
On the other hand, the arsenic concentrations of 8.24
ppb and 9.11 ppb are found from deep tube wells of 200
meter in Jadavpur area. The arsenic concentration values of
the above area are near to the WHO’s permissible limit and
there may be a risk of arsenic contamination in near future.
The arsenic concentrations are 0 ppb at Dhapa and
Bidhannagar areas of North 24 Parganas district having tube
well depths 91 meter and 107 meter respectively. Finally,
most of the groundwater samples collected from deep tube
wells of mainland and coastal region of the district are free
from arsenic contamination.

Conclusions
In 2D Arsenic Distribution model, the paleosol is
truncated somewhere at depth which might control the
arsenic distribution in the immediate underlying subsurface
layer. The paleochannel region has significant arsenic
contamination in comparison to paleointerfluve zone where
arsenic contamination is nil due to presence of paleosol.
Most of the groundwater samples collected from deep
tube wells of mainland and coastal region of the district are
free from arsenic contamination.
VES investigations can be applied for detection of
subsurface buried paleochannel and paleointerfluve zone and
this 2D Arsenic Distribution model may be suitable for
arsenic contamination study in an unexplored area of similar
geological environment.
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Abstract
Heavy minerals are separated conventionally from raw sand by using various heavy liquids which is a tedious
process. In the present study, an attempt has been made to measure the magnetic susceptibility (MS) of sand samples
from inland sandbodies along Hazira – Devla coastal tract, south Gujarat with an objective to infer total heavy mineral
(THM) grade associated with raw sand sand. The results arrived from the present study is comparable to the conventional
bromoform separation methods that is used extensively in the beach sand exploration. Strong positive correlation (r2 :
0.959; n=14) is noticed between THM and MS. The regression equation obtained from this relation, is utilized to
decipher the THM grade of unknown samples that indicates a variation of HMs ranging from 2.5 to 5.8 % on compared
to heavy liquid separation method. This method of heavy mineral estimation is rapid and easily applicable in field. This
method is applicable to those areas, where provenance is uniform and dominated by magnetic minerals viz. magnetite
and ilmenite and ferromagnesian minerals with fair degree of accuracy.
Keywords: Magnetic susceptibility, inland sand body, THM content.

Introduction
In beach sand exploration, separation of heavy minerals
from the lighter ones is carried out at different phases. Firstly,
desliming is done with the help of water treatment to remove
the slime content followed by removal of carbonate shell
using acid treatment. The last step involves separation of
heavy mineral fraction from light mineral fraction using the
heavy liquid media i.e. bromoform, (CHBr3 with specific
gravity 2.89 gm/cc). Bromoform is toxic, expensive, time
consuming and tedious. The cost also increases if it involves
large number of samples. Therefore an attempt is made to
estimate the heavy mineral content of sand samples using
indirect technique i.e. magnetic susceptibility. Magnetic
susceptibility - a distinct physical property of the earth
materials is a ratio of intensity of magnetization to applied
field and depends upon the presence of magnetic minerals
such as magnetite, ilmenite, pyrrhotite etc (Telford et al,
1990 & Reeves 2005). Magnetic susceptibility contrast is
the prime parameter used in magnetic method of geophysical
exploration. Here, an attempt is made to estimate the THM
of sand samples, as the measurement of MS is easy and quick.
The present study area is Quaternary heavy mineral
bearing sand along Hazira-Devla coast, Gujarat located in
the east of Gulf of Khambat. Recent investigations by AMD
has resulted in delineation of linear N-S sand bodies
(representing paleo-strand lines) of varied dimensions
parallel to the present day coast line (in N-S direction)
occurring up to 6 km inland. Subsurface exploration of these
sand bodies indicates that the sand column consist of

