EPSL

- NS
ELSEVIER Earth and Planetary Science Letters 185 (2001) 225-236

www.elsevier.com/locate/epsl

India—East Antarctica conjugate margins: rift-shear tectonic
setting inferred from gravity and bathymetry data

Shyam Chand?, M. Radhakrishna® C. Subrahmanyam 2*

& National Geophysical Research Institute, Uppal Road, Hyderabad 500 007, India
Y Department of Marine Geology and Geophysics, School of Marine Sciences, Cochin University of Science and Technology,
Cochin 682 016, India

Received 16 May 2000; received in revised form 5 October 2000; accepted 13 November 2000

Abstract

The Eastern Continental Margin of India (ECMI) has evolved as a consequence of breakup of India from East
Antarctica during the Early Cretaceous (ca. 130 Ma). The conjugate margin of ECMI in East Antarctica is represented
by the margin extending from Gunneris Ridge in the west to about 95°E in the east. To understand the isostatic
compensation mechanism operating beneath these conjugate margins, we have examined the cross spectral correlation
between gravity and bathymetry along 21 profiles across the ECMI and 16 profiles across the conjugate East Antarctica
Margin using both ship and satellite-derived gravity data. The ECMI is considered as a composite of two segments, one
north of 16°N extending beyond 20°N, which is based on its rifted margin character, and the other, south of 16°N
extending up to Sri Lanka, which has a transform-rift character. Similarly, the conjugate margin of East Antarctica is
also considered to be a composite of two segments, west and east of the central bulge at 50-55°E. Admittance analysis
and comparison with various isostatic models suggest a flexural plate model with an elastic thickness of 10-25 km for
the northern segment of ECMI and its conjugate segment which is the east Enderby land Margin, comparable to results
obtained from the eastern North American Margin. For the southern segment of ECMI, low elastic plate thickness of
less than 5 km or a local compensation is obtained with matching results for the west Enderby land Margin. These, in
turn, appear comparable to the low T, values inferred for the Ghana transform margin of North Africa and Grand
Banks Margin of eastern Canada, thereby indicating that the southern segment of ECMI and its conjugate in East
Antarctica have developed as a consequence of shearing rather than rifting in the early stages of continental
separation. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: continental margin; India; Antarctica; gravity anomalies; isostasy

1. Introduction acter where there is a change in physiography as
well as physical properties. The morphology of
Continental margins are entities of mixed char- the continental margin is determined by its for-

mation mechanism (rifting vs. shearing) and pro-
cesses that have subsequently operated on it. This
is reflected in the gravity anomalies. Most of these

* Corresponding author. Fax: +91-40-7171564; margins display a pOSitiVC graVity anomaly along
E-mail: postmast@csngri.ren.nic.in the edge of the shelf and a negative anomaly over

0012-821X/01/$ — see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0012-821X(00)00349-6



226 S. Chand et al. | Earth and Planetary Science Letters 185 (2001) 225-236

the slope. The amplitude of these anomalies and
the distance between the positive and negative
gravity anomalies are representative of the type
of the margin (rifting vs. shearing) and its sedi-
mentation pattern [1,2].

Numerous studies have addressed the relation
between gravity anomalies and topography [1-4].
The effective elastic thickness (7%) is an important
parameter, which can be derived from the obser-
vations of gravity and topography as well as
sediment thickness. 7. characterises the flexural
response of the lithosphere subjected to topo-
graphic loading. Gravity observations in oceanic
regions have been widely used to estimate 7, of
the oceanic lithosphere [5-7]. It has also been
applied at continental margins [1,4].

The sediments deposited in subsided areas
along the continental margin act as a top load
on the lithosphere. Numerous studies at rifted
margins showed that they are consistent with the
flexure model of isostasy [1,2,4]. Steckler and
Watts [8] showed that the post-rift subsidence of
margins can be attributed both to the thermal
cooling of the lithosphere following initial heating
up by rifting, and also due to the accumulation of
sediment loads. The accommodation of these sedi-
ments and the depositional pattern of most basins
suggest a flexural type of behaviour right from the
start of rifting. Fowler and McKenzie [3] have
compared two margins on the basis of gravity,
one starved of sediments and the other, buried
under sediments. This study showed that sedimen-
tary accumulations have no effect on the flexural
characteristics of the margin. Thus, the concept
that the basic shape of the gravity profile is re-
tained, even though there is deposition of sedi-
ments, forms the basis for examining the charac-
ter of margins through a convolution filter [3].

