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ANNOUNCEMENT

41st Annual Convention and Seminar on Exploration Geophysics
13-16  October, 2019, at CSIR-National Geophysical Research Institute (NGRI)

Hyderabad, Telangana State, India.

The Association of Exploration Geophysicists (AEG), is organizing its 41st Annual Convention
and Seminar on Exploration Geophysics during 13-16 October, 2019, at CSIR-NGRI, Hyderabad,
Telangana State, India. The Association has successfully conducted 40 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 as this 41st Seminar is being held as
part of 2nd Triennial congress of Federation of Indian Geosciences Association (FIGA). The seminar
serves as a unique interdisciplinary platform for 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.

Authors are requested to send the Abstracts by 31st August, 2019. Acceptance of the abstracts will
be communicated by 7th September, 2019. Authors are requested to submit the full paper before
1st October, 2019. Original scientific contributions are encouraged and invited. Authors are requested
to send the text of the abstract in MS Word by email to aegindiageophysics@gmail.com.

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.XL No.2 April-June, 2019 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.

In the technical paper “Petrophysical Analysis of Certain Well logs in Helium-rich Natural Gas
Reservoirs” Dharmendra Singh, emphasized the importance of petrophysical interpretation of well log
data to identify helium bearing layers and estimation of helium resources. The study indicated that well logs
such as Neutron log and NMR log, which directly responds to the hydrogen content of the fluid in the rock, are
best suited to identify helium bearing layers. Helium rich natural gas reservoirs are found to be characterized
by very low neutron porosity, suppressed spin-echo amplitude in NMR log. He proposed adopting Logging-
while-drilling (LWD) technology could minimize the invasion effects. These findings could be helpful in
designing the optimum logging program and identification of potential helium bearing zones.

G.V. Satyanarayana et al., in their technical paper “Inferred Basement Geological Features in the shelf
area between Paradeep and Shortt’s Island, Odisha Coast, Bay of Bengal” discuss the results of
magnetic and bathymetry data utilized in delineating basement geological structures in offshore from Paradeep
to Shortt’s Island, Odisha. Their study indicated that the low frequency high wavelength magnetic anomaly
gradient in NE-SW direction parallel to the coast indicates the continuity of uplifts/ horst structures and are
probably the hinterland extension of Bhubaneswar - Kendrapara uplift /Nimapara-Balikuda uplift. Konark
uplift in the offshore is also clearly brought out from the study.  In between the horst / uplifts the extension of
Puri depression is indicated by low frequency low amplitude magnetic anomalies with a discontinuity due to
hinterland extension of lineaments in to the offshore.

In the technical paper “Diverse Nature and Tectonics of the Continental Margin off Eastern India
and  Bangladesh, Inferred  from Forward  Modeling of Potential Field Data” Delia Cardozo and Maria Ana
Desa describe the results of potential field modeling done under seismic constraints conducted along the
Eastern Continental Margin of India (ECMI) to understand the nature of continental margin along both the on
shore and offshore Bangladesh. The study confirmed the presence of a volcanic margin onshore Bangladesh.
This margin termed as a “terrestrial margin” is now sub-aerial due to voluminous sedimentation in the Tertiary.
The present study also indicates that Bangladesh offshore is not a margin but a southward continuation of the
oceanic crust in Bangladesh and is termed as a “pseudo-margin” since it has some resemblances to a passive
continental margin. The crustal evolution and subsequent sedimentary deposition pattern determine the
georesource potential of these margins.

Wu Shiping et al., in their article “Velocity Model Building and Depth Imaging in Complex Carbonate
Regime - A Case Study from West Mumbai High” highlights the importance of parallel geological
interpretation as a key to successful model building. The case history demonstrates that by iterating between
processing steps and interpretation update, the fault-shadow problem gradually evolved into a carbonate
contact problem, and energy focus quickly converged. The pre-stack depth migration (PSDM) image between
the smoothed initial model and the final model indicates that the carbonate-platform interpretation is
straight forward and undoubted.

Alok Kumar Routa and P. R. Mohanty in their article “An Outlook on Seismic Forward Modelling: A
Comparison Study of Asymptotic Method to Direct Method” compared the Asymptotic Ray Tracing (ATR)
and the Finite-Difference (FD) methods in reflection character analysis of seismic modeling. Their study indicated
that in case of ART, the stacked section contains more diffractions compared to FD method and will be very
helpful for travel time tomography and migration. FD, as it is a full wave form modeling, the structure can be
interpreted in primary stage in a better way compared to ART and can be used for Reverse Time Migration purpose.



In their article “Seismic Imaging of an Onland Sedimentary Basin - A Case Study” Sudeshna Moharana
and Biswajit Mondal, presented a zero offset 2D reflection seismic data processed with Kirchhoff time
migration. The integral or summation approach migration in time domain (Kirchhoff time migration) which
accommodates irregular sampling and non-planar data acquisition is applied to multichannel seismic reflection
data from sedimentary basin. From the study of migrated section, the sedimentary thickness of the basin and
the depth to two volcanic flows are derived.

V.P.Dimri
A.K.Chaturvedi



Abstract

Introduction

Petrophysical Analysis of Certain Well logs in Helium-rich
Natural Gas Reservoirs

Dharmendra Singh
GAIL Global (USA) Inc.

3200 Southwest Freeway, Suite 1090,
Houston, Texas, USA 77027

Email: dharmendra_singh@gail.co.in

In recent years, there has been a significant increase in the price of helium due to its limited supply and growing

global demand. Presently, conventional natural gas reservoirs are the single largest commercially viable resources of

helium on the earth. However, most of the wells, where helium has been discovered, were drilled primarily to explore

hydrocarbons but also encountered helium, accidently. Present systematic theoretical petrophysical study have shown

that presence of helium in natural gas reservoirs affects most of the well log responses due to its several special physical

properties such as zero nuclear spin, zero hydrogen index (absence of hydrogen atoms), negative Joule-Thomson

coefficient, low density and high P-wave velocity. Neutron log and Nuclear Magnetic Resonance (NMR) log, which

directly responds to the hydrogen content of the pore fluids in the rock, are found to be strongly affected by the presence

of helium. The density, sonic and temperature logs are also found to be affected at a lesser extent as rock matrix contributes

more to these log responses than the pore fluid. However, gamma ray and resistivity logs are found to be ‘not affected’

due to non-conducting and non-radioactive nature of helium. In this study, we present that percentage concentration of

helium in natural gas reservoirs is very crucial for influencing these well log responses. We also point that these predictions

could be helpful in designing the optimum logging program, identification of potential helium bearing layers and qualitative

estimation of helium resources in the wells that may be drilled in future to explore helium as the primary target.

Keywords- Helium, Natural gas reservoirs, Petrophysics, Nuclear Magnetic Resonance (NMR) logging, Neutron logging,

                 Hydrogen Index.

Helium is the second-most abundant element in the
universe after hydrogen and is believed to be the product of
Big Bang nucleosynthesis [1]. It is very special to human
kind due to its several unique properties [2] such as lowest
boiling point, highest ionization energy, superfluid behavior
at very low temperature, smallest atomic radius, high thermal
conductivity, negative Joule-Thomson coefficient etc. The
boiling point of the Helium is -268.9°C at standard
atmospheric pressure. It is the only substance that remains
liquid at absolute zero (-273.15°C) under normal pressure
conditions. Helium has only two stable isotopes i.e. 4He and
3He. These properties of helium make it indispensable for
many applications in the fields of medical technology, space
exploration, cryogenics, laser technology, military, arc-
welding, deep sea diving, leak detection etc. Presently the
largest and most common commercial use of helium is in
Magnetic Resonance Imaging (MRI) machines, where liquid
helium is used to keep the superconducting magnets cool.
The world’s largest machine and most powerful particle
collider, the Large Hadron Collider (LHC) built by European
Organization for Nuclear Research (CERN), utilizes around
100 metric ton of liquid helium as a coolant, in order to
accelerate particles to near the speed of light. Helium was
first observed around 150 years ago, in year 1868, by French
astronomer Pierrev Janssen in the solar spectrum during a

total solar eclipse in India. However, it took another 27 years
to discover helium on the earth when Sir William Ramsay,
in year 1895, isolated it from a uranium rich mineral. Helium
was soon discovered in trace quantities from a variety of
sources, including Earth’s atmosphere. However, extraction
of helium from Earth’s atmosphere is very complicated and
un-economical due to its infinitesimal concentration
(~0.0005%) in the air. In 1903, helium was found in a natural
gas well, drilled at Dexter, Kansas, USA that produced a
non-flammable gas. This resulted into subsequent efforts to
commercialize the extraction of helium from natural gas
reservoirs, containing up to 10% helium by volume.

In general, a helium content of 0.3% or more is
considered necessary for commercial helium extraction [3].
Most of the helium that is removed from natural gas is
thought to form from radioactive decay of uranium and
thorium in granitoid rocks of Earth’s continental crust
wherein radioactive uranium and thorium stabilize
themselves by emitting positive charged helium nucleus
(alpha-particle). An alpha-particle turns into helium atom
once it captures two electrons from its surroundings. This
newly formed helium, moves upward due to buoyancy.
Helium has the smallest atomic radius of ~0.2 nm. Generally
halite and anhydrite are the only sedimentary rocks that can
block the upward migration of helium. Shales that have their
pore spaces plugged with abundant organic materials
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(kerogen) sometimes serve as a less effective barrier for
helium [3].

Current Status of Helium Exploration

Presently, USA is the largest producer of helium in the
world followed by Qatar and Algeria [4]. Other countries
such as Russia, Poland and Australia also produce helium,
but in small quantities [4]. Conventional natural gas fields
are the single largest source of helium in the world. Helium
is separated by compressing and cooling the natural gas
until all the gases except helium condense to liquid (taking
advantage of lowest boiling point of helium). In countries
like Qatar and Algeria, helium is produced as a byproduct
of natural gas processing in their LNG plants, wherein
liquefaction of natural gas sourced from the conventional
natural gas fields is done. Generally, helium can’t be
produced from unconventional natural gas (shale gas)
fields as shale can’t trap helium due to its very small size.
Few helium production facilities such as Renergen, South
Africa (2019), Qatar 3, Qatar (2020), Irkutsk, Russia (2021)
and Amur, Russia (2021-2026) are being built to secure the
future helium demands [5]. In last 15 years, prices of helium
have gone up by 500%. Prices of helium were about $200/
Mcf in year 2017 as compared to average natural gas price
of about $3/Mcf for the similar period [4].

Thus far, most of the wells, where helium has been
discovered were drilled primarily for oil and gas exploration
and occurrence of helium was a windfall. . However, in the
recent past, large helium resources were discovered in
Rukwa basin, Tanzania by researchers of Oxford and
Durham universities while working with Helium One Ltd
[6]. It’s the first-time helium has been explored on purpose.
Efforts are being made by several companies to drill
exploratory wells [7], exclusively to explore helium in the
areas where geological conditions for trapping the helium is met.