brownish coloured fine to very fine sand on top followed by
silty sand and clay at the bottom. The heavy mineral content
in the sand column varies from 5 to 75 % and the heavy
mineral suite comprises essentially of magnetite, ilmenite
and pyriboles (>90% of heavies) with subordinate amounts
of garnet and others (coated Fe-oxides).
Earlier work in this regard was mostly on the qualitative
approach. Anhysteretic remanent magnetization (ARM),
isothermal remanent magnetization (IRM) and magnetic
susceptibility studies have been attempted by Shankar et al
(1996) in Chavara area, Kerala coast for estimation of heavy
and opaque minerals in sand, out of which susceptibility
was preferred to ARM or IRM measurement for easiness.
Similarly, estimation of THM, ilmenite and pyriboles based
on the magnetite content of sand samples has been attempted
by Setty and Dhana Raju (1988) for sand samples of
Nizampatnam coast. Nagamalleswara Rao (1994) utilized
radioactivity, magnetic susceptibility and mineralogical
studies of beach placers of A.P. to classify different deposits
based on variation of heavy minerals. Magnetic susceptibility
as important parameter in heliborne and ground magnetic
survey is utilized for discovery of mineral sand deposits in
Australia (Mudge, 1994 ; Mudge and Teakle, 1994).
Present work highlights the results of measurement of
magnetic susceptibility of drilled borehole samples with the
help of portable magnetic susceptibility meter (KT-10) and
their correlation with the THM determined from
conventional bromoform separation. The result is utilized
to estimate the THM of unknown samples with fair accuracy.
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Study Area and Geological set up
The rocks of Gujarat belong to formations ranging in age
from the oldest Precambrian to the Recent with absence of
Paleozoic record (Merh, 1995 and Mathur, 2005). The study
area forms a part of the mainland Gujarat and is restricted to
part of the Quaternary sediments close to the coastal stretch.
The Quaternary sediments occupy the structural depressions
related to the Narmada and Cambay grabens, and constitute
thick layered sequences of sediments of fluvio-marine,
fluvial and Aeolian origins. The Mainland marine
Quaternary sediments are best represented by early Holocene
coastal deposits, comprising of raised mud-flats, stabilized
(inland) coastal ridges and shelly beach rocks. The sediments
are represented by coarse to fine sands, silts, coarse gravels
and muds etc. The major rivers flowing into the
Gulf-of-Khambat are Narmada and Tapi, which are mostly
flowing through the Deccan Traps. The provenance is mainly
dominated by Deccan Traps. Location map of study area is
shown in figure 1.

from eleven boreholes drilled in inland-sand bodies
along Jinod - Lawachha tract (Figure 1) representing
depths from surface to 4.5m. The THM have been
analyzed by conventional methodology i.e. desliming
to remove clay content, treating with dilute HCl to
remove shell and finally treated with bromoform to
separate heavy mineral fraction from lighter minerals.
The THM is calculated as weight % of the original
raw sand taken. The THM contents vary from 10.43
to 56.22 % (Table 1). This variation in THM is good
for further study. Again with the help of hand magnet,
magnetite was separated from the heavy mineral
fraction. So we get two fractions i.e. magnetite free
heavy minerals and magnetite expressed as weight
percentage of the raw sand.
¾

The measurement for magnetic susceptibility is carried
out by keeping these fourteen raw sand samples
(~500gm) that is kept in a cuboid box (Length 130mm
x Width 130mm x Height 20mm) made up of plastic
paper of very low MS (0.01 x10-3 SI units) material
(Fig.2). The low susceptibility material will not add
to susceptibility of raw sand measurement. The
thickness of 20mm is sufficient because more than 90
% of susceptibility comes from that depth. The length
and width of 130mm holds good for better scanning
of the surface at least twice (coil diameter is 65 mm).
The portable magnetic susceptibility meter (KT–10;
Terraplus make) was used for measurement in scanning
mode for 45 seconds. It high sensitivity (1 x 10-6 SI)
and range (0.001-10,000 x 10-3 SI) which works with
a frequency of 10 KHz and data recording of 20 times/
sec. The average of readings from four scans over each
sample was recorded.

¾

The magnetic susceptibility range from 10.43 to 56.22
x 10-3 SI (Table 2). Bivariate plots between different
observed parameters were attempted to study their
inter-correlationship. Strong positive correlation
(r2=0.959) is observed between MS and THM content
(Figure 4). Correlation between magnetite and MS is
also very strong (r2=0.982). The magnetite free HM
fraction wt % also exhibits good positive correlation
(r2=0.909; Figure 6). Since, magnetite is strongly
magnetic, the very strong correlation (r 2=0.982)
suggests that, the correlation is governed by mostly
magnetite content followed by other magnetic minerals
i.e. ilmenite and pyriboles. It is corroborated by
marginally low correlation (r 2=0.982) of THM with
magnetite free HM fraction.