2. Geological setting

The Eastern Continental Margin of India
(ECMI) has evolved as a consequence of its
breakup from East Antarctica in Early Creta-
ceous [9]. This margin is characterised by major
river basins like Cauvery, Krishna, Godavari,
Mahanadi, Brahmaputra and Ganges, which in
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Fig. 1. (a) The ECMI showing bathymetry and locations of
the profiles (S1-S10 and N1-N11) used in the present study;
MI-M11 are magnetic lineations [48]; Thick grey lines are
positive magnetic anomalies identified [23,24]. CB: Cauvery
Basin; KGB: K-G Basin; MB: Mahanadi Basin; BB: West-
ern margin of Bengal Basin; Trace of 85°E ridge from Sub-
rahmanyam et al. [18]. (b) EACM showing bathymetry and
locations of profiles (W1-W8 and E1-E8); Thick grey lines
are positive magnetic anomalies identified by Golynsky et al.
[22]. (c) India, Sri Lanka and East Antarctica in a Gondwa-
na reassembly [49]. 1-4 indicate the conjugate segments of
the ECMI and the EACM.

all cases, extend from onland to offshore and
merge with the deep-sea Bengal Fan [10]. The
thickness of sediments in these basins varies
from 3-5 km in the onshore depressions to more
than 10 km in the thick deltaic sedimentation re-
gions of the offshore [11]. The sediments attain a
maximum thickness of 22 km at the apex of the
Bengal Fan in the Bangladesh offshore region
[10]. Seismic studies of both the onland and off-
shore basins reveal NE-SW trending ridge and
graben structures, which are parallel to the coast
in the case of Krishna-Godavari (K-G) and Ma-
hanadi Basins, but trend oblique to the coast in
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Fig. 2. Early break-up history between India and East Antarctica[9]. (a) Shearing between southern ECMI and western EACM is
shown by half arrows. (b) Note the change from transform to a closely spaced transform-ridge setting.

the Cauvery Basin further south [11]. Subsidence
studies in Cauvery, K—G and Bengal Basins along
the ECMI, suggest that there is a progressive in-
crease in extension rates from south to north [12—
14].

Recent geophysical and geochronological infer-
ences indicate the presence of a large igneous
province underlying the Bengal Basin, related to
the exposed Rajmahal Trap volcanism [15,16]
with possible extension up to the Mahanadi Ba-
sin. These volcanics are dated at 118-110 Ma.
Uplift of the lithosphere due to the incubation
of a mantle plume head beneath the Bengal Basin
and adjoining areas prior to continental rifting
has earlier been suggested [17]. These factors are
strong indicators for considerable uplift and
stretching of the lithosphere beneath the northern
segment of the ECMI, prior to the break-up of
eastern India from East Antarctica. The limited
extension experienced by the lithosphere beneath
the Cauvery Basin [13] can probably be explained
if this segment of ECMI is a transform margin or
at least a margin with closely spaced ridge-trans-
form system (as shown in Fig. 2). A recent anal-
ysis of the distribution of satellite-derived free air
anomalies along the ECMI [18] and the spreading
directions inferred by Powell et al. [9] support
such a view. These investigations indicate that,
along the southern segment of the ECMI, consid-
erable shearing may have taken place between In-
dia and East Antarctica. The development of
ridge—basin structures in the Cauvery Basin (Fig.
3) trending oblique to the coast line reflect the
pull-apart nature of the basin [11], having evolved
in a strike-slip setting.