Petrophysical Analysis of Helium-Rich
Natural Gas Reservoirs

The genesis and physical properties of helium is entirely
different from natural gas and a complete geo-scientific
approach for exploration and production of helium is
required to be developed to meet its high future demand.
One such approach could be the petrophysical analysis of
the open hole well log data acquired in the wells for
identification of potential helium bearing zones in
natural gas reservoirs. So far, in almost all petrophysical
models, it is assumed that the pore space of the sedimentary
rocks is filled with certain fluids such as ‘oil’ or ‘natural
gas’ or ‘water’ or any combinations of them. As helium is
usually found in its gaseous phase along with natural gas in
the pore space of the sub-surface rocks, well log responses
of helium-rich natural gas reservoirs will be some what
different as compared to the well log responses of
pure-natural gas reservoirs.

In the present paper, an attempt has been made to
understand the responses of the commonly recorded
well logs in helium-rich natural gas reservoirs. It is
observed that presence of helium in natural gas
reservoirs affects the responses of certain well logs.
Responses of commonly recorded well logs, in presence
of helium, can be explained by dividing them in three
broad categories i.e. (i) well logs that are strongly
affected (ii) well logs that are marginally affected and (iii)
well logs that are not affected by the helium presence.
Expected response of the well logs under each category
is presented below.

Well Logs that are Strongly Affected by Helium
Presence

Helium is found along with natural gas in the pore
space of the rock.  Hence, well logs such as neutron log
and Nuclear magnetic Resonance (NMR) log, which
mainly respond to the fluid contained in the rock’s pore
space, will be strongly affected by the presence of helium.
These results  have been described below;

i.  Neutron Log

The neutron logging tool contains a radioactive source,
which emits high energy neutrons. Since mass of  hydrogen’s
nucleus (proton) is almost equal to the mass of a neutron,
energy lost by neutron would be maximum due to
conservation of momentum. Therefore, neutron log is
sensitive mainly to the amount of hydrogen atoms present
in the formation and is primarily used to determine the
total porosity of the reservoir rock [8]. Hydrogen Index (HI)
is a key factor to understand response of neutron
porosity tool. It is defined as number of hydrogen atoms
per unit volume in pore fluid divided by the number of
hydrogen atoms per unit volume in pure water at surface
conditions. HI of various pore fluids is tabulated below [9]:

Fluid type Hydrogen Index (HI) 

Water (salinity 0 ppm) 1.00 

Salt Water (salinity 125,000 ppm) 0.95 

Natural Gas (Density 0.2 gm/cc, 

5,200 psi) 

0.44 

Helium zero 

Table 1. Hydrogen Index of various fluids

HI of helium is zero as pure helium does not contain
any hydrogen atom. Hence, neutron tool will read zero
porosity against the clean limestone rock containing
pure helium, provided that mud filtrate invasion is
negligible. However, HI is always non-zero due to invasion
of mud filtrate beyond the depth of investigation of
the neutron tool. For a clean rock, porosity measured by
neutron tool (Φ

N
) can be written as;
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ΦN = Φ [HIMF SXO + HI (1-SXO)],        (1) 

where Φ is the total porosity of rock, S
XO 

is the water
saturation of mud filtrate. HI

MF 
and HI are hydrogen index

of mud filtrate and residual reservoir fluid respectively.
Invasion effect can be minimized by recording neutron
porosity log during Logging-While-Drilling (LWD).
Neglecting the mud filtrate invasion (S

XO
=0), Eq. 1 can be

can be simplified as Φ
N
=Φ [HI].

a)  For 100% water bearing reservoirs (HI
Water

=1.0);

(ΦN)Water = Φ [1.0] = Φ (true porosity)     (2) 

b)  For 100% Natural Gas (NG) bearing rocks having
density as 0.2 gm/cc at 5,200 psi (Table 1);

(ΦN)NG = Φ [HING] = 0.44 Φ        (3) 

c) For 100% helium bearing clean rocks (HI
He

=0),

(ΦN)He = 0           (4) 

From the above Eq. (2), (3) and (4), it is seen that neutron
porosity tool will underestimate the true porosity in presence
of helium or natural gas in the pore space of the rock
[(Φ

N
)

He
<(Φ

N
)

NG 
< (Φ

N
)

Water
]. For helium-rich natural gas

reservoirs, neutron porosity will be lowest. These results
could be helpful in differentiating helium and non-helium
bearing layers in the exploratory wells. To observe this effect
in a detailed manner, neutron porosity (theoretical) is plotted
against the true porosity of the clean limestone rock in Fig.1.

Fig. 1. Neutron porosity plotted as a function of true porosity of  the rock showing
effect of helium in presence of natural gas

As evident from the Fig. 1, neutron tool will read true
porosity for the 100% water bearing limestone. However, it
will underestimate the porosity in presence of gases (natural
gas or helium) as per Eq. (3) and (4). Separation between
true porosity of the rock and porosity measured by neutron
log increases with percentage increase in helium

Effect of helium on neutron log

N
eu

tr
on

 P
or

os
ity

True porosity of the rock

concentration. Theoretically, 100% helium bearing rocks will
give rise to zero neutron porosity as per Eq. (4). Furthermore,
at higher porosities, this effect will be more apparent.

Nuclear Magnetic Resonance (NMR) Log

NMR logging has been proven to be very useful for
natural gas exploration [10] as it can accurately provide
information about lithology independent porosity, pore
size distribution, fluid characterization, permeability
etc. Primary composition of natural gas is methane (CH

4
)

which has one carbon and four hydrogen atoms per
molecule. Each hydrogen atom has one proton that
possess half   integral nuclear spin, and therefore acts
like a tiny bar magnet due to its magnetic dipole moment.

In NMR measurement, the initial amplitude of the
spin-echo train is measured which is proportional to the
number of hydrogen nuclei in the pore space of the rock.
This amplitude is calibrated in terms of porosity units.
Reservoir rocks may contain clay bound (immovable) water,
free (movable) water, or hydrocarbon (oil or gas). One can
identify them in NMR log response by analyzing T1
(longitudinal relaxation time) and T2 (transverse
relaxation time). For example, natural gas is characterized
by long T1 and short T2. Bound water responds at very
short T1 and T2 due to the restriction of molecular
movement in small pores. Free (movable) water is
characterized by medium T1 and T2.

Unlike hydrogen (1 proton), helium nucleus (2 protons
and 2 neutrons) possesses zero nuclear spin due to even
number of protons and even number of neutrons. Therefore,
helium cannot undergo NMR. This is very important
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property of helium which could be useful in identifying
presence of helium in natural gas reservoirs. Spin-echo
amplitude of NMR measurement in helium-rich natural
gas reservoirs will be suppressed due to lower number
of hydrogen atoms per unit volume as compared to pure
natural gas reservoirs. Theoretically, a clean helium bearing
rock will not respond to the NMR tool due to zero
spin-echo amplitude.

Well logs that are marginally affected by helium
presence

Unlike neutron and NMR logs described above (which
respond directly to the pore fluid), there are certain other
well logs, such as density and sonic logs which respond
to both matrix and the pore fluid of the rock.  Also, in
these logs, the contribution from the matrix part to the log
response is larger than that of the fluid part. Since rock
matrix is nothing to do with the helium, the overall
response of density and sonic logs, in presence of  helium,
is only marginally affected. Further, temperature log is
also marginally affected by helium presence due to
negative Joule-Thompson coefficient of  helium. Responses
of these logs are described below;

i. Density Log:

The density log responds primarily to the electron
density, which varies with formation bulk density [11]. In
most common conventional reservoirs filled with only one
type of fluid (water or oil or gas), bulk density of the rock
can be defined as

ρb = ρma (1-Φ) + ρf Φ,        (5)

where ρb, ρma and ρf are bulk density (read by density log),
matrix density and fluid density (pore filled in void space)
respectively. Difference in bulk densities of the rock in
presence of different fluids, using above equation, can be
written as;

∆ρb = (ρb)f1- (ρb)f2 = Φ (ρf1 - ρf2),              (6)

where ρ
f1
 and ρ

f2
 are fluid density of two different fluids.

Since density of natural gas is always be greater than the
density of helium, “ρ

b
 will always be greater than zero.

However, “ρ
b
 will be very small as the porosity (Φ) of typical

reservoir rocks are generally less than 30%.

ii. Sonic Log:

Sonic logs measure the travel time of sound (elastic
wave) through  the formation (rock) and is typically recorded
in microseconds per foot (µs/ft). The transmitted pulse
travels through the rock and undergoes dispersion and
attenuation, and received back by the receiver of the sonic
tool. The compressional wave(P-wave) is the one who is
received first by the receiver followed by shear wave
(S-wave). The shear wave cannot propagate through fluids
as they do not have shear strength. The P-wave velocity

Vp = √[(K+4µ/3)/ρ],               (7)

where K is Bulk Modulus, µ is modulus of rigidity (or shear
modulus) and ρ is density of the rock.

As helium is less dense compared to methane, the speed
of sound in helium (~1,000 m/s @ 20oC and1 atm) is almost
double the speed of sound in methane (446 m/s) [12].
Therefore, if natural gas is replaced with helium in the
pore space, the compressional velocity will increase.
This will result in lower transit time. However, due to
smaller contribution of the pore space to the total log
response, this effect will only be significant in shallow
high porosity formations where pore volume is large and
pore fluid contributes more in rock rigidity.

iii. Temperature Log:

Temperature log is a record of the temperature gradient
in the well [13]. In-general, formation temperature
measured in the borehole increases with the depth
depending on the geothermal gradient of that area. In
open hole, temperature log is used to locate lost circulation
zones, fluid flow into the borehole, particularly natural
gas, which give rise to cooling effect on expansion.
However, unlike natural gas, helium heats up during
adiabatic expansion due to its negative Joule–Thomson
coefficient for the temperature >40K(-233.15oC) [14].
Therefore, pressurized helium flowing into the borehole
will give rise to heating effect and can be detected by
measuring temperature log. However, concentration of
helium has to be very high compared to natural gas to
observe this effect.

Well  logs  that are not affected by helium
presence

Some physical properties of helium and natural gas are
the same. Hence, well logs such as resistivity log and gamma-
ray log which are recorded to measure these properties will
show similar response to both helium and natural gas and
one cannot distinguish helium and natural gas using these
logs.  Responses of these logs are described below;

i. Resistivity Log

Electrical resistivity of a material quantifies how strongly
that material opposes the flow of electrical current. In a gas,
these electrons are too dispersed to provide any measurable
current and they are considered as insulators. Hence, both
natural gas and helium give rise to same response on the
resistivity log, as both of them, in their gaseous phase,
behaves like non-conductor.

ii. Gamma Ray (GR) Log

Gamma ray logging is the continuous measurement of
natural radioactivity of the formation. The primary

depends upon the elastic properties of the rock (matrix as
well as fluid). Velocity of P-wave is governed by following
equation;
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These findings could be helpful in designing the
optimum logging program, identification of potential
helium bearing zones and estimating helium reserves in
future wells that may be drilled exclusively for the purpose
of helium exploration.

Acknowledgment
Author would like to thank Mr. Sunit Verma, President,

GAIL Global (USA) Inc. for the encouragement. Author
is grateful to Dr. K. Shukla, Brown University, Rhode
Island, USA for his valuable suggestions and support
through out  this  study.

