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In the present study, Geosat Exact Repeat Mission
(ERM) and ERS-1 altimeter data over the Bay of
Bengal have been processed for deriving marine geoid
and gravity. Processing of altimeter data involves cor-
rections for various atmospheric and oceanographic
effects, stacking and averaging of repeat passes, cross-
over correction, removal of deeper structures and
bathymetric effects, spectral analysis and conversion
of geoid into free-air gravity anomaly. The final pro-
cessed results are available in the form of residual/
prospecting geoid and gravity anomaly maps. The
highs and lows observed in those maps have been
interpreted in terms of a number of prominent mega
structures, e.g. gravity linears, 85°E and 90°E ridges,
the Andaman trench complex, etc. Satellite-derived
gravity contour patterns match well with the available
ship-borne results. Also, continental margin as well as
85°E and 90°E ridges could be demarcated well along
latitudinal profiles. The isostatic compensation of
major crustal features in this region has been discus-
sed in the light of multiple wavelength marine geoid
and free-air gravity. Results from the earlier studies
using seismological data analysis and modelling also
confirm high stress near the Ninetyeast Ridge. In ad-
dition, subsurface modelling over 85°E ridge shows
that the crustal root has become shallower as one
moves from north to south (14°N to 10°N). Progres-
sive shifting of Continent Ocean crustal Boundary
(COB) along the eastern passive continental margin
has been observed both in satellite-derived and ship-
borne gravity data.

SATELLITE altimetry is an efficient reconnaissance tool
for offshore hydrocarbon exploration and is also widely
used for the regional scale oceanic lithospheric studies.
The method uses mass of water as a natural gravimeter,
which bulges over mass concentrations such as shallow
high density basement features and is depressed over thick
low density sediments. Careful efforts must be made to
reduce the inherent errors in the measurement of sea sur-
face height. The inferred subsurface geological structures
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from the sea surface height are analogous to gravity
anomaly maps generated through ship-borne survey. A
joint collaborative study had recently been completed
between SAC (ISRO) and KDMIPE (ONGC) to develop
a methodology to use altimeter data as an aid to offshore
hydrocarbon exploration and to study the tectonics and
related offshore oceanic processes in the Arabian sea and
the Bay of Bengal.

Offshore sedimentary basins surrounding India have
not been sufficiently explored despite the fact that they
contain large-scale hydrocarbon/mineral resources'. A
satellite altimeter measures the height of the satellite
above the instantaneous sea surface with a good precision
(~ 5 cm). Precise satellite orbit computations are used
to derive the height of the sea surface with respect to a
reference ellipsoid, called sea surface height (SSH)’. Sea
surface height (SSH) measured by Geosat is corrected for
various atmospheric and oceanographic effects on the
basis of parameters provided in the Geosat/ERS-1 Geo-
physical Data Record (GDR)®. The corrected SSH obtai-
ned using Geosat/ERS-1 Exact Repeat Mission (ERM)
data for a period of one year is averaged to minimize the
effects of dynamic sea surface topography which is
mainly due to currents, eddies, etc. This averaged SSH is
a good approximation to the classical geoid, which con-
tains information regarding mass distribution in the earth.
The anomalies (highs and lows) in geoid surface are
directly interpreted in terms of subsurface geological fea-
tures, e.g. transform faults, fracture zones, basement highs
and lows, etc. The geoid anomalies are converted into
free-air gravity anomalies, which are particularly useful
in deep sea, where traditional ship-borne geophysical data
is either unavailable or scanty. In the eastern offshore,
India, regional crustal features, e.g. the 85°E ridge, the
Central Basin, the Ninetyeast Ridge, the Sunda Arc,
the Andaman trench, etc. have been well-defined from
ship-borne geophysical survey™. Hence, mapping those
features using satellite-derived geoid/gravity anomalies
may be useful for establishing the Satellite Gravity Method.
However, though satellite altimeter is a very promising
tool, its use requires a number of error-reduction proce-
dures™®.
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Haxby er al.” have generated digital images from the
combined oceanic and continental data sets and have
specified their usages in tectonic studies. Sandwell and
McAdoo® have applied gradient methods for the analysis
of gravity and geoid information. Rapp”'® has developed
a method for the prediction of gravity anomaly using
spherical harmonic coefficients up to degree and order
30 and above. Craig and Sandwell'' have identified a
number of seamounts in the transition zone off Indian
coast. McAdoo'” has generated gravity field of the Sou-
thern Ocean from Geosat Exact Repeat Mission (ERM)
data. Lundgren and Nordin"? and Majumdar ez al.'* have
developed a brief methodology for offshore structure
delineation using altimeter data. Long wavelength geoid/
gravity has so far not been generated over the Bay of
Bengal and hence this work is unique particularly over
this region. Also, the earlier workers™”'>'® have used
satellite altimeter data to generate the generalized free-air
gravity. In this case, Geosat as well as ERS-1 168 day
repeat ERM data have been utilized to generate geoid/free-
air gravity over the Bay of Bengal and spectral analysis
technique has been suitably applied to extract the infor-
mation regarding different wavelengths of interest.