The East Antarctica Margin has a similar geo-
logical history [19]. But, compared to the ECMI,
the thickness of sediments along the East Antarc-
tica Continental Margin (EACM) is less. The con-
tinental shelf around Antarctica is often charac-
terised by a trough up to 1 km deep near the coast
and an unusually deep outer shelf (400-700 m
deep at the shelf edge). In some places (e.g., Prydz
Bay) the water depth decreases from the coastal
trough to the shelf edge, while at other places it is
seen to be normal. These features were explained
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Fig. 3. Ridge-basin structures in Cauvery Basin trending ob-
lique to the coastline modified from Sastri et al. [11].
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as being due to a series of patterns of glacial ero-
sion and sedimentation through geologic time on
the shelf [20]. Several factors control the geometry
of the sea floor and underlying stratigraphy of the
East Antarctic Margin. These include, the load of
the ice cap, the isostatic response of the litho-
sphere, the pattern of erosion, the pattern of sed-
imentation, sea-level changes, thermal and tecton-
ic subsidence of the margin and possible
compaction of the sedimentary section by sedi-
ment and episodic ice loading of the continental
shelf. Unloading studies conducted along a seis-
mic section show a variable T, of 100 km near the
coast and 30 km at the Ocean—Continent bound-
ary [20]. Lithosphere flexure due to the load of the
continental ice cap is small (<250 m) in compar-
ison [20].

Reconstructions for the Eastern Gondwanaland
[9] indicate that the present day continental mar-
gin of East Antarctica agrees well with the ECMI
along 2000 m bathymetry between 35 and 95°E.
Lawver et al. [21] have dated the starting of rifting
of India and East Antarctica to around 127-118
Ma (M0-MS5 magnetic lineations of Early Creta-
ceous age). Golynsky et al. [22] used airborne
magnetic data to identify a prominent positive
magnetic anomaly belt (Antarctic Continental
Margin Magnetic Anomaly (ACMMA)), which
is inferred to be due to continental crustal discon-
tinuities that were formed during the Gondwana
breakup (Fig. 1b). The ACMMA has a width of
120 km, with moderate to short wavelength
anomalies of 150-600 nT, which can be taken as
a counter part of the positive magnetic anomaly
belt observed along the ECMI [23,24]. It can be
seen on Fig. la,b that both these anomaly belts
run along the 2000 m bathymetry contour line
supporting the view about the conjugate nature
of the two margins under study.

3. Data and analysis

Gravity anomaly distribution for both the mar-
gins, from satellite-derived gravity databases [25],
are shown in Fig. 4. Notable features of these
gravity maps are: the sharp gravity gradients
along the southern segment of the ECMI, which

Latitude

78 80 82 84 86 88E
Longitude

Latitude

= EAST ANTARCTICA
35 40 45 50 55 60 65 70 75E
Longitude

Fig. 4. Grey-scale maps of free-air gravity anomalies along
the ECMI (a) and the EACM (b) from Sandwell and Smith
[25].

extend up to Sri Lanka; the strong negative sig-
nature of the 85°E ridge [18] and the northwest
trending gravity lineations along the EACM par-
ticularly between 45-50°E which may be related
to early history of spreading between India and
East Antarctica [26]. Such features, related to
spreading histories, are characteristically absent
along the ECMI, which may be due to their
masking by thick piles of sediments present along
the margin. Another notable feature along the
EACM is that the negative—positive anomaly
belt centred along the continental rise of the west-
ern segment of EACM differs from the usual sig-
nature of positive peak at the shelf edge followed
by a negative peak over the slope.

Transfer function analysis is the most widely
used method to study the compensation mecha-
nism of loading on the lithosphere, and we have
used this approach in the present study. The lo-
cation of profiles used for cross-spectral correla-
tions of gravity and bathymetry is shown in Fig.
la,b. Blocks 1-4 in Fig. lc indicate the rift and
transform segments of the ECMI and EACM. A
set of 11 gravity and bathymetry profiles almost
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Fig. 5. Comparison of ship-borne gravity with satellite-derived gravity for profile S5 along ECMI and profile W1 along the

EACM. See text for details.

perpendicular to the northern segment of ECMI
(from 15 to 20°N). The five southern profiles are
derived from data collected by ORV Sagar Kanya
cruises [23]. Other profiles are interpolated from
satellite-derived gravity [25] and ETOPOS [27]
data grids. For the southern segment of ECMI
(from 6 to 15°N) we have considered 10 profiles
of which four were collected during the Sagar
Kanya cruise, and the rest are from the NGDC
databank. For the East Antarctic region, we have
considered eight profiles for each segment, all
from satellite-derived gravity and ETOPOS bathy-
metry. We use the Enderby Land bulge as the
boundary between the two segments (Fig. 1c) cor-
responding to the conjugate location of the bight
at 15°N along the Coromandal Coast of ECMI
[9].