References
Akkurt, R., Guillory et. al., Society of Petrophysicists and

Well-Log Analysts 37 (06), 1996

Coc, A.; Vangioni, E., International Journal of Modern
Physics E. 26 (8) 1741002, 2017

Darwin, V. Ellis, IEEE Transactions on Nuclear Science 37
(2): 959-965, 1990

Handbook of the Speed of Sound in Real Gases, by A. J.
Zuckerwar (Academic Press, 2002)

http://www.rsc.org/periodic-table/element/2/helium
(accessed on Feb 1, 2019)

https://geology.com/articles/helium/(accessed on Feb 1,2019)

https://www.gasworld.com/global-helium-summit-2018-
closes/2015512.article(accessed on Feb 1, 2019)

http://www.ox.ac.uk/news/2016-06-28-huge-helium-
discovery-life-saving-find(accessed on Feb 1, 2019)

https://www.gasworld.com/update-on-helium-one-
investment/2014089.article(accessed on Feb 1, 2019)

Millikan, C.V., Trans. of AIME 142 (1): 15-23, 1941 

Perry, John H., J. Phys. Chem., 28 (10): 1108–1112, 1924

Schlumberger Log Interpretation Charts-2009 Edition

Schlumberger Log Interpretation Principles/Applications
(1987)

U.S. Geological Survey, Mineral Commodity Summaries,
January 2018.

radioactive isotopes in rocks are potassium-40 and the
isotope series associated with the disintegration of uranium
and thorium. Due to non-radioactive nature of gaseous
helium gamma ray log is only affected by the rock matrix
and not by the fluid contained in the rock’s pore space.
Hence, helium presence will not affect the response of
gamma ray log in helium-rich natural gas reservoirs.
However, natural gamma ray log could play an important
role in identification of highly radioactive uranium and
thorium rich rocks which are the potential source rock for
the radiogenic helium.

Conclusion
Helium is very important for us due to its use in several

commercial and scientific applications. In future, large
quantities of helium at low prices may be required in
several commercial cryogenic applications such as
magnetic levitation trains, magnetic confinement fusion,
superconducting computing etc. It is anticipated that  lot of
wells will be drilled in future to explore helium as the primary
target. The petrophysical interpretation of acquired well log
data in those wells would be very crucial to identify helium
bearing layers and estimation of helium resources. With this
in view, a systematic theoretical petrophysical analysis of
commonly recorded well logs has been carried out. It is found
that well logs such as Neutron log and NMR log,which
directly responds to the hydrogen content of the fluid in
the rock, are the best well logs to identify helium bearing
layers. This effect is found to be more prominent in highly
porous clean rocks having significant helium concentration.
Further, Density, Sonic and Temperature logs are also found
to be affected, but to a lesser extent, in presence of helium
as matrix part, that comprises majority of rock volume,
contributes more in the log response than the rock fluid.
Temperature log is also found to be affected in presence of
helium due to its negative Joule-Thompson coefficient. On
the other hand, Gamma Ray and Resistivity logs are found
to be ‘not affected’ by helium presence as both helium and
natural gas are non-conductor and non-radioactive. It is
also observed that percentage concentration of helium in
natural gas reservoirs is very crucial for influencing these
well log responses. Helium rich natural gas reservoirs are
found to be characterized by very low neutron porosity,
suppressed spin-echo amplitude in NMR log.

So far, most of the natural gas reservoirs where helium
is discovered have very low helium concentration (<10%).
However, possibility of finding helium-rich natural gas
reservoirs with helium concentration >10%, in future, cannot
be ruled out. The invasion of the mud filtrate can significantly
affect the response of these logs due to their shallow depth
of investigation. These invasion effects could be minimized
by employing Logging-while-drilling (LWD) technology.
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Abstract

Inferred Basement Geological  Features in the Shelf  area  between Paradeep
and Shortt’s Island, Odisha Coast, Bay of Bengal
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*M & CSD, Kolkata
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Systematic Magnetic and Bathymetry surveys were conducted to generate baseline geophysical data for synergetic

interpretation of potential data and to delineate basement geological structures in offshore from Paradeep to Shortt’s

Island, Odisha. The survey area falls in the NHO chart no. 352. Magnetic and bathymetry surveys are carried out along

seventeen coast-perpendicular transects varying in direction from NW-SE to E-W. Two coast parallel transects are also

covered in NW-SE direction. The surveys are conducted along 1010 line km in the offshore domain of north Eastern

Continental Margin of India (ECMI) covering Mahanadi and Bengal basins. A major part of the onshore basins is

covered with Alluvium and rock exposures of upper Gondwanas, Khondalites, granites, gneisses and laterites. Volcanic

rocks equivalent in composition to the Raj Mahal Traps are present throughout the basin. Offshore sedimentary

sequences resting on the metamorphic basement range in age from Cretaceous to Holocene. Inferred tectonics of north

ECMI suggests pull apart and sheared / transform mechanism during the breakup of India from Antarctica. Due to more

pronounced deltaic activity during the mid-late Miocene period a wider continental shelf evolved in the Mahanadi

basin (Subrahmanyam, V., 2008).  Due to rifting and breakup of Gondwanaland  offshore and onshore basins

were formed during Jurassic period.  All the major rivers of India, including Mahanadi is attributed to initial rifting of

Gondwanaland and subsequent motion of  Indian plate, which is presently subduction along the Andaman-Nicobar

suture zone. Study of deltas of major rivers was useful in understanding the Indian plate motion and associated

effects.  Since evolution the basins have experienced several phases of transgression and regression followed

by development of several elongated depressions and intervening uplifts both onshore and offshore (Fuloria 1993).

Bathymetry survey was conducted using Raytheon echo-sounder on board R.V. Samudra Kaustubh. Bathymetry

data was collected continuously on analogue record where as fix locations were recorded in five minutes interval, and it

shows that sea floor is gently dipping towards the sea in SE direction and the shelf break is observed in the south-eastern

corner of the surveyed area around 130m of water depth. Gradient of the shelf break is steep in south of Chilka

Lake(gradient varies from 0.08° to 0.3° in the shelf and 1.23° in the slope region ), whereas gradient  is gentle (0.0123°

) in the north perhaps due to variation of sediment supply. Magnetic data was recorded using Cesium vapour magnetometer

Model 880 and ‘Maglog’ software and was processed with IGRF2015 coefficients and obtained the magnetic anomaly

values perturbed due crustal variations.  Variation of total field magnetic  anomaly is -187 to 318nT in the area surveyed.

From the prepared total magnetic field  anomaly contour map, it is observed that most of the surveyed area is occupied

by low frequency - low amplitude positive magnetic anomalies except in the south eastern corner where low frequency-

low amplitude negative magnetic anomalies are observed. The low frequency high wavelength magnetic anomaly gradient

in NE-SW direction parallel to the coast indicates the continuity of uplifts/ horst structures prevalent in this area and are

probably the hinterland extension of Bhubaneswar - Kendrapara uplift / Nimapara- Balikuda uplift. In addition, the

extension of Konark uplift in the offshore is also clearly brought out by low frequency-high amplitude magnetic anomaly

gradient in the NE-SW direction. In between the above horst / uplifts the extension of Puri depression is indicated by

low frequency low amplitude magnetic anomalies with a discontinuity due to hinterland extension of lineaments in to

the offshore in the NW-SE direction in the near shore zone coinciding  with the change in direction of coast from NE-

SW to N-S.  The magnetic anomaly grid was used for qualitative interpretation of magnetic data using different modules

of Geo-soft. The Horizontal derivative map clearly demarcates the horst/ graben structures parallel to the coast. First

order tilt derivative map prepared from magnetic anomaly grid clearly demarcated the boundaries of uplift / depressions

coinciding with zero contour. First vertical derivative map being zero-phase filters sharpen the bodies causing magnetic

anomaly thus it has clearly demarcated the presence of horst / graben feature along with narrowing of high frequency

magnetic anomalies present in the near shore zone. Analytical signal map prepared from the magnetic anomaly grid has
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demarcated the edges of causative bodies. Basement depth calculated from radial average spectrum shows minimum depth

of 2.3 km and a maximum depth of 6.4 km in correlation with inferences obtained from upward continuation methods. The

Euler convolution  depth solutions of the surveyed area are in the range of 6 km co-relatable with low magnetic anomaly zones

in total magnetic  anomaly map indicating deeper basement. The Euler convolution  solutions  are clustered along the fault /

lineament boundaries. From  downloaded free-air gravity anomaly map the gravity high surrounded on both sides by gravity

low suggests clearly that the basement is characteristically a combination of horsts and graben like structures. The arcuate shaped

gravity high  is aligned in NE-SW direction which can be attributed to the East Coast Margin of India within the shelf.  The

gravity high near to the shore seems to be hinterland extension of Bhubaneswar-Kendrapara upliftment. The gravity low axis

bounded by a low angle normal fault towards the north and by a steep fault towards the south characterizes the features of the

half-graben structure.

The basement is traversed by a number of major faults having ENE-WSW, NW-SE and NE-SW trends. Lateral movements

along the strike slip sinistral faults in the NNW-SSE direction have divided the region into transverse blocks. Genetically the

transverse faults in the NNW-SSE direction are older than the ENE-WSW longitudinal faults (Fuloria, 1993). The basement

structure is sheared by WNW-ESE and NW-SE lineaments. Gradual lowering of magnetic anomalies with high gradient

in arcuate shape in SE corner of the surveyed area associated with shelf break, may be representing a fault/lineament in the

magnetic basement trending in the NE-SW direction, which can be attributed to the Eastern Continental Margin of India

within the shelf (Subrahmanyam et al. 2006).

Keywords: Magnetic and Bathymetry surveys, Paradeep and Shortt’s Island, Horsts and Graben  structures

Introduction

Magnetic and bathymetry surveys   have been carried
out onboard R.V. Samudra Kaustubh. The surveyed area
of cruise is in offshore from Paradeep to Shortt’s Island,
Odisha  (Fig.1). Survey area falls in the NHO chart no. 352.
The main objective of the investigation is generation of basic
data on magnetic parameters and identification of structural
features by synergetic interpretation of magnetic data.

Geology of the Area

The survey area falls in the offshore domain of north
ECMI covering Mahanadi and Bengal basins. Map
showing the land and offshore tectonics of Mahanadi
Basin Fuloria et al. 1992 is presented in Fig.2. A major
part of the onshore basins is covered with Alluvium with
various rock exposures of upper Gondwanas, Khondalites,
granites, gneisses and laterites. Volcanic rocks equivalent
in composition to the Raj Mahal Traps are present  through
out the basin. Sedimentary sequences resting on the
metamorphic basement range in age from Cretaceous to
Holocene.  Inferred tectonics of north ECMI suggests
pull apart and sheared / transform mechanism during the
breakup of India from Antarctica. Due to more pronounced
deltaic activity during the mid-late Miocene period a wider
continental shelf evolved in the Mahanadi basin. All the
major rivers of India, including the Ganges, Mahanadi,
Godavari, Krishna and Cauvery are attributed to  initial
rifting of Gondwanaland and subsequent motions of
Indian plate which presently subducts along the
Andaman-Nicobar-Sumatra arc  inconvergent   setup. Both
offshore and onshore basins were believed to have come

into existence during Jurassic as a result of  rifting and
breakup of Gondwanaland. During the evolution since
Cretaceous period  basin  experienced a number of
marine transgressions and regressions followed by
development of several elongated  depressions and
intervening uplifts both onshore, and offshore (Fuloria
1993).