Data source and area of study

Data over the eastern offshore of India (latitudes: 6°—
22°N and longitudes: 77°-95°E) are available from Geo-
sat/ERS-1 ERM. Size of the footprint along the satellite
tracks is 6.7 km; however, the cross-track data gap is
approximately 150/80 km at the equator for Geosat/ERS-
1. Geophysical Data Record (GDR) details are given
elsewhere®'”. The ship-borne gravity data along with
other geophysical/geological information have been used
in the study. Bathymetry data used have been obtained
from Naval Hydrographic Charts (Survey of India,
Dehradun) whereas other ship-borne geophysical data,
e.g. gravity, sediment thickness, etc. were collected by
ONGC (Dehradun). Geosat data collected over a period
of one year have been used in this study. ERS-1, 168/35
day repeat data over the Bay of Bengal have also been
processed and used in specific case studies.

Methodology

Geoid is a gravitational equipotential surface approximat-
ing to the mean sea surface over the ocean. Sea surface
height observations, when averaged, minimizes the effe-
cts due to dynamic sea surface topography particularly in
regions with seasonally varying currents, such as the Bay
of Bengal'®. The contributions in geoid can be broadly
divided into three categories'”'’, viz. bathymetric contri-
bution, lithospheric contribution, and contribution due to
deeper earth.

Bathymetry data along the satellite track are used to
model the geoid due to bathymetry and then to remove
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the effects due to bathymetric anomaly. The contributions
due to deeper earth are removed using GEM 10B geopo-
tential model expanded up to degree and order 50 (ref. 9).
The geoid undulation obtained after removing the contri-
butions due to bathymetry and deeper earth is known as
prospecting geoid which corresponds to the mass distri-
bution in the lithosphere. This prospecting geoid is useful
in delineating offshore hydrocarbon-bearing structures.
Figure 1 shows the flow chart of the data processing scheme
used for computation of residual/prospecting geoid and
gravity anomaly using altimeter data'’.

Computation of free-air gravity

The fundamental relations useful for conversion of geoid
to free-air gravity anomaly can be derived on the basis of
the Brun’s formula and the equation of the Physical Geo-
desy”’. The free-air gravity anomaly can be obtained from
the inverse 2D Fourier transform of sum of the slope of the
geoid in east component N(K) and north component §(K)

in wave number domain using the relation'>?',

Ag(K.0) =|’f{—°|h<m(l<)+1<y& K)]. (1)

where Ag(K,0) — Fourier transform of the free-air gravity
anomaly in wave number domain %,, k,, K= Kf 'H(i and
20=9.8 ms” (normal gravity at the point of interest).
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Figure 1. Data processing steps for deriving marine geoid and gravity
from satellite altimeter data.
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Most topographic loads of wavelengths < 50 km are sup-
ported by the strength of the lithosphere and are uncompen-
sated. At wavelengths longer than ~ 500 km, topography
is in general locally compensated. Features within the
wavelengths (50-500 km) are compensated by the elastic
flexure of the upper lithosphere™. Different components
of the prospecting geoid and free-air gravity anomaly have
been obtained using spectral analysis through Fourier
transform which can be related with different geological
structures'"’:

(a) Long wavelength component (100-400 km): It mainly
reflects crustal events of regional proportions.

(b) Intermediate wavelength component (50-100 km): It
investigates shallower occurrences. These undulations can
give information regarding the local isostatic compensation
mechanisms and tectonic trend.

(c) Short wavelength component (15-50 km): These un-
dulations are more closely related to basement topogra-
phy and overlying sedimentary cover.