We have made a comparison of the satellite-
derived gravity data and the ship borne gravity
data to check the validity of these gridded data
sets as well as the reliability of the ship data from
offshore Antarctica and the ECMI (Fig. 5). The
gravity data of the EACM show a datum shift,
which may be attributed to the correction applied
from Reference Station [28]. Nonetheless, the sig-
natures match well showing that the satellite-de-
rived gravity data are more reliable to be used
than ship data in such areas, where Reference
Stations are not available. For ECMI, the data
show a good correspondence although there is a
slight mismatch in the high frequency domain
which may be attributed to the small disparity
in location of cruise data and satellite-derived
gravity data locations.

Representative samples of gravity and bathy-
metry profiles from both the margins are shown
in Fig. 6. It can be seen that the amplitudes of the

gravity anomaly are higher in the ECMI com-
pared to the EACM, a fact which may be attrib-
uted to the wider slope of the latter (Fig. 6). The
main feature observed from the bathymetry pro-
files is the very gentle slope along the EACM,
compared to the ECMI. Because of this, the shelf
edge gravity anomaly is also very small. The grav-
ity anomalies show very low amplitudes of the
order of 100 mGal as the maximum.

To examine the isostatic mechanism acting at
the margins under study, we have used the cross-
spectral correlations between gravity and bathy-
metry. The methodology involves calculating the
admittance between gravity and bathymetry, and
compairing it with theoretical models. Admittance
analysis involves computing the ratio of the aver-
age of cross spectrum between gravity and bathy-
metry to average power spectrum of bathymetry
[1]. This way of spectral averaging removes any
spurious signals which are profile specific and
thereby provides us a signal that is representative
of the entire margin. The net result is the ratio of
amplitude spectrum of gravity to bathymetry. For
cross-spectral analysis, the length of each profile is

Table 1

Model parameters

Parameter Value
Water density 1030 kg m™3
Sediment density 2400 kg m™3
Crustal density 2800 kg m
Mantle density 3400 kg m—3
Young’s modulus 100 GPa
Poisson’s ratio 0.25

Mean water depth 3.0 km

Gravitational constant 6.67x 10" m3kg1s™2
g 9.8 ms?
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Fig. 6. Representative plots of bathymetry, filtered bathymetry (predicted gravity), observed gravity and residuals for the four
segments of ECMI and EACM (shown in Fig. 1c). Numbers at the right side of the residual profile indicate RMS error.

restricted up to a 512 km length keeping the shelf
edge as the tie point and starting from almost
zero water depth. The profiles are linearly inter-
polated at 2 km intervals to a total of 256 data

points. They are then mirrored, so that they are
symmetric with respect to the central point. The
data are then Fourier-transformed. As our profile
is just half the length of the mirrored one, we took
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only the alternate values corresponding to the
original wave number [29] for subsequent calcula-
tions.

The methodology involved in the determination
of the admittance analysis for gravity and bathy-
metry data has been discussed in detail by
McKenzie and Bowin [5], Karner and Watts [1],
among others and hence, not reproduced here.
Though the Fourier Transform technique, called
the periodogram method, is plagued by spectral
bias and leaking resulting from the implicit win-
dowing of finite data [30], it is found to be the
most reliable method in power spectrum and cross
spectrum estimation. Windowing effects can be
reduced by using a large data sequence relative
to the wavelengths of interest and this is why
mirroring is applied on the data. However, the
wavelengths of transition from high to low coher-
ence are very long and even when the data are
mirrored, the spectral properties must be com-
puted for very large geographic areas, to be accu-
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Fig. 8. As for Fig. 7, for the EACM western segment.

rately resolved [31]. Flexural rigidity is assumed to
be constant, as a weighted estimate of the rigidity
in a geographical region. The geophysical param-
eters used in calculation are given in Table 1.