Methodology and Data Acquisition

Geophysical surveys comprising of magnetic along
with bathymetry are carried out in digital mode to
identify seafloor morphology, disposition of subsurface
sediment sequences and subsurface structural  features
if any, under the seabed mapping program. Magnetic
survey has been carried out using cesium vapour
magnetometer to understand the subsurface geological
and structural features below the seabed. The total
magnetic field data is recorded continuously at a time   interval
of one second in digital format using ‘MagLog’ software. The
signal strength is maintained greater  than  600 for steady
total magnetic field observations during survey operation.
The online DGPS data is  interfaced with ‘MagLog’ to record
corresponding  position locations during the magnetic survey.
The bathymetry data is recorded through Raytheon echo
sounder interfaced to ‘MagLog’ software during
magnetic survey. Bathymetry data is also recorded
simultaneously from the altimeter attached to Cesium     Vapour
magnetometer up to 100m water depth. A total of 1010 line
km of magnetic and bathymetry surveys  have been covered
in the area of about 2420 sq.km. off Paradeep and Shortt’s
Island Odisha. The following instruments were used during
the surveys:
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i) Magnetic survey:   The Cesium Vapour marine
magnetometer Model G-880 of Geometrics make, USA is
used for the magnetic survey.  The sensitivity of the
instrument is 0.001 nT. As per the Cesium Sensor Active
Zone (CSAZ) program, the sensor’s rotation and tilt was
kept at 90º and 45º respectively in the area for both coast
perpendicular and parallel transects.

ii) Bathymetry: The Raytheon dual frequency echo
sounder (50 and 200 kHz) model GDS101 of Raytheon
Marine GmbH, Germany make is used for acquiring
the bathymetry data. The data is recorded at every
five minutes time interval. Bathymetry survey is conducted
in time mode by giving fixes at five minutes interval
along with magnetic survey.

Fig.1. Location map showing the area surveyed of the
Cruise off Shortt’s  Island, Odisha Coast, Bay of Bengal

Fig. 2. Cruise track map of Magnetic and Bathymetry
surveys off Shortt’s Island, Odisha Coast, Bay of Bengal

with land and offshore tectonics of  Mahanadi Basin
(Fuloria et al. 1992)

iii) Position fixing system:  Global Positioning System
MX512 model of ‘Simrad’ make was used for navigation
during the entire survey. The surveys are conducted in DGPS
mode by making use of data onboard Beacon receiver.

Layout of Geophysical Surveys

Magnetic and bathymetry surveys are carried out along
seventeen coast-perpendicular transects from BML-1 to
BML-17 varying in direction from NW-SE to E-W. Two
coast parallel transects are also covered (BMCL-1 and
BMCL-2) in NW-SE direction (Fig.3).

Reduction of data

Bathymetry data collected during the cruise was
corrected for tidal variation. The magnetic observations,
its position and bathymetry data has been retrieved
from MagLog and exported in surfer worksheet. After
sorting of magnetic data at every 30 seconds, the data set
was edited to correct the spurious observed magnetic
values and locations. The corrected data set was subjected
to IGRF 2015 program to remove the Earth’s magnetic
field using Geosoft software. This process reduces the
observed magnetic total field values to magnetic total
field anomalies pertaining to crustal perturbations.

Discussion of results

The data has been presented in the form of stacked
profiles and contour maps of bathymetry total magnetic
field (T.F) anomaly. The qualitative interpretation of
magnetic (T.F) anomaly is done using different modules
of Geo-soft software and prepared the maps of Analytic
Signal, Radially Averaged Power Spectrum, Euler Depth
solutions, Continuation, Derivatives, etc. from the  magnetic
anomaly grid with grid interval of 1250m. The results are
discussed below:

Bathymetry and Magnetic (T.F) Anomaly
Profiles

For studying  morphology of the seabed in detail three
profiles P1, P2, and P3 were extracted from the bathymetry
grid prepared along the south eastern part, the central part
and the north eastern part respectively as shown in the
bathymetry contour map Fig.4. The bathymetry varies from
12m to 285m in the surveyed area. Detailed interpretation
from bathymetry profiles extracted from bathymetry grid
P1, P2 and P3 are presented in Fig.5.  Profile P1 shows the
morphology of the seafloor having a gentle slope in the inner
shelf region and with increasing gradient in the mid shelf
and outer shelf region. However beyond 60m depth in the
slope region the gradient is 1.23°. This is evidently showing
the extension of Konark uplift and Northern basin depression
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into the offshore. (Subrahmanyam et al. 2008).The profile
P2 also shows similar variations in the shelf region, while
the profile P3 in the north eastern part of the survey area
shows a undulating topography with gradual increase in
depth. The morphological interpretation of bathymetry
profiles is marked on the profiles (Fig.5).

For better visualization of the variation of amplitudes of
magnetic anomalies over the cruise tracks, the amplitudes
of magnetic anomalies are plotted for coast perpendicular
transects using Geosoft software is presented in Fig.6.
Map depicts high positive magnetic anomalies in all coast
perpendicular  transects in NW direction near to the coast
which indicates the continuity of uplifts/ horst structures
prevalent in this area. Moderate magnetic anomalies have
been observed in SW-NE direction from transects BML-1

Fig.3. Cruise track map of Magnetic and Bathymetry
surveys off Shortt’s Island, Odisha Coast, Bay of Bengal

Fig. 4. Bathymetry contour map with profile sections off
Shortt’s Island, Odisha Coast, Bay of Bengal

to BML-13 may be due to the extension of Konark uplift in
the surveyed area. Low frequency and long wave length
negative magnetic anomalies are noticed in the SE corner
of the area corresponds to Mahanadi basin sediments.
Another negative magnetic anomaly zone from BML-13to
BML-17 been observed in NE corner of area which may be
due to thick deposition of Bengal basin sediments.

Bathymetry and Magnetic Anomaly Contour
Maps

Bathymetry contour map of the area having the
variation of water depths ranging from 12 to 285 m is
presented  in  Fig.4. The shore line configuration has
changed from NE-SW to N-S which may be the result of a
tectonic re-orientation during pre-Holocene period. The
trend of bathymetry contours follow the shore line
configuration. The sea floor is gently dipping towards the
sea in  SE direction and the shelf break is observed in the
south-eastern corner of the surveyed area around 130 m of
water depth. The disposition of clustering of contours in the
northern part of the survey area due to increase  in
gradient of the seafloor clearly indicates the area is
structurally controlled, formed due to hinterland extension

Fig. 5. Bathymetric profile sections along P1, P2 and P3
off Shortt’s Island, Odisha Coast, Bay of Bengal
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Fig. 6. Magnetic (TF) anomaly profiles of coast perpendicular transects plotted over the cruise tracks off Shortt’s
Island, Odisha Coast, Bay of  Bengal

of  Dhamara offshore Lineament (DOL) and shearing
during the different phases of continental rifting.

Magnetic anomaly contour map  (Fig.7) shows anomaly
variation of about 505 nT with a low of -187 nT in the
SE corner of the area and as high as 318 nT in the
inner shelf region. The general trend of the contours is
NW-SE in the area surveyed. From the total magnetic
field anomaly contour map, it is observed that most of
the surveyed area is occupied by low frequency - low
amplitude positive magnetic anomalies except in the
north eastern and south eastern corners, where low
frequency- low amplitude negative magnetic anomalies
are observed. The low frequency high gradient
magnetic anomalies aligned in NE-SW direction parallel
to the coast indicate fault/lineament structures
prevalent in this area. Magnetic anomalies associated
with these structures indicate  continuity of uplifts/ horst
structures prevalent in this area and are probably the

hinterland extension of  Bhubaneswar - Kendrapara uplift /
Nimapara-Balikuda uplift. In addition, the extension of
Konark uplift in the offshore domain is also clearly
brought out by low frequency-high amplitude magnetic
anomalies associated with high gradient aligned in
the NE-SW direction. In between the horst/uplifts
the extension of Puri depression is marked by low
frequency low  amplitude magnetic anomalies with
discontinuities. These discontinuities are due to
hinterland extension of lineaments in the NW-SE
direction developed during later phase of pull apart/
shearing of Gondwana land breakup. This also coincides
with the change in direction of coast due to shearing
in the shelf region during  rifting of continents. Negative
magnetic anomalies in north eastern corner of the area
towards NE  may be due to extension of Bengal
basin sediments. Dhamara offshore lineament (DOL)
clearly separates the Mahanadi basin and Bengal
basin in southern part. High gradient negative magnetic
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anomalies observed in SE corner of the area are due to the
fault along shelf break along East Coast Margin of India
(ECMI).

Qualitative interpretation of magnetic data

The qualitative interpretation of magnetic anomaly is
done using different modules of Geosoft software
and prepared qualitative maps like Derivative,
Continuation, Analytic Signal, Euler Deconvolution,
Spectral Analysis, etc. from the magnetic (TF) anomaly
grid with grid interval of 1250m.

Vertical Derivative

The first vertical derivative map (Fig.8 ) sharpen the
bodies causing magnetic anomaly thus it has clearly
demarcated the presence of horst / graben feature along
with narrowing of high frequency magnetic anomalies
present in the near shore zone. The first vertical derivative
of the magnetic field is also equivalent to observing the
vertical gradient directly with a magnetic gradiometer.

Fig. 7. Magnetic (TF) anomaly contour map off Shortt’s Island, Odisha Coast, Bay of Bengal

Horizontal Derivative

In the horizontal derivative map (Fig.9) derived from
the magnetic anomaly grid by assuming the structural
features running in NE-SW direction and computing the
horizontal derivative map at 135° azimuths has clearly
demarcated the Bhubaneswar - Kendrapara uplift /
Nimapara- Balikuda uplift  and Konark Uplift structures
parallel to the coast.

Tilt Derivative:

The TDR method, also called tilt angle method, is a
refinement of the analytic signal suggested by Miller and
Singh et al. 1994. The TDR determines the location and
depth of vertical magnetic contacts without prior
information on the source configuration by using the
horizontal gradient amplitude of the tilt angle. The TDR
method was used to enhance and sharpen the potential
field anomalies. The advantage of  TDR is that it shows
zero contour line located on or close to the contacts and
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Fig. 8. Vertical Derivative map of magnetic (TF) anomaly grid off Shortt’s Island,
Odisha Coast, Bay of Bengal

Fig. 9. Horizontal Derivative map of magnetic (TF) anomaly grid off Shortt’s Island,
Odisha Coast, Bay of Bengal
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responding well to both shallow and deep sources. The
zero contour line reflects that contacts are aligned in
NE-SW directions and also coincides with Bhubaneswar -
Kendrapara uplift / Nimapara- Balikuda uplift, Puri
depression, Konark Uplift and Northern basin depression
(Fig.10).