To compute short, medium and long wavelength com-
ponents of geoid and gravity, it is assumed that geoid
undulation and gravity can be represented by Fourier
series™. For a one-dimensional finite series, containing N
equally spaced observations, only N/2 harmonics can be
computed with N/2th harmonics (Nyquist frequency) cor-
responding to a wavelength 2A, where A is the distance
between successive observations. First, the coefficients

of different harmonics were computed from geoid and
gravity values, and then coefficients corresponding to
different wavelengths 15-50, 50-100, and 100—400 km
were combined and inverse Fourier transformed to calcu-
late short, medium and long wavelength components.
Geosat/ERS-1 altimeter data observations along the track
are at 6.7 km interval. Therefore, Nyquist frequency will
correspond to a wavelength of 13.4 km. The zeroth har-
monic will correspond to a wavelength of N/2th order
and the first harmonic will have wavelength
N/2-2A = N-A. Similarly, other harmonics have been
identified to obtain the geoid and gravity values of
required wavelengths. For two-dimensional finite series,
the above procedure has to be repeated along the
latitudinal and longitudinal axes (x, y).

Results and discussion

Classical geoid obtained after the removal of atmospheric
and oceanographic effects from sea surface height of Geo-
sat GDR shows smooth contours in the Bay of Bengal
(Figure 2). (For security restrictions, lat./ion. coordinates
have been omitted in a few maps.) The values range
from — 56 m to — 106 m. Higher values are concentrated
in the deltaic front of the Ganges and the Brahmaputra
and also near the Andaman Islands. The deepest low was
found west of Sri Lanka (Ly) whose origin lies in the
mantle-core boundary. Continental margin lows (AA” and
BB’ in Figure 2) can be picked up from this map. Linear
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Classical geoid contours (from Geosat) over the Bay of Bengal.
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high trends (Hy in Figure 2) near the west of the Andaman
Islands were observed. The lateral variation in the mantle
density, due to the subducting lithospheric slab near the
Andaman Islands, could cause the regional increase in the
EW geoid gradient. The geoid signals caused by the
lithospheric undulation of Ninetyeast Ridge seems to
have overlapped with the broad EW gradient anomaly. A
few NW-SE trending linears (CC” and DD’) have been
picked up which are related with deep-seated faults.
Residual geoid anomaly patterns as obtained from ERS-1
altimeter data after correction due to deeper earth mass
anomalies along a few profiles are shown in Figure 3. It
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Figure 3. Residual geoid anomalies (from ERS-1) along different

profiles in the Bay of Bengal.

shows a general downward trend of the basement as one
proceeds from 10°N to 14°N latitudes. This downward
trend in the basement can possibly attribute to the progres-
sive increase in Bengal fan sediment load at the northern
latitudes. Interpretation of bathymetric map obtained from
Naval Hydrographic Charts®, after interpolation illus-
trates two contrasting bathymetric trends: (i) an observed
N-S high trend, which demarcates the Ninetyeast Ridge
at the southern latitudes and (ii) the Andaman arc trench
low observed east of Ninetyeast Ridge. These two fea-
tures were seen besides the other morphological features
near the eastern Indian continental margin.

Prospecting geoid contour map

The prospecting geoid anomaly map over the study area,
after the removal of bathymetry and deeper earth effects,
is shown in Figure 4. Contours as such do not follow any
particular trend. Various isolated geoid lows (L) and highs
(H) were observed, in the general background of low geoid
value towards the northern latitudes. Low axis (marked in
Figure 4) of most of the NE-SW trending linear features
of the basin may represent the distributary channels for
sedimentary deposition. Lows near the Bengal fan mouth
and Andaman Islands represent greater sedimentary thick-
nesses in the Bengal fore deep and the Andaman trenches.
The clustering of isolated lows at the central portion of
the basin suggests flexure of the basement due to sediment
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Prospecting geoid contour map over the Bay of Bengal (from Geosat).
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load. The linear geoid high trend at roughly southeast of
the central basin laws is due to the Ninetyeast Ridge. The
ridge seems to have been disseminated and bounded by
NE-SW trending faults at its flanks (CC” and DD”) which
is also supported by bathymetric features. Seismic pro-
files by Curray et al.> have shown that the Ninetyeast
Ridge is a basement high feature.

Analysis along the passive eastern continental margin
has shown two major linear geoid lows, namely, AA” and
BB’. AA” has a N-S trend from the north of Sri Lanka
to Krishna basin (North of Madras) in the southeastern
part of India and BB” has a NE-SW trend from
Godavari basin to the mouth of the Bengal fan delta®®. A
prominent low (Ly in Figure 4) has been observed off
Krishna—Godavari offshore between the mapped continen-
tal margin lows (AA” and BB’), which indicates a major
depression in the basement with large fan sediments.