4. Results and discussion

Fig. 6 also shows the predicted gravity and re-
sidual along the representative profiles for the
four segments under study. It can be noticed
that residuals are very large for the western seg-
ment of EACM and southern segment of ECMI
as compared to the other two segments. These
large residuals may be reflecting the effect of the
rift morphology of the basement, which is not
reflected in the observed bathymetry. Such large
residuals are also observed at the Grand Banks
Margin [4,1]. The log)y admittance plot shows
the general fall of the admittance values in the
wave number bands of interest (0.05-0.4) as
shown in Figs. 7-10. The coherence plots bring
out the reliability of the admittance points. Where
the coherence is low, admittance estimates were
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disregarded in the analysis. A surprising feature is
the low coherence for the western EACM in the
representative wave number bands. This may be
attributed to the peculiar type of gravity signal
observed all along this segment. We have along
this segment a strong negative anomaly over the
slope, followed by a strong positive anomaly over
the rise. This is at variance with the general grav-
ity signature of a positive gravity over the shelf
followed by a seaward negative anomaly, usually
called the shelf edge anomaly. This may be attrib-
uted to the features formed at the time of rifting.
The lack of any topographic features in the bathy-
metry also strongly points to a shallow basement
dominated by basement highs and lows corre-
sponding to these gravity features.

Results of admittance analysis for the four seg-
ments are shown in Fig. 7-10. We can match the
admittance signatures of the northern segment of
ECMI to eastern EACM and the southern seg-
ment to the western EACM. The T, values ob-
tained are given in Table 2. The comparison of
the results with various isostatic models indicates
a rift-type regional loading mechanism in the
northern segment of ECMI as well as east Ender-
by Land Margin. As for the southern segment of
ECMI and its conjugate, a local compensation
mechanism appears probable, in view of the low
T. values (T. <5 km) obtained. Low 7, values
associated with some transform margins have
been reported [4,30]. The results from this study
are in accordance with the results of a similar
analysis of the Scotia rifted margin and the Grand
Banks transform margin [4], where the admittance
functions are different for the two types of mar-
gins. A major difference between the results of
this work and those of Verhoef and Jackson [4]
is that, in the present case, the transform margin
along the ECMI seems to progress into a rifted

Table 2
Estimated T, values for the four segments
Segment T.
(km)
North ECMI 10-25
East EACM 10-20
South ECMI <5(T.=8-15)
West EACM <5(T.=8-10)
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Fig. 9. As for Fig. 7, for the ECMI northern segment.

margin having moderate 7. (10-20 km) values,
whereas the Grand Banks transform margin lies
adjacent to a relatively weaker (7. = 10 km) Scotia
rifted margin.

Quite often 7, estimates are compared to brittle
layer thickness derived from earthquake analysis
for a variety of tectonic settings. Admittance esti-
mates of T, appear comparable with seismogenic
thickness in case of slow spreading ridges [32,33].
In a recent study Maggi et al. [34] argued that
seismogenic thickness is close to the T, values
derived for cratons. In the present case also T,
estimates seem to match well with the focal depths
of earthquakes which have occurred along the
ECMI [35].

Though the northernmost four profiles along
the northern ECMI used in the present study
have traversed across the inferred trace of the
85°E ridge [18], the results indicate that hotspot
volcanism has not significantly affected the
strength of the lithosphere. The high value of
T., ie., 10-25 km observed along northern
ECMI, is comparable to 10-20 km obtained for
the conjugate the eastern EACM reflecting the
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rifted character of the margins which have expe-
rienced considerable stretching. On the other
hand, low T, values (<5 km) obtained for the
southern segment of ECMI as well as western
segment of EACM suggest local compensation
and limited extension.

The T, values for the respective segments of the
conjugate margins have matching magnetic signa-
tures as well. In the case of the northern segment
of ECMI, a positive magnetic anomaly belt of
considerable width is observed, which extends al-
most 200-250 km into the offshore, compared to
the narrow bands of such anomalies seen in the
southern segment of the ECMI as well as the
western segment of EACM [22-24]. However,
such a magnetic picture is not available for the
eastern segment of EACM.

The southern segment of ECMI and its coun-
terpart, the western EACM, appear to have expe-
rienced shearing initially at the time of continental
separation followed by spreading along a closely
spaced rift-transform system (see Fig. 2). The
northern ECMI and the eastern EACM seem to
have separated along a considerably long ridge
segment, as the plate reconstruction models indi-
cate [9]. The major difference between rifted and
transform margins is that the transition from oce-
anic to continental crust is broader on rifted than
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on transform margins [36]. Transform margins, in
general show a low T, value compared to rifted
margins (Table 3). Seismic data across Grand
Banks Margin suggests a narrow zone of shearing