Analytical Signal

Analytic Signal is a function related to all the three
gradients of the potential field in X, Y and Z directions and
is given by the square root of sum of the squares of the
derivatives. This filter was applied to total magnetic field
data. The analytic signal of the magnetic anomaly grid of
the surveyed area is presented in Fig.11. The tectonic
divisions visualized from the magnetic anomaly map
have been well brought out from the analytic signal map
by enhancing the low amplitude and maximizes over
the edge of the magnetic structures independent of its
geographical location. This map also depicts clearly
the demarcated zones. Euler de-convolution provides
depth estimates of geometrical parameters for elementary
causative source from magnetic anomalies and their X, Y
and Z derivatives. This method assumes that anomaly
is a homogeneous function of spatial coordinates. The
method is originally reported by Thompson (1982) and
Reid (1990) to detect the depth to the causative source

Fig.10.Tilt Derivative map of magnetic (TF) anomaly grid off Shortt’s Island, Odisha Coast,Bay of Bengal

that were detected from the analysis of derivatives and
Analytical   Signal.

Spectral Analysis and Radial Averaged Power
Spectrum

In the frequency domain filtering, depth to various
causative sources can be estimated based on their
frequency contents. In general, high frequency (short
wavelength) anomalies are due to shallow sources, while
low frequency (long wavelength) anomalies are due to
sources at greater depth. The radial averaged power
spectrum of the data shows a curve decaying with
increasing frequency (Spector and Grant 1970). In
this approach, depth to the statistical ensemble of sources
is determined by the expression:                        Where h is
the depth and S is the slope of the log (power)
spectrum. This means, power spectrum plotted on a
semi logarithmic scale would show linear segments. The
slope of each   segment provides the average depth
estimate of the  ensemble of sources lying at different
depths. Radially averaged power spectrum of the
magnetic anomaly grid  has been computed using Geosoft
and shown in Fig.12. Analysis of the data reveals that the
average depth to the magnetic basement is around 6.4 km
and the shallow interface is at 2.3 km.

ℎ = − /4 . 
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Fig.11. Analytic Signal map of magnetic (TF) anomaly grid off Shortt’s Island,
Odisha Coast, Bay of Bengal                             

 
  Fig.12. Radially Averaged Power Spectrum of magnetic (TF) anomaly grid off Short’s Island,

Odisha Coast, Bay of Bengal
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Euler’s Deconvolution

Euler depth solution map of magnetic field is  presented
in Fig.13. A Structural Index (SI=0) of Zero was applied
to know and understand the order of depths for contact/
fault like structures.  Euler depth solutions generated
are ranging from 0.5 to 7 km which corroborates with the
depths obtained from radially averaged power spectrum.
Euler depth solutions of greater than 2km are co-relatable
with low magnetic anomaly zones indicating deeper
basement. High magnetic anomaly zones observed due
to the shallow basement are co relatable with less than or
equal to 2km. solutions.  Euler deconvolution  Solutions are
clustered along the fault / lineament boundaries interpreted
from magnetic anomaly contour map. In  support to the above
interpretation, the basement here is traversed by a number
of major faults having ENE-WSW, NW-SE and NE-SW
trends. Lateral  movements along the strike slip sinistral
faults in the NNW-SSE direction have divided the region
into transverse blocks. Genetically the transverse faults in

the NNW-SSE direction are older than the ENE-WSW
longitudinal faults (Fuloria, 1993).

Upward Continuation

The magnetic anomaly of the area is continued
upward to different levels in order  to visualize the
magnetic attitudes at different depths as it allows
smoothening and eliminates high frequency magnetic
anomalies from the near surface objects. Upward
continued maps at 2km, 4km and 6km along with original
magnetic anomaly map are presented in Fig.14. The first
appreciable difference is that the contours are becoming
smoother because of elimination of high frequency values
as the level of continuation increases. At level 2 km and 4
km of upward continuation, almost all the small magnetic
signature/closures have been eliminated indicating these
small localized magnetic signatures are due to shallower
causative sources. However, the NW-SE trending Dhamra
offshore Lineament (DOL) continues up to a level of 6 km
which  indicates the basement is deeper.

Fig.13. Euler Depth solutions (SI=0) of magnetic (TF) anomaly grid off Shortt’s Island, Odisha Coast, Bay of Bengal
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Fig.14. Upward Continuation maps derived from magnetic (TF) anomaly grid with depths of  MSL,
(B) 2 km, (C) 4 km and (D) 6 km off Shortt’s Island, Odisha Coast, Bay of Bengal

Downward Continuation

Downward Continuation determines the value of the
geopotential field at a lower elevation. A potential field is
not continuous across the boundaries of anomalous masses.
As the depth from which an anomaly originates is
approached, its potential field expression becomes sharper
and tends to outline the mass better until the depth of the
mass is reached. Beyond this point the field computed by
continuation becomes erratic and the original anomaly gets
distorted beyond recognition. The level or depth, at which
the lateral oscillations become noticeable while the original

anomaly can still be made out, marks approximately the
depth to the top of body causing the anomaly
(Ramachandra Rao, 1975). In the present study, the
magnetic data is continued downwards to levels at 1 km, 2
km and 3 km in order to be able to visualize the effects of
causative source (Fig.15). It is observed that noise in the
data (short wavelength noise) gradually increases with
the level of continuation and the lateral oscillations are
noticeable   around 2 km while the anomaly pattern is almost
disturbed  in 3 km. which it indicates the anomalies are
caused from 2 km level. This was also well supported by
depths obtained from Radially Averaged Power Spectrum.
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Fig.15. Downward Continuation maps derived from
magnetic (TF) anomaly grid with depths of  (A) 1 km

(B) 2 km and (C) 3 km off Shortt’s Island,
Odisha Coast, Bay of Bengal

Free Air Gravity Anomaly

Free-Air satellite gravity map (Fig.16) has been  prepared
with 3 mGal contour intervals by downloading data from
the website Sandwell and Smith, 1997 at 12 ×12 grid and
for correlation with magnetic data and visualization of the
structural features. It has brought out the major NE-SW
trending anomalies ranging from -41 to 9 mGal. The gravity
map depicted various anomaly closures with distinct gravity
highs and lows representing several ridge/depression
features. All these observed gravity anomaly low closures
are  having a limited areal extent  hence may be attributed
to individual basin-like structures bounded by faults. The
arcuate shaped gravity high (H1) is aligned in NE-SW
direction observed in the deeper part of the entire survey
area with steep gravity gradients, which can be attributed to
the East Coast Margin of India (ECMI) within the shelf.
The gravity high (H2) is observed near to the coast due to
hinterland extension of Bhubaneswar-Kendrapara
upliftment. The arcuate gravity low axis initially runs roughly
in NNE-SSW direction in between gravity highs, this axis
swings towards the west and runs in a NW-SE direction up
to coast. This gravity low axis appears to be consisting of
several sub basins characterized by   gravity low closures
showing increased sediment thickness from west to east
within the basin. This gravity low axis bounded by a low
angle normal fault towards the north and by a steep fault
towards the south characterizes the features of the half-
graben structure (B.S.P.Sarma et al. 2011). The magnetic
and gravity data clearly reveal that the onshore and offshore
basins of both Mahanadi and Bengal are comprised of series
of structural highs and depressions.

Conclusions

The variation of magnetic (T.F) anomaly is -187 to 318nT
in the area surveyed. From the prepared  total magnetic
field  anomaly contour map, it is observed that most of the
surveyed area is occupied by low frequency - low amplitude
positive magnetic anomalies except in the south eastern
corner where low frequency- low amplitude negative
magnetic anomalies are observed. Low frequency high
wavelength magnetic anomaly gradient in NE-SW direction
parallel to the coast indicates the continuity of uplifts/ horst
structures prevalent in this area and are probably the
hinterland extension of Bhubaneswar - Kendrapara uplift /
Nimapara- Balikuda uplift. In addition, extension of Konark
uplift in the offshore is also clearly brought out by low
frequency-high amplitude magnetic anomaly gradient in the
NE-SW direction. In between the above horst / uplifts the
extension of Puri depression is indicated by low frequency
low amplitude magnetic anomalies with a discontinuity due
to hinterland extension of lineaments in to the offshore in
the NW-SE direction in the near shore zone and it also
coincide with the change in direction of coast from NE-SW
to N-S.
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Fig.16. Free-air gravity anomaly contour map off  Shortt’s Island, Odisha Coast, Bay of Bengal
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Abstract

Introduction

Diverse Nature and Tectonics of the Continental  Margin off  Eastern India
and Bangladesh, Inferred from Forward Modeling of Potential  Field Data
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Dhempe College of Arts and Science, Miramar, Goa

*Geological Oceanography, CSIR-National Institute of  Oceanography, Goa

The continental margin off Eastern India has evolved due to two spreading episodes in the Early and Middle

Cretaceous, resulting in the formation of diverse continental margin segments.  The southern margin is a transform

segment characterized with a very narrow shelf and steep slope, and NNE-SSW trending horst-graben structures

extending offshore obliquely. The northern margin is a rifted margin and can be divided into non-volcanic and volcanic

segments. The non-volcanic rifted margin is characterized by several NE-SW trending ridge-depression features

formed due to extension, subsidence and normal faulting. A volcanic rifted margin has been inferred recently

onshore Bangladesh (Talwani et al., 2016). This questions the validity of the presumed margin offshore Bangladesh.

To solve this discrepancy, we used geophysical data both onshore and offshore Bangladesh to infer the nature of

these margins in question. Potential field modeling under seismic constraints confirmed the presence of a volcanic

margin onshore Bangladesh. We term this margin as a “terrestrial margin” as it is now sub-aerial due to voluminous

sedimentation in the Tertiary. Further, the present study indicates that the Bangladesh offshore is not a margin at

all but a southward continuation of the oceanic crust in Bangladesh. We term this odd margin as a “pseudo-margin”

since it has some resemblances to a passive continental margin.

The East Coast of India has evolved due to breakup
of India from Antarctica in the Early Cretaceous.
Subsequent rifting and drifting resulted in the Eastern
Continental Margin of India (ECMI) extending from
Sri Lanka in the south to the Bengal Basin in the north.
A two-stage breakup scenario has been inferred for
the ECMI, the first spreading occurred in the NW-SE
direction in the Early Cretaceous, while the second
occurred in the N-S direction during the Middle
Cretaceous due to the arrival of the Kerguelen plume
beneath northeastern India (Talwani et al., 2016; Desa
and Ramana, 2016). The earliest (pre-Eocene) sediments
of the ECMI were contributed by several rivers such
as Mahanadi, Godavari, Krishna and Cauvery, whereas
the post-Paleocene deposits were mainly derived from
the Ganga-Brahmaputra Rivers. The latter constitute the
Bengal Fan which formed due to the Himalayan uplift
(Curray et al., 1982).

The ECMI is characterized with a narrow shelf (as narrow
as 16 km) and a steep slope (~90 m/km) south of 14°N;
and a wider shelf (up to 200 km) and a gentle slope (~30 m/
km) towards north (Rao and Rao, 1986). Thus, it is divided
into two segments, the southern transform segment
(SCMI) with ~3 km elastic thickness, and the northern
rifted segment (NCMI) with 10–25 km elastic thickness
(Subrahmanyam et al., 1999; Chand et al., 2001). Gravity
signature depicts N-S trending narrow zone of strong lows
south of 14°N in contrast to the relatively wide zone
(Fig. 1) having fairly low amplitude anomalies towards
north (Sandwell et al., 2014).