Long wavelength (100-400 km) prospecting geoid
undulation

The longer wavelength prospecting geoid information in
the spatial wavelength band 100-400 km is shown in
Figure 5. The low anomaly closures, ‘L’, are those litho-
spheric features which are undergoing regional isostatic
compensation. These regions have nonzero geoid anoma-

lies and are a measure of density distribution with depth
and hence it illustrates the mechanism of compensation
of the lithosphere. Here the values range from 15m to
—15 m. This suggests a northward down buckling of the
oceanic crust due to the large thickness of sediment in this
region. Lineaments based on contour gradients are mar-
ked, and prominent trends are nearly E-W (E E,, E;E,),
NE-SW (N)|N,, N3N4), NW-SE (S,S,), and NNW-SSE
(WW,). The prominent lithospheric feature at the
Ninetyeast Ridge is seen as a roughly NS high linear fea-
ture bounded by the trends E E,, EsE,, S;S; and W, W,.
These linear trends surrounding the ridge may partly fa-
cilitate the vertical movement of the ridge in order to
achieve the isostatic stability.

Interpretation of gravity anomalies

Over the past two decades, several authors have prepared
gravity anomaly maps over the northeastern Indian ocean
and the Arabian sea'®”’”'. The gravity anomaly values
along the eastern offshore mainly range from 50 mGal to
— 50 mGal, and the general trend of contours are NW—SE
except at the boundary zones near 6°N latitude'*. Figure
6 shows the ship-borne free-air gravity anomaly along
three profiles near continental margin, namely, 10°, 13°
and 14°N. The gravity anomaly low along these profiles
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Long wavelength (100-400 km) prospecting geoid contour map over the Bay of Bengal
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shifts towards east as one proceeds from 14° to 10°N
latitude. Similar trend has been observed along the east-
ern continental margin as obtained from satellite-derived
gravity'®. This signifies the progressive shift of the Con-
tinental Ocean crustal Boundary (COB) towards east. The
GEOSAT derived free-air gravity anomaly map, shown
in Figure 7, could clearly demarcate this crustal transition
zone throughout the eastern continental margin of India
(KK’ and MM"). At the central basin, the anomaly con-
tours are broad and low (L), which can be attributed to
the basin depression due to greater fan sediment load.
The Ninetyeast Ridge, observed as disseminated, has
roughly NS trending linear highs marked as H,H,, H;H,
and Hs;Hg. The NE-SW trending gravity linear marked as
L,L, seems to cut across the NS trending H,H, section of
the ridge. The orientation of gravity linear and the ridge
dissemination, especially between HH, and H;H, sec-
tions suggests a complex tectonic scenario, which arises
due to the consequence of oblique subduction processes
in the Andaman arc trench system. Besides L,L,, other
linear trends are also observed in NE-SW and NW-SE
directions.

Ramana et al.*® have analysed marine magnetic (ship-
borne) data in the northern Bay of Bengal. The analysed
magnetic map depicts four magnetic anomaly provinces
corresponding to (i) 85°E ridge complex, (ii) newly iden-
tified approximately NNE-SSW trending basement high/
ridge system, (iii) the 90°E ridge, and (iv) the Sunda
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Figure 6. Gravity anomaly (ship-borne) over continental ocean crustal
boundary (COB).
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trough. Prominent trends observed in this region are N-S
and NNE-SSW. Mukhopadhyay’® has also reported high
density anomalous mass underneath the Sunda trough (near
Andaman Islands). The Bay of Bengal lithosphere is also
characterized by an extraordinary level of intraplate
seismicity, as explained by occurrences of earthquakes of
magnitude 7 near the Ninetyeast Ridge®™. Later, Stein
et al.® have also studied the ridge seismicity and obser-
ved that, earthquake mechanisms along the Ninetyeast
Ridge are generally consistent with the left lateral strike-
slip motion. Stein and Okal® suggested that a relative
motion of the oceanic crust exists in the subduction zone
of northeastern Indian Ocean region (Indian side) with
respect to the subduction zone in the southern Sumatra
trench region (Australian side). The relative motion of
the oceanic crust from the Indian side encounters greater
resistance to subduction due to Himalayan collision, while
the Australian side subducts smoothly at the Sumatra
trench. Further insight may be derived from tectonic
models such as the finite element calculation of the theo-
retical stress field for the Indian plate’®. The predicted
high stress near the Ninetyeast Ridge is consistent with
the earthquake focal mechanism. Similar results have been
reported by Rajesh’’, where it has been interpreted thro-
ugh seismic studies, that a shallow graben-likes structure
exists along the ridge axis. From ship-borne gravity it has
been observed that the ridge system is shallower towards
south and wider at north with an N-NNE trending. Origin
of the Ninetyeast Ridge system is associated with the
movement of Indian plate over the Kergulean hotspot™®.