Table 3
Estimates of 7. for some margins
Location T. Method Type Reference
(km)
Western Barrents Sea Margin 15 admittance transform [41]
Scotian Margin 5-10 admittance rifted [4]
Grand Banks <1 admittance transform [4]
Eastern North America 10-20 admittance rifted 1
Southwest Africa 5-10 admittance rifted 1]
Coral sea/ Lord Howe Rise <5 admittance rifted [1]
Bay of Biscay Margin 8 admittance rifted [42]
North Sea Basin 5 forward modeling rifted [43]
Rockall Plateau Margin <5 forward modeling rifted [3]
Exmouth Plateau Margin 5 forward modeling transform [3]
Ghana Margin 1.5-3.5 backstripping transform [39]
K-G Basin (ECMI) 30 backstripping rifted [14]
Western New Zealand Margin 20-28 backstripping rifted [44]
Baltimore canyon trough 15 backstripping rifted [2]
New Jersey Margin 23-30 backstripping rifted [45]
West Africa Margin 20 backstripping rifted [46]
Viking Graben 3-6 backstripping(shear) transform [47]
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where fabric of continental crust is extremely de-
formed, and the faults extend through out the
crust causing a weak coupling between the two
regimes [37]. This supports the results from admit-
tance studies that the Continent—Ocean transition
at rifted margins is better welded than on trans-
form margins [4]. The causes for weakening are
due to the migration of rift perpendicular to the
margin allowing only a brief interval when hot
oceanic crust and lithosphere are adjacent to the
continental crust [38]. In a margin characterised
by closely spaced rift-transform system, the rift
propagation is not exactly perpendicular, but ob-
lique to the margin, which may result in some of
the characters of a transform margin. The Ghana
Margin provides an example of the different
stages of evolution of transform margins, where
a low T of 1.5-3.5 km is observed [39]. In com-
parison to other margins (Table 3), the southern
segment of ECMI, as well as the western segment
of EACM, compare well with the Grand Banks
and Ghana Margins [4,40] where a similar rift—
transform setting is inferred and the 7, values
are low. On the other hand, the northern segment
of ECMI, as well as the eastern segment of
EACM, can be compared to the eastern North
American Margin where a T, value of 10-20 km
and a normal rift mechanism are inferred [1].
The above estimates from admittance analysis
are somewhat lower compared to the results ob-
tained by the flexural backstripping method [14].
This also appears to be the case for the New Jer-
sey Margin as compared to the Eastern North
America (see Table 3). The spectral methods as-
sume that the gravity signal results from the static
deflection of a continuous thin plate (with con-
stant elastic modulus) under loading by the sur-
face topography or subsurface loads. Boundary
forces and lithosphere discontinuities are ne-
glected. But, in the case of a continental margin,
the loads are more applied on an initial topogra-
phy which has formed at the time of rifting. If
sedimentation is large, depending upon the
strength of the margin, the initial rift structure
gets masked by the topography resulting from
sediment cover. In such cases, coherence plots
give an insight into the processes that has taken
place viz., high coherence denoting top loading

[4]. Thus the low coherence in some wave num-
bers indicates that the gravity is not controlled by
topography and its isostatic response in this
range. Features such as hidden (subsurface) loads
and basement topography also significantly con-
trol gravity signatures. This is clearly seen in
backstripping-based sediment unloading studies
[14], where the rift architecture is brought out
and accounted for. The hidden load problem
was addressed by Verhoef and Jackson, [4]
through an inverse admittance filter. They found
that the large residuals obtained for transform
margin can be explained only through subsurface
loading. Any such study can only be taken
through the knowledge of the size of these loads
which requires seismic data which are not avail-
able in the present case.

5. Conclusions

The conjugate nature of the ECMI and EACM
can be substantiated from the present admittance
studies. The rheology of the margin in terms of 7%
shows that the northern segment of ECMI has a
value of 10-25 km compared to its counterpart,
the eastern segment of EACM, which has a value
of 10-20 km. In contrast, the southern segment of
ECMI and western segment of EACM also show
a correspondence with very low 7, values of less
than 5 km. The present study establishes pure
rifting between the northern segment of ECMI
and the eastern segment of the EACM. On the
other hand, the southern segment of ECMI seems
to have separated from its conjugate, the western
EACM, initially by shearing and later developing
into a closely spaced transform-rift setting.
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