¾

Based on the regression equation as given in figure 4,
THM content of five unknown samples (Table 3) was
inferred. The results show that, the THM inferred from
MS technique closely correlates with the actual THM
with a maximum deviation of 5.8 %.

Fig. 1. Location map of study area

Methodology and Observation
Following methodology was applied in a sequential way.
¾

Fourteen representative sand samples were selected
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Table 1 . THM and corresponding MS values.
Sample
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14

MS (x 10-3 SI)

THM (%)

7.39
7.75
7.90
8.48
12.93
14.08
16.35
18.08
22.50
25.45
26.43
26.00
38.02
47.80

10.43
11.58
13.63
14.69
16.76
17.59
20.98
25.44
31.78
33.89
37.54
41.18
44.46
56.22

Table 2 . THM quantification for 05 samples
based on MS values.
Sample
No
MOR/14/1
LVH/11/3
LVH/42/3
JND/07/1
LVH/12/5

MS
(x 10-3
SI)
14.3
25.1
26.4
19.4
11.5

ActualTHM (%)
19.43
30.94
35.72
25.15
16.69

THMinferred
(%)
20.33
32.80
34.25
26.24
17.12

Fig. 4. Correlation plot of MS vs THM

%
deviation
4.63
5.82
3.90
4.33
2.59

Fig. 5. Correlation plot of MS vs Magnetite

Fig. 2. Sample preparation

Fig. 3. Actual MS measurement

Fig. 6. Correlation plot of MS vs magnetite Free fraction
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Discussion
For reliable estimate, a good number of samples with
varying THM content must be taken (Shankar et al., 1996).
Therefore, 14 samples with wide range of THM content are
taken for this study. Excellent correlation of THM with MS
(figure 4) suggests that, the THM grade can be predicted
with fair degree of accuracy. This is corroborated by
determination of THM of five unknown samples based on
MS values (Table 2), where the % of deviation is negligible.
This indicates that, a quick scan of samples for MS values
in field condition can be done to infer the THM grade and
make necessary plans for exploration. The potential of using
rock magnetic properties as a proxy for heavy and opaque
mineral percentages of sample depends on the constancy of
the ratio of magnetic minerals to heavy/opaque minerals
(Shankar et al., 1996). Generally, this ratio is fairly constant
for a given deposit because the minerals have the same
provenance. Therefore, the magnetic susceptibility approach
is applicable only to individual deposits (in which the relative
proportions of heavy and magnetic minerals are fairly
constant; Dhana Raju 1998 & Nagamalleswara Rao, 1994).
The same is true for our study area as well. The provenance
is dominated by Deccan Traps, which is the ultimate source
for magnetite, ilmenite and other ferromagnesian minerals.
These minerals are responsible for higher magnetic
susceptibility in sand samples. The average MS for magnetite
and ilmenite are 6000 and 1800 (x10 -3SI) respectively
(Telford et al., 1990). The ferromagnesian minerals i.e.
pyroxenes and amphiboles show less MS i.e. of the order of
10-4 to 10-5. This is again evident from high value of r 2 in
case of Magnetite vs MS (0.982) as compared to 0.959
(THM vs MS) and 0.909 (magnetite free fraction vs MS).
Variation in correlation with w.r.t. MS is due to presence/
absence of magnetite apart from other opaques (ilmenite/
pyriboles) that contribute MS to the sample.