Published seismic sections of the SCMI reveal
abrupt downfaulting of the continental basement, rising
continental Moho and a narrow transition zone connecting
to the oceanic crust (Bastia et al., 2010). Shelf edge gravity
signature in the form of a deep low (< -150 mgal), the
absence of older magnetic anomalies and the NW-SE
trending fracture zones oblique to the SCMI suggest that
the SCMI is an oblique transform margin with an obliquity
of 37° (Desa et al., 2018).  The NNE-SSW trending horst
and graben structures extending obliquely offshore (Sastri
et al., 1981) may have formed due to the oblique strike-slip
motion along the SCMI as suggested by Turner et al. (2003).

The NCMI has formed due to rifting in the Early
Cretaceous period due to a NE-SW spreading center
between India and Antarctica (Talwani et al., 2016). This
margin is characterized by several horst-graben features
resulting in the formation of several basins (Bastia et al.,
2010).  The major basins are the Krishna-Godavari and
Mahanadi Basins. Further this rifted margin is divided
into the non-volcanic and volcanic types by the N-S trending
subsurface 85°E Ridge (Desa et al., 2013).

The arrival of the Kerguelen hotspot beneath the
northeastern Indian plate emplaced the Rajmahal and
Sylhet traps (Baksi et al., 1987). These traps are not
individual entities but the surface manifestation of a
single huge linear igneous body as demonstrated by the
continuity of a large magnetic anomaly doublet between
them (Rahman et al., 1990; Rajaram et al., 2006). This linear
body was termed the Rajmahal-Sylhet (R-S) line (Talwani
et al., 2016) and was considered as a line of opening when
the spreading ridge in the eastern Enderby Basin jumped
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north. Further, the presence of seaward dipping reflectors
(SDRs) endorse the existence of a volcanic margin below
Bangladesh (Lohmann, 1995; Frielingsdorf et al., 2008).

South of Bangladesh and east of Mahanadi Basin,
the gravity signature along the ECMI continues eastward
without any significant change (Fig. 1). This zone was
considered as the obvious continuation of the ECMI. The
problem arose that when the continental margin is inferred
on land in Bangladesh (Talwani et al., 2016), will there be a
margin south of Bangladesh? To resolve this issue, we have
analysed seismic, gravity and magnetic data along the
ECMI, carried out integrated geophysical modelling and
inferred the nature of the entire ECMI.

The present study suggests there are four types
of continental margins along the ECMI. The southern
transform margin, the northern non-volcanic margin, the
terrestrial margin in Bangladesh and the pseudo-margin
south of Bangladesh. The pseudo-margin is only a
continuation of the oceanic crust formed at the terrestrial
margin in Bangladesh. The delta progradation due to rapid
sedimentation since Tertiary has formed this pseudo-margin.
The nature, mode and timing of evolution,and the overlying
sedimentation pattern of these margins determine their
hydrocarbon potential.

Fig.1. Satellite derived free-air gravity mosaic of the
Eastern Continental margin of India and the Bay of Bengal
(Sandwell et al., 2014). Fracture zones are shown as thin
black lines while the 85°E Ridge is marked as blue outline.

Data and Methodology

Four seismic tracks have been used in the present
study (Figs. 2&3). Line1 is 190 km long off  Visakhapatnam
(Desa et al., 2013).  Line 2 is 150 km long off Chennai
(Bastia et al., 2010). Line 3 is 300 km long off Kolkata
(courtesy DGH, India). Line 4 lying in the Bengal Basin
in Bangladesh is 173 km long (Lohman, 1995). The lithologs
of wells drilled along or close to the different tracks were
utilised as a constraint in the interpretation of the seismic
data. Well K1 lies 66km on Line1 drilled to a penetration
depth of 4373m (Krishna, et al., 2016).  BODC-3 lies close
to Line3 with penetration depth of 4488m (Maurin and
Rangin, 2009).  Singra1 lies at 22km on Line4 with depth
of penetration of 4100m (Guha et al., 2010). Major seismic
sequences were identified based on the contrast in the
acoustic impedance as well as the nature of the reflections
and these identifications were correlated with the well logs.

Potential field data (gravity and magnetic) were used
along with the seismic data to derive the subsurface models
(Fig. 4). Wherever shipborne gravity and magnetic data is

Fig. 2. Geophysical tracks used in the present study
superimposed on the predicted topography of the Bengal
Basin and the Bay of Bengal (Smith and Sandwell, 1997).

RT: Rajmahal Trap.
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Fig. 3a

Fig. 3. (a-d): Seismic sections along the four tracksused
in the present study. The well logs used in their

interpretation are displayed.Top of Miocene (M) is
marked in purple while bottom of Miocene is marked in

green. P unconformity is marked in brown.

Fig. 4. (a-c) Potential field model depicting the
subsurface configuration along with the geophysical

signatures. Physical properties of the bodies (in different
colors as per legend) are given in table 1.

(a)

(b)

(c)
Fig. 3d

Fig. 3c

Fig. 3b
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available grids; satellite derived gravity (Sandwell et al.,
2014) and EMAG2 (Maus et al., 2009), respectively.The
potential field data has been subjected to forward modeling
under seismic constraints to derive a realistic subsurface
configuration. This is done using the GM-SYS software
designed for 2-dimensional forward/inverse modeling. The
gravity response has been computed using variable densities
for the sediments (Murty et al., 2008) and the underlying
continental, transitional and oceanic crust.

The oceanic crust in the Bay of Bengal was created at
southern latitude (>50°S) during  Early to Middle
Cretaceous Period (Talwani et al., 2016; Desa and Ramana,
2016). The magnetic response was computed using
remnant magnetization with inclination and declination
of 67° and 310° for line2, 60° and 310° for line3, and 64.5°
and 314.5° for line4 respectively (Schettino and Scotese,
2005).The sediment pack was divided into the Older,
Miocene and Recent sequences using the well log data and
appropriate densities were assigned. Line1 was not
modelled as it was already done in Desa et al. (2013). The
physical properties of the bodies inferred in the forward
modeling are given in Table 1.Several iterations were
performed by assigning appropriate density, susceptibility
and magnetization values for the sedimentary column and
crustal configuration, till the best fit between the observed
and computed anomalies was achieved.

Body Density (gm/cc) magnetisation 

water 1.03 - 

recent 1.8-2.0 - 

Miocene 2.05-2.35 - 

older 2.4-2.5 - 

Upper oceanic 

crust (UC) 

2.7 0.005-0.008 emu/cc 

Middle Oceanic 

crust (MC) 

2.8 - 

Lower oceanic 

crust (LC) 

2.9 - 

Upper continental 

crust (UCC) 

2.6-2.67 - 

Lower continental 

crust (LCC) 

2.87 - 

Transition Zone 

(TZ) 

2.8-2.9 0.01 emu/cc 

SDRs 2.8-2.9 0.005 emu/cc 

Gondwana 2.4 - 

trapwash 2.5-2.6 0.002 emu/cc 

Table 1. Physical properties of the various bodies inferred
using forward modeling of the geophysical data under

seismic constraints

Results

Line1

The seismic profile was interpreted with the help of the
well log of K1 (Fig. 3a). The basement is the bottommost
prominent reflector and represents the top of the crust. It is
seen to gradually downfault from ~1s TWT to 9s TWT
towards offshore. The older pack of sediments, overlying
the basement, is very thin on the shelf, and has a thickness
of 2.2s TWT towards offshore. The bottommost sediments
depict very low seismic amplitude suggesting their
deposition in very low energy conditions. Parallel continuous
to discontinuous reflections are seen above suggesting high
energy scenario. The >2s TWT thick Miocene sequence
onlaps onto the older sediments at the base of the slope.
These sediments also depict continuous to discontinuous
and strong parallel reflections indicating high energy
environment. The recent sediments have a constant thickness
of ~1 s TWT. Here the continuous parallel reflections are
often interrupted by no reflection zones.  The entire
sedimentary sequence appears to have been normally faulted
at shotpoint 23500 with a downthrow of 0.6 s. Here the Moho
is seen rising.

Line2

The basement is seen to abrupty down fault from ~1s
TWT to 6s TWT at the slope itself (Fig. 3b).Thereafter it is
undulatory and dipping to 8 s TWT after which it is flat and
gently falls to 9 s TWT. The shelf is very narrow and the
slope is very steep. The older pack of sediments, overlying
the basement, is more or less constant (1.5 s TWT) towards
offshore and depict very low amplitude. The up to 2 s TWT
thick Miocene sediments onlap onto the older sediments and
their reflections are strong, parallel and mostly continuous.
The recent sediments are <1 s thick and depict high
amplitude with occasional blank zones.

Line3

The well BODC3 was used to infer the horizons: the
Miocene bottom and the Miocene top (Fig. 3c). The
basement lies at 8s TWT, rises slightly to ~7.5 s and then
deepens to 9.5s TWT towards south. The Miocene bottom
runs at 6.2s TWT towards north, then drops to 7.2 s TWT.
The older sequence below this reflector is characterized
by several strong reflectors parallel to the basement. The
Miocene top is another prominent reflector which overlies
a thick sequence of sediments deposited during  Miocene.
The top of Miocene runs initially along 2.5s TWT and dips
gently to 3.8s TWT. The sequence comprises of several,
strong, parallel reflectors which depict a high energy
environment of deposition. The recent sequence is
characterized by subparallel and discontinuous reflectors
interrupted by low amplitude areas. Progradation of the
delta is seen since Miocene time. The profile runs across a
broad surface channel.
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Line4

This seismic profile is interpreted using the well log
obtained from the well Singra1 (Fig. 3d). The basement
can be inferred towards north only either due to its deep
burial or the limitations of the seismic acquisition system.
It deepens from 1.6s TWT in the NW to 5s TWT at
shotpoint1850. Feather like reflections (marked in yellow)
are seen over the basement between shotpoints 1250 and
1850 akin to Seaward Dipping Reflectors (SDRs). Well
data suggest the presence of Gondwana sediments in
a basin overlying the basement. These are overlain by the
Rajmahal Traps and trapwash. The top of the older  sequence
lies at 1.3 s towards northwest to 5.2 s TWT in the
southeast.The Miocene sequence overlying this sequence
also thickens towards offshore. Its top runs from 1s TWT
in the northwest to 3s TWT in the southeast,and is
undulating towards northwest suggesting it is an
erosional unconformity. The sequence grades from
parallel to sub-parallel reflectors with some chaotic reflectors
with prograding foresets.The recent sequence displays a
thin lower section marked with parallel reflectors and
overlain by a thicker zone of chaotic reflectors. A deep
narrow channel marks the course of the Ganges River.

Forward Modeling

Potential field modeling done under seismic constraints
generated the most plausible subsurface configuration.
Line2 depicts a large gravity low (-120 mgal) at the shelf
break just off the narrow shelf and steeply dipping slope
(Fig. 4a). Modeling depicts the continental crust extends
only 25km offshore. The transition zone is about 15 km wide.
The oceanic crust is ~8 km thick. Sediment thickness is <2km
at the shelf and reaches to about 7 km offshore.

Line3 depicts the gravity mimics the basement
configuration (Fig. 4b). A 2km step in basement coincides
with the bathymetry fall of ~1200m. Sediment thickness
ranges from 12 to 15km and is maximum at the middle of
the profile. The oceanic crust is thicker towards north (~12
km) and becomes thinner (~8 km) towards south. The typical
continental margin is absent along this profile depicting there
is no continental margin south of Bangladesh.