Detailed study has been made for the generation of
Moho depth near 85°E ridge along three profiles using
ship-borne data with the Werner’s deconvolution model®”.
E-W profiles have been generated along 10°, 13° and
14°N longitudinal lines. Comparison of satellite-derived
gravity with ship-borne gravity data along 10°N profile
shows similar trends, especially near the trench and the
ridge anomalies shown in Figure 8. Figure 9 shows the re-
sults (subsurface lithospheric anomalies as well as base-
ment and Moho depth) as obtained using 2D forward
model, with seismic constraints in the thickness of sedi-
mentary layer, along 10°N latitude. Comparison of chan-
ges of Moho depth is obtained by assuming the Airy local
isostatic compensation of 85°E ridge from 10°N to 14°N
as shown in Figure 10. This concludes that the crustal root
of 85°E ridge system becomes shallower as it extends
from north to south along the axis of 85°E ridge.

Long wavelength (100-400 km) satellite-derived
gravity

Figure 11 shows the long wavelength (100-400 km) com-
ponent of the ERS-1-derived gravity. These long wave-
length gravity anomalies are produced by features affected
by the density contrasts in the lower crust and the upper-
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Figure 8. Comparison of ship-borne gravity with satellite-derived

(ERS-1) free-air gravity along 10°N profile in the eastern offshore.

most mantle. The general contour trends of long wave-
length gravity anomaly (100-400 km) are NE-SW along
the Ninetyeast Ridge and its eastern flanks, while most of
the crustal local features have NW—SE trend at its western
flank. The contour values generally range from 120 mGal
to — 80 mQGal, with areas of positive and negative anoma-
lies well demarcated. The Ninetyeast Ridge is observed
as NE-SW trending broad feature (RR’) with isolated
gravity high zones. In this spatial wavelength band, at the
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Satellite-derived free-air gravity anomaly map over the Bay of Bengal (from Geosat).

central basin and near the Ninetyeast Ridge, the free-air
anomaly of most of the features range from —10 to
10 mGal and those lithospheric features are in a state of
near-isostatic compensation. Krishna—Godavari basin low
(L) has also been demarcated. Several linear features were
picked up from the contour map and the contour gradients
which may be related to the major faults/deep crustal
heterogeneities'*. Broad gravity low trends along the
margin match with the ship-borne gravity patterns as
shown in Figure 6, which represents the transition zone
of continental ocean crustal boundary.

Conclusions

From the above study, the following conclusions could be
made:

(a) Satellite altimeter data have been used to successfully
derive the marine geoid and gravity and their various
wavelength components for mapping the megastructures
in the Bay of Bengal region and validated with the avai-
lable ship-borne data®.

(b) Geoid undulation and free-air gravity anomaly varia-
tion observed in this region indicate the presence of a
number of highs and lows in the basement rock along
with major aseismic ridges as lithospheric loads.
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(c) The Ninetyeast Ridge is observed as a basement high
in gravity as well as in the prospecting geoid contour
maps. The geoid anomaly could effectively reflect the
disseminated nature of the ridge crust, even in areas of
very high sediment thickness in the northeastern region,
where it juxtaposes the Andaman trench.

(d) The observed Andaman trench geoid anomalies are
very narrow and less negative amplitude towards southern
latitudes. The narrowness in the anomaly can be attri-
buted to greater horizontal ridge push exerted towards
east (trench side) as a consequence of oblique subduc-
tion, while the reduced negative anomaly is due to rela-
tively less sediment load in this region. The geoid signal
low of the Sunda—Andaman trench axis is discontinued
by NE-SW trending linear features.

(e) Nearly N-S, NE-SW and NW-SE gravity linears are
prominent in the entire Bay of Bengal, and progressive
shifting of the continent ocean crustal boundary towards
east has been observed along the eastern continental mar-
gin of India.

(f) The geoid signal obtained across 10°N to 14°N latitude
profiles indicates that the causative (lithosphere) depth is
increasing progressively from 10° to 14°N owing to the
high sedimentation load from the Bengal Fan.

(g) The free-air gravity anomaly over 85°E ridge is low,
as expected with low amplitude, but showing a profile-
wise trend along NW direction. Also, the crustal root of
85°E ridge system becomes shallower along the axis of
the ridge as it extends from north to south.

(h) The long wavelength gravity anomalies in the 100-
400 km spectral band have been produced by features
affected by the density contrasts in the lower crust and
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the uppermost mantle. The general contour trends are
NE-SW along the Ninetyeast Ridge and its eastern
flanks, while most of the other features in the region are
in near state of crustal compensation.
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