Conclusion
Semi-quantitative estimation of total heavy mineral grade
can be inferred indirectly from the magnetic susceptibility
measurement on sand samples with fair degree of accuracy
that holds good for the coastal tract of Gujarat, where the
provenance is dominated by Deccan Traps. Magnetic
susceptibility in the sand body is mainly contributed by
magnetite, ilmenite and ferromagnesian minerals that area
the major constituents of provenance. Since, one or more
magnetic minerals are always present in the beach placers,
magnetic properties may be used as a proxy for heavy and
opaque mineral content. The method is very simple, rapid
and inexpensive that can be used to scan large number of
samples in short time and delineating important heavy
mineral bearing pockets for further detailed investigations.
Although the method cannot necessarily always be used, it
can successfully estimate the heavy/opaque mineral
percentage of samples from deposits that have the same
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provenance. For the deposits with mineralogical
complexities and varied provenance, the efficacy of this
technique needs to be validated.
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ii) The Thesis may have been submitted to any department in a University in India but should
have a relevance to Geophysics.
AEG award consists of a cash prize of Rs.25,000/-, a citation and a plaque.
Eligibility
Researchers/Professionals, engaged in research in geophysics, who have been awarde
doctoral degrees in the period under consideration January, 2015 - June, 2016 by an Indian
University/deemed university are eligible for these awards.
Application/Nominations are invited by 31st July, 2017 in the prescribed format indicated below.
The application form can also be downloaded from AEG’s website www.aegind.org
Nomination and Selection Procedure for Awards
Nominations for the award can be submitted along with the required enclosures both as hard
copy and in soft copy format to AEG before the due date. Applications may either be sent directly
by the candidate or can be nominated by the Guide/Head of the Department/Head of the Institution.
The names of the final awardee will be decided by the Award Committee of eminent geoscientists of
national and international repute nominated by the President, AEG.
The selection of the award is solely based on the originality and innovativeness of the research
contribution and quality of research work.
The names of the awardees will be announced by 30th September, 2017.
Best thesis award will be conferred at the AEG’s Annual Convention. The recipient of the award
will be invited to present the salient results of his / her research work during the AEG’s Annual
convention.
No interim queries will be entertained and canvassing in any form will disqualify the nomination.
In all matters of AEG Award for best thesis, the decision of Award Committee
nominated by President, AEG shall be final.

ASSOCIATION OF EXPLORATION GEOPHYSICISTS
AEG Award for the best Ph.D. Thesis in Geophysics
APPLICATION FORM
for Ph.D. Thesis Awarded for the period ______________





Name of the candidate :

Date of Birth

:

Address for
Correspondence

:

Phone/Fax/email

:

Title of the doctoral
thesis

:

Department

:

University

:

Date of announcement
:
of the award of Ph.D
Thesis

(Acceptance letter/notification/degree from the
concerned University/Institute may please be enclosed)

Enclosure No.:

Enclose the following in both hard copy and soft copy* format
1. A Copy of the Thesis
2. Summary of the significant work in 1000 words
(Important figures may be included)
3. Milestone contribution in the thesis in the opinion of
the candidate to justify his/her nomination (500 words)
4. Publications based on thesis work
*The soft copy of the enclosures along with the scanned copy of the Application form to be sent by an email
to aegindiageophysics@yahoo.com

Place

:

Date

:
Signature of the Candidate

Signature of the guide/Head of
the Department/Head of the Institution.

The Applications must be sent to

The Secretary
Association of Exploration Geophysicists
# 12-13-266, Street No.15, Tarnaka, Hyderabad - 500 017, India.
Phone: (040) 40259557
Email: aegindiageophysics@yahoo.com
www.aegind.org

ASSOCIATION OF EXPLORATION GEOPHYSICISTS

Sriram Srinivasan Award
Association of Exploration Geophysicists with an aim of encouraging and promoting scientists
and professionals in geophysics/geology in India is sponsoring an award in each (calendar) year
from 2016 to be known as the “Sriram Srinivasan Award”. This award is in honour and
remembrance of late Shri.Sriram Srinivasan, an alumini of IIT Kharagpur and pioneer in the
Indian Mining Industry in promoting the application of computer aided tools in exploration and
mine planning. The cash prize for the award is being sponsored by Datacode, Nagpur.
Sriram Srinivasan Award is to be awarded each year to a geophysicist/geologist for his
professional excellence, outstanding work and significant contributions in exploration geophysics/
geology and related geosciences.
The award consists of a cash prize of Rs.25,000/-, a citation and a plaque.