Line 4 depicts magnetics has a shape similar to shelf edge
gravity, i.e. a strong low (Fig. 4c). Gravity depicts a broad
low towards north followed by a prolonged high. Modeling
suggests the continental crust continues for about 50 km
along the profile. The transition zone is narrow (~30 km).
Thereafter the 12 km thick oceanic crust is inferred. The
sediments are thin (~2 km) towards north. More than 12 km
of sediments are seen at the southern end of this profile. A
basin with the oldest Gondwana sediments can be inferred
over the continental crust. The volcanic flows are seen as
SDRs over these sediments and the transition zone. A thick
high velocity zone can be inferred below the transition  zone.

Discussion

(a) Structural configuration of the ECMI

Potential field modeling (Fig. 4) depicts the variable
structural configuration of the ECMI. The amount of
continental thinning, the width of the transition zone and
overlying sediment thickness has been inferred (Figs. 3 and
4).The varying configuration of the passive margin are
controlled by several factors and no single factor is solely
responsible for determining margin end-member
morphology (Davis and Lavier, 2017).

The evolution of a non-volcanic margin,like the NCMI
(Fig. 3a)is slow and involves stretching /thinning of the
continental crust practically devoid of magma. This allows
for the continental crust to breakup and the lithospheric
mantle to exhume (Davis and Lavier, 2017). The final
lithospheric breakup, however, is carried out by
asthenospheric magma. This margin has a wide transition
zone (Nemcok et al., 2012; Desa et al., 2013). The subsurface
thermal regime and later high sedimentation rate is
conducive for hydrocarbon formation (Bastia et al.,2010).

The SCMI is proved to be a transform margin (Chand et
al., 2001; Desa et al., 2018). The grazing of the oceanic
crust along the continental crust during transform motion
causes a thermal perturbation between the cold continental
crust and hot oceanic crust(Reid, 1989) (Fig. 3b). The
continental margin here is very narrow (Fig. 4a) and skirt
tail like submarine fans tend to form at lower slopes and
continental rises,where hydrocarbons are accumulated
(Wen et al., 2016).

Despite geophysical anomalies akin to that of a normal
continental margin, the subsurface configuration is entirely
different along the Bangladesh offshore (Fig. 3c).Towards
north, the basement lies around 8s TWT, and then up to 2 s
fall in the basement and the overlying sediments towards
offshore causes (Figs. 1, 4b and 5a) the typical shelf-edge
anomalies. Hence this linear topography zone depicts a shelf-
slope system and was always considered as a continental
margin. The present study reveals its oceanic nature hence
we term it as a pseudo-margin.It is characterized with
prograding clinoforms, channel-levee complexes and mass
transport deposits since Tertiary (Curray et al., 2003), and
can be considered as a delta reformed basin(Wen et al.,
2016), as highly constructive delta strata were developed in
this basin during and post Miocene. Major structural units
such as growth faults, diapirs, etc are developed and diverse
traps favorable for hydrocarbon accumulation are formed.

The presence of a volcanic passive margin onshore
Bangladesh has been postulated based on various
observations (Talwani et al., 2016). The continent-ocean
boundary lies on land and this margin is termed as a terrestrial
margin (Figs. 4c and 5a). Volcanic margins form where
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magmatic emplacement begins before continental breakup
by mantle plumes that carry a lot of heat, and, thus, abundant
magma (Geoffrey, 2005). This allows for a very quick
lithospheric breakup, and emplacement of subaerial SDRs
and subcrustal high velocity zone. Thicker oceanic crust (~12
km) is typical of volcanic margins too.A narrow transition
zone is also formed in volcanic setting due to rapid extension
(Davis and Lavier, 2017).All these characteristics are seen
in our model onshore Bangladesh (Fig. 4c).

(b) Tectonics around Bangladesh

The presence of a large continental flood basalt of the
Kerguelen plume has been postulated beneath eastern India
(Kent, 1991). A northward ridge jump of the India-Antarctica
spreading center to the plume caused the second breakup
episode between India and Antarctica (Talwani et al., 2016)
around 120 Ma.  The now onshore Bangladesh volcanic
continental margin was formed and several microcontinents
were transferred from India to Antarctica leaving oceanic
crust to form beneath Bangladesh (Gaina et al., 2003; Desa
et al., 2013).

Thereafter seafloor spreading occurred in the prevailing
NW-SE direction. Around 100 Ma, the spreading direction
changed to N-S (Desa and Ramana, 2016). Thus a trace of
the Kerguelen plume should be found onshore Bangladesh.
Further south it is seen as the Ninetyeast Ridge (Fig. 5b)
(Curray et al., 1982). Heavy sedimentation after the collision
of India with Eurasia caused the rapid uplift of the seafloor
till it became subaerial by early Miocene time (Najman et
al., 2008). Thus here we have a terrestrial continental margin,
the most unique in the world (Fig. 5a). South of it, is the
pseudo-margin with its spectacular sediment load.

The subsurface configuration south off Bangladesh
is a continuation of the oceanic crust generated off the
volcanic continental margin onshore Bangladesh (Figs. 3
and 4).  The present study reckons for a need to establish
the continuity between the oceanic crust and sedimentary
layers onshore and offshore Bangladesh. This can be
achieved by making available deep seismic data/well
logs onshore Bangladesh. The extent of the Kerguelen
continental flood basalt beneath eastern India and the
northern extension of the Ninety east Ridge lying beneath
the thick alluvium from the Himalayas need to be
demarcated.

Conclusions

The ECMI can be classified into 4 types. The Southern
ECMI is a transform margin with obliquity of 37°. The
Northern ECMI is a normal rifted non-volcanic
passive margin. North of Mahanadi Basin is a volcanic
margin caused by the arrival of the Kerguelen hotspot.
The spreading ridge jumped north resulting in separation
of microcontinents from the Bangladesh region. Onshore

Fig. 5. (a) Figure depicting the present scenario, i.e.
terrestrial continental margin onshore Bangladesh

and the “pseudo-margin” superposed on the
topographic contours (Smith and Sandwell, 1997).

Major rivers are marked in blue.

Fig. 5. (b) Figure depicting the probable location of the
microcontinents EB (Elan Bank) and SKP (Southern
Kerguelen Plateau), the division of the Bay of Bengal
crust into the EC (Early Cretaceous) and MC (Middle
Cretaceous) by the 85ER (85°E Ridge). The probable

extent of the Kerguelen flood basalt is shaded yellow. The
likely trace of the Ninetyeast Ridge is shown as dashed

purple outline. RT: Rajmahal Trap; SP Shillong Plateau;
ST: Sunda Trench; PCI: Precambrian edge of India; MH:

Mahanadi; KG: Krishna Godavari.
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Bangladesh is a unique terrestrial margin formed during
the second breakup episode between India and Antarctica.
This volcanic margin and its continent-ocean boundary
now lies on land!!Offshore Bangladesh is a pseudo-margin
consisting of thick oceanic crust. The crustal evolution and
subsequent sedimentary deposition pattern determine the
georesource potential of these margins.
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Velocity model building usually involves various high-end processing technologies (Kumar, Vishnoi, Mandal,

Mohan, and Viswanathan, 2012), such as tomography, well calibration, full waveform inversion and so on.  On top of

these tools, however, the importance of parallel geological interpretation cannot be over-emphasized.  We demonstrate

in this case history that by iterating between processing steps and interpretation update, the fault-shadow problem

that we started with gradually evolved into a carbonate contact problem, and that gather flatness and energy focus

quickly converged as we shifted to the correct interpretation.  The significant uplift indicates that tight collaboration

between interpreters and processors during the model building phase is the key toward processing accuracy and

geological fidelity.

Keywords: Depth velocity model building, Fault shadow, Complex Carbonate imaging, Broadband seismic

Acquisition and Pre-processing

The survey is located in the western periphery of
Mumbai High in the west coast of India (Figure 1).  The
water depth varies between 30m and 100m, and the deep
target layer lies at 3-4 km.The major challenges include the
pinch-out features and the thin bed below the  carbonate
layers. With these targets in mind, 3D broadband acquisition
with multi-level sources was carried out from late 2014 to
early 2015. Detailedvelocity model building was then
employed to resolve the velocity variation across the survey.

To adapt to the changes inwater depth, three
variable-depth profiles(7-25 meters, 7-35 meters and 7-50

Fig. 1. Survey location map (Geological Map from C. J. Wandrey 2004)

meters)were deployed along the 6050-m long cable to
optimize the ghost diversity (Soubaras and Dowle, 2010).
Ghost wavefield elimination was then appliedto effectively
remove the ghost (Wang and Peng, 2012) and to provide a
much wider bandwidth together with Q compensation of
earth absorption.

Velocity Model Smooth Update

We started with a smooth initial velocity converted
from time, and the corresponding pre-stack depth
migration (PSDM) image suggests a major fault structure,
with accompanied fault shadow problem:losing of
higher resolution due to strong migration swings
(Figure 2a).



Fig. 2. Velocity and corresponding PSDM stack for initial smoothed model (a) and model building with velocity contrast (b)

Building Velocity Contrast

By tracing major events across the two sides of the
faults, interpreters came up with a normal fault
interpretation, which set up the framework for several
following iterations.  The velocity contrast is ~1000 m/s
across this proposed fault, with the slower velocity in the
downthrown side. Due to big velocity contrast across
the fault and to properly treat the fault-shadow problem, the
velocities on the two sides of the fault were handled
separately. Both the common imaging gathers (CIGs) and
well sonic data suggest that velocity contrast across
the fault should be higher (Figure 3a, 4a and 5), i.e. the
upthrownside goes faster and downthrown side goes
slower.  Following this trend, the events at the upthrown
side got pushed down and the events at the downthrown
side got pulled up, leading to diminished throw across the
fault.  As the velocity contrast reaches 1500 m/s, the throw

almost disappears and the fault can no longer be clearly
identified (Figure 2b).

Velocity Update with new Geological Interpretation

After a period of intense discussion and brain
storming between processors and interpreters, the interpreters
finally came up with a new interpretation. The fast side is a
wide carbonate platform whose existence is   for sure but
exact lateral extent wasn’t clearly depicted previously; the
slow side consists of carbonate-rich   silicate sediments
that exhibit relatively lower velocity as compared to the
well-cemented carbonate platform (Figure 6). This new
interpretation explains the strong reflectors   that we observed
at the top, base and sides of the platform, as well as the sharp
velocity contrast. Under this new geological framework,
the velocity model quickly converged and resulted in better
stack response (Figure 7) and gather flatness (Figure 3, 4).

Fig. 3. Gamma for(a) initial smoothed model and (b) final velocity model
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Results and Conclusions

If  we compare the PSDM image between the smoothed
initial model and the final model (Figure 6), it seems
that the carbonate-platform interpretation is straight
forward and undoubted.  It is only with hindsight that we
can  make such an easy judgment call, whereas in the
course of model building it is always bewildering and
involves a lot of efforts from interpreters to constantly
adjust the geological model and processors to firmly
supply supporting (or conflicting) geophysical evidence.
This case history demonstrates that the intense
collaboration between interpreters and processors is the
keystone to a successful model building.

Fig. 4. PSDM Common Imaging Gathers for(a) initial
smoothed model and (b) final velocity model

Fig. 5. Well sonic and check shot comparison for initial
smoothed model and final velocity model

Fig. 6. Initial smoothed model (a) and final velocity model (b) overlaid with well sonic velocity
and corresponding PSDM stack
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Fig. 7. Initial smoothed model (a) and final velocity model (b) PSDM stack overlaid with well markers
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In reflection character analysis, seismic modelling is considered as a principal tool which is of various types. In

present analysis, we consider only the Asymptotic Ray Tracing and Finite-Difference method. Both methods  consider

the wave equation for the solution but, the asymptotic method does not consider the full wave. To test the accuracy of the

methods, a velocity-depth model figured with fault structure is simulated by the help of a MATLAB code. Later,

Common Shot Gather, synthetic data are generated. For the modelling purpose, the second-order finite difference

method is used whereas in asymptotic method, the Born approximation is used as an important tool. Aid to this; stacked

sections are simulated by solving the acoustic wave equation. The accuracy along with both the advantages and

disadvantages of the methods are discussed. The whole processing has been carried-out in MATLAB environment.

Keywords: Asymptotic ray tracing, finite-difference modelling, velocity-depth model, wave equation

Seismic modelling is becoming popular for studying
wave phenomena in complex structures (Tessmer, 2000).
The seismic modelling consist of two parts as geological
model building and numerical computation of seismic
response for the model. The model building approaches
become equally important as seismic forward realization
methods (Alaei, 2012). The most common use of this forward
modelling is to determine the seismic response of expected
feature of the geology. Three different type of forward
modelling techniques are available in the industry namely
as; a) asymptotic method, b) Integral-equation method and
c) Direct method. In  present study the modelling technique
is applied over a fault model based on both the asymptotic
method as well as direct method. There are a number of
approximation that gives solution to these modelling
approach. Among which in  present study, the asymptotic
method is operated with Born approximation whereas, the
direct method is operated with the solution of two way wave
equation. Both techniques are performed and compared in
this analysis.

Methodology

Seismic modelling is generally applied over a predefined
velocity-depth model to produce the subsurface response
either for Common Mid-Point (CMP) survey, Common Shot
Gather (CSG), stacked profile or VSP.

Asymptotic Ray Tracing (ART) Method

This ART method is an approximation method. Most
seismic migration techniques are based on inverse
scattering theory (Tarantola,1984; Beylkin and Burride,
1990). As the forward modelling of seismic response is
essential in seismic migration, this back scattering
performed by Born scattering series.

The numerical solution is nothing but the solution of
the wave equation of the velocity model mathematically as;

 (1)

Where; > 0 is a dimensionless parameter..  , is the

background velocity model and  is the scattered one.

The approximation is expressed in terms of Green’s
function as;

(2)

The wave filed is ensemble of certain events.

Finite Difference (FD) Method

The Finite-difference method is a solution to the wave
equation. In this present work, second order solution of
this FD method is used. The general wave equation for
acoustic media is written as;

 (3)

Where ‘V’  denotes velocity, ‘ρ’ is density and ‘u’ is
pressure wave field. Let ‘s’ denotes source and ‘r’ denotes
receiver location respectably. The density is calculated by

the Gardener formula mathematically as; . The

method is executed with a boundary condition in 20 node
wise to approximate the normal derivatives.

Numerical Examples

To test accuracy the forward modelling algorithm a
velocity-model of fault structure is considered. The structure
is modelled with a dimension of 2000 m /* 2000 m with
grid size 1 m/* 1m at an interval of 10 m. The velocity-
depth model is illustrated in figure 1(a) where the velocity



varies both in horizontal as well as vertical direction from
1500 meter/sec to 4000 meter/sec.

The source is operated with a central frequency of 35
Hz for ART and 20 Hz for FD. For both the cases the travel
time calculated is 3.717s. In case of ART, the reflectivity

Fig. 1. (a) Velocity-depth model of Fault structure (b) Reflectivity model generated by ART method

series is identified which is outlined in figure 1(b) from which
the travel time is calculated.

Later, the Common Shot Gather (CSG) data is simulated
by the help of travel time which is illustrated in figure 2 and
figure 3.

Fig. 2. Common shot gathers at various shot location of ART method

Fig. 3. Shot gathers at various shot location of FD method
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Fig. 4. (a) Stacked image of ART method (b) Stacked image of FD method

Result and Dicussion

In this present analysis both the ART and FD modelling
techniques are implemented over a fault model. The primary
events which are hyperbolic in nature can be easily
identified from all the shot gathers in both the methods.
The ART is aimed to calculate approximate solution for
the wave equation that are valid for high frequency. But,
due to the two way travel time consideration in FD
method the CSG contains multiples also.

For the accuracy purpose of the methods, stacked
section of the common shot  data is generated as  illustrated
in figure 4. From the primary interpretation point of
view, more number of diffraction are identified in case of
ART in comparison to FD modelling.

Conclusions

From present analysis, it is found that in case of ART,
the stacked section contains more diffractions in
comparison to FD method. As this consider  travel time
and frequency only, it will be very  helpful for travel time
tomography and migration. But in FD we find artifacts as it
is a full wave form modelling and the structure can be

interpreted in primary stage in a better way compared to
ART. Due to this, FD modelling is Preferred over ART
method. This FD method can also be used for Reverse
Time Migration purpose.
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High resolution images of subsurface structure using seismic reflection data is a challenge for geophysical

exploration. Seismic migration plays an important step in seismic data processing sequence which images the

reflected and diffracted energy and gives information about the geological formations and structure. Several seismic

migration algorithms have been developed and implemented for seismic imaging out of which integral or

summation approach migration in time domain (Kirchhoff time migration) is one that accommodates irregular

sampling and non-planar data acquisition. Here multichannel seismic reflection data from sedimentary basin

of  India is processed using Pro-MAX Software. Kirchhoff time migration is applied to bring the reflector to

updip direction. As a result we get the thickness of the sedimentary basin  about 600ms and there are strong

reflectors at a depth of around 600ms (twt) and 800ms (twt) which is due to two volcanic flows which act as

barrier to seismic energy.

Keywords: Velocity Analysis, NMO correction, CMP stack, Kirchhoff Time Migration

Seismic imaging is a tool that sends sound waves to
the earth and record the bounces back waves travel
time in order to evaluate the subsurface condition.
Seismic imaging is done to remove all distortions from the
reflection records by migrating events to their true
spatial locations. Migration technique positions dipping
and diffracted events observed on seismic section to
their true positions in the subsurface resulting in an
image, which has greater spatial resolution.

The  Seismic Reflection survey gives the structural
images of any geological horizons with high resolution.
In the present report, multichannel seismic reflection
data from sedimentary basin of India is processed using
Pro-MAX Software.

Methodology

Kirchhoff Time Migration

As summarized in Rondenay (2009), The general
framework for Kirchhoff wave migration is:

Where  is the scattering potential at grid point r and
the stack is performed on N incidence waves, measured at
M starions.  is the amplitude of the scattered waves field

measured at station  at time  predicted

using a smooth model.  is the slowness term for the

particular seismic event. The summation term over
represents a stack over different stations of the weighted
scattered wave field. is a weighting term account for
amplitude effects, such as geometrical spreading.

The receiver function time-domain migration equation is:
       

 
Where r is imaging grid point, is dourse position, RF

is receiver function record at station .  is

geometrical spreading of transmitted S wave,
is geometrical spreading of transmitted S wave,

 is imaging condition for receiver

function Kirchhoff migration,  surface shear wave

velocity ,  is the incident angle is P travel time from

source to imaging grid   is S travel time from imaging

grid to receiver ,  is P travel time from source to receiver..

This tool images complex structured geological
settings. This is a full Kirchhoff diffraction summation
algorithm that includes advance anti-aliasing filters
and able to image extremely large offset, very steep dip
data and AVO friendly.

Example

Seismic data acquisition parameters:



Source   Dynamite 
Depth of shot hole 27m 
Shot point Interval 70m 
Explosive charge in each hole 4kg 
Number of channels 240 
Group interval 35m 
Spread length 8.4km 
Spread configuration symmetric split spread 
Frequency range 10-100Hz 
Sampling Interval  2ms 
Natural frequency of 
geophones  

10Hz 

Fig. 1. Raw 2D seismic reflection data

Seismic Data Processing

This seismic data is processed using Pro-MAX software.
The seismic acquisition data is in the form of  SEG D which
is a demultiplexed data. This raw data is converted to SEG
Y format. Then editing of  High amplitude noise, bad traces,
reverse polarity traces is done. Time delays are corrected,
due to the variation in elevation and top weathered layer,
by reducing the data to an arbitrary  datum plane.  After
these Static Corrections all the sources and receivers are
located on this Datum Plane.  These corrections are made

using refraction data and uphole survey results. Next
appropriate Bandpass filter  (10-20-80-120Hz) is applied
to data, so that the signals are  preserved and noise will be
removed. Then True Amplitude Recovery is applied to
recover the lost  amplitude which is casued by the travelling
of waves inside the earth. Appropriate predictive
deconvolution is applied to increase the temporal
resolution. Automatic Gain Control of 500ms is applied to
the data. Next CMP gather is done and the Velocity
analysis is made. Then NMO correction is done to make
all stacks in a same level and to reduce the hyperbolic
condition and then data is stacked. Then Kirchhoff time
migration is done and final result is obtained.

Conclusions

We have presented a zero offset 2D reflection seismic
data and applied Kirchhoff time migration. From Stack
section (Figure 2) and time migrated section (Figure 3)
it is observed that, sedimentary thickness of the basin
is ~ 600ms , two way time (twt) from the surface.We
also observed that two volcanic flows at a depth of
600ms (twt) and 800 ms (twt) acts as barrier to seismic
energy below it.
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Fig. 2. Shows the CMP stack section of sedimentary Basin

Fig. 3. Shows migration artifact
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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, 2019.

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.





#

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

:

#

ASSOCIATION OF EXPLORATION GEOPHYSICISTS
AEG Best Ph.D. Thesis Award - 2018



(Acceptance letter/notification/degree from the Enclosure No.:
concerned University/Institute may please be enclosed)

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@gmail.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

  # 12-13-763, Flat. No.101, Street No.1, Lane No. 2, Kimtee Colony
 Tarnaka, Hyderabad - 500 017, India.

Phone: (040) 40259557
Email: aegindiageophysics@gmail.com

www.aegind.org



ASSOCIATION OF EXPLORATION GEOPHYSICISTS

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@gmail.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 August , 2019 and the name of the awardee will be
announced by 30th September, 2019.

The award will be conferred at the AEG’s Annual convention scheduled in October,2019.

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.

Sriram Srinivasan Award - 2018





Journal of Geophysics - Best Paper Award - 2018

This annual “AEG Best Paper Award” to be given to an outstanding paper, published in
the year-2018 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 geophysics, a committee
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

¨      All the papers published in the issues of  Vol. XXXIV No. 1-4, 2018 will be considered
      for Best  paper Award-2018

¨  Best paper award will be conferred at the AEG’s Annual Convention.

¨  In all matters of AEG Award  for best paper, the decision of Award Committee
 nominated by President, AEG shall be final.