Nomination and Selection.
Nominations for consideration for the award are invited from eligible Indian professional
geophysicist/geologists. The nomination shall specify: (i) Name and address of nominee; (ii)
Summary of the work done by the nominee which will form the basis for nomination (about 200
words) stating whether the work (part or whole) has been recognized for any other prize or
award; (iii) a longer statement (not exceeding 1000 words) providing additional information
regarding the career of the nominee (iv) list of nominee’s published works.
Nominations are to be submitted along with the enclosures both as hard copy and in electronic
form by email to aegindiageophysics@yaho.com before the due date. The awardee will be decided
by the Award Committee of eminent geoscientists nominated by the President, AEG. The
committee will be empowered to consult experts in the field, if necessary
Last date for receipt of nominations is 31st July , 2017 and the name of the awardee will be
announced by 30th September, 2017.
The award will be conferred at the AEG’s Annual convention scheduled in October,2017.
No interim queries will be entertained and canvassing in any form will disqualify the
nomination. In all matters of the Sriram Srinivasan Award, the decision of the Award Committee,
nominated by the President, AEG shall be final.

Journal of Geophysics - Best Paper Award
This annual “AEG Best Paper Award” to be given to an outstanding paper, published in the
preceding calendarf year in AEG’s Journal of Geophysics. This annual award deemed by the
editorial board to be most deserving for its contribution to the pure and applied geophysical,
based on both the scientific importance and potential impact of the paper and quality and
clarity of presentation. Papers with orginal ideas, creativity and novelty would be preferred.

Eligibility
♦

The award to be conferred upon the sole corresponding author or one of the contributing
authors.

♦

Membership of the AEG is a prerequisite for this award.

♦

The current editorial board members and editors are not eligible.

Award
♦

A certificate and Rs. 10,000/- cash prize

Nomination procedure
♦

When submitting a manuscript, the author shall indicate whether she/he wishes the sub
mission to be considered for the award nomination

♦

Nominations shall be made by the Editorial board based on the papers published in the four
issues of the preceding year.

Association of Exploration Geophysicists
# 12-13-266, Street No. 15, Tarnaka, Hyderabad – 500 017
Telefax: +91-40-40259557
E-mail: aegindiageophysics@yahoo.com, Web Site: aegind.org

Membership Application Form
I, hereby apply for

Life / Student Membership

of the Association of Exploration Geophysicists.

Please type or write in block letters:
Title

:

(Mr./Ms./Dr./Prof.)

:

Name

:

Designation

:

Organisation

:

Address

:

City & Pin code

:

Country

:

Phone

:

E-mail

:

Mailing Address

:

Qualifications*

:

Experience*

:

Research Interest*

:

Publications*

:

Membership of any other Association, Society, Academy, etc.
•

Attach a separate sheet, if necessary

Fax :

Sponsor for Life Membership
Name & Designation

:

Organisation

:

Address
Member of AEG

:
:

Yes / No

I am satisfied that the applicant is worthy of becoming a Life member of the Association of
Exploration Geophysicists and I recommend the applicant for Life membership.
Date

Signature of Sponsor

Student Membership
Student Applicants must give information on the status and time scale of their studies, countersigned
by their Professor. The duration of Student Membership is valid only till the period of their study.
Date expected to Graduate

Degree

Signature of Professor

University

Membership Fees (to be enclosed along with the Application form)
Life Membership
Student Membership

:
:

Rs. 3,500/- (US $ 350 for Foreign Members)
Rs. 100/- for admission and Rs.10 as annual subscription every year.

Payments are to be made by Demand Drafts drawn in favor of the Secretary, AEG, Hyderabad.
Details of Bank Account of AEG for sending the amount directly through Electronic Transfer
a. Account Holder Name: Association of Exploration Geophysicists
b. Bank Name: State Bank of Hyderabad, Osmania University Branch, Hyderabad
c. Bank Account of Number: 52198268342
d. MICR Code: 500004044
e. Indian Financial System Code (IFSC) : SBHY0020071
 Fee Enclosed

D.D. / Cheque No. :

Date :

Amount :

DECLARATION BY THE APPLICANT

I hereby certify that the information given above is true to the best of my knowledge. I fully
subscribe to the aims and objectives of the AEG and undertake to abide by the rules and regulations
of the Association, in case I am declared a Life Member / Student Member of the Association.
Date

Signature of Applicant
(FOR OFFICE USE)

The Applicant is Granted/Refused admission to the AEG as a Life Member / Student Member.
Reasons in case of non-admission of the applicant.......................................................................................
....................................................................................................................................................................
Membership No.
Date

Receipt No.

Date
Secretary/Treasurer

for Rs.

Year

