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particularly in the hills. It may be concluded that high-
resolution images need to be orthorectified before pro-
cessing. Since planimetric accuracy is significant, ortho-
rectification helps to fit the image and outputs in a base
map. The quality of orthorectification depends upon the
quality of DEM. Therefore, high-resolution DEM needs
to be used wherever possible. It is suggested that the loss
of information in stretched areas could be supplemented
with ground truth.
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Multi-channel seismic reflection data from two different
tectonic regimes over the continental margins of India
have been studied to identify the bottom simulating
reflector (BSR), a prime indicator for the presence of
gas hydrates in a region. The probable depth of occur-
rence of these BSRs is estimated. The estimated depths
were projected on plots of hydrate stability zones cal-
culated for different geothermal gradients. The pro-
jected depths show scatter over curves of geothermal
gradients. Best-fit curves were obtained from the
datasets to arrive at geothermal gradients over the
two regions. The estimated geothermal gradient for
Kerala—Konkan is of the order of 0.05°-0.055°C/m
and for Andaman region it is in the range 0.015°-
0.02°C/m. The estimated geothermal gradient over
Kerala—Konkan indicates normal value, whereas for
the tectonically active Andaman region, it is lower.
Utilizing the published values of thermal conductivi-
ties for hydrated sediments we have determined the heat
flow values. The estimated heat flow value for Kerala—
Konkan region seems to be normal with hydrated
sediments, whereas the value obtained for the Anda-
man region seems to be significantly low. Possible
explanation for this anomalous behaviour has been
attempted.
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IDENTIFICATION of bottom simulating reflectors (BSRs),
on multi-channel seismic reflection data suggests the pos-
sible presence of gas hydrates in a region, and depth of their
occurrence commonly marks the hydrate phase bound-
ary'. The BSR in general is caused by the impedance cre-
ated by sediments saturated with high-velocity hydrates
overlying free gas or brine-saturated sediment with low
seismic velocity. The amplitude of the BSR is dependent
on the hydrate concentration and porosity of the sedi-
ment, and the frequency of the seismic source. BSRs are
clearly identified when there is the greatest incoherent
deformation, i.e. where the bedding reflectors are the
least clear or absent®. A second significant seismic cha-
racteristic of gas hydrates is the reduction of reflection
strength within the gas hydrate zone, a feature called
‘blanking’. Blanking apparently is caused either by
cementation of the sediment grains by hydrates or due to
homogenization within the sediments®.

Hydrate occurs in a relatively shallow, narrow zone
termed as the hydrate stability zone (HSZ), which lies
almost parallel to the terrestrial surface in permafrost re-
gions or to the seafloor in the oceans. The variables affecting
hydrate thickness are ocean bottom depth, temperature,
availability of gas (CH,), hydrate velocity, geothermal
gradient, thermal conductivity, heat flow, gas composi-
tion, total organic content (TOC) and connate water sali-
nity’. Heat flow measurements have been used to lay
constraints on the limits of the HSZ zone®’. In regions
where geothermal measurements are not available, geo-
thermal gradients and heat flow values can be estimated
from the BSR depths'®'2.

Parallelism of a reflector to the seafloor in the HSZ is a
prime criterion for identifying BSRs and thereby infers
the presence of gas hydrates. In an area where the ocean
bottom is smooth, heat flow is generally constant. The
measured heat flow in a region is the product of geother-
mal gradient and thermal conductivity. Thus for constant
heat flow, any changes in the thermal conductivity result
in a change in the geothermal gradient. Thermal conduc-
tivity in the rocks is basically governed by the lithology.
In case of sand—shale, the thermal conductivity increases
with increase in sand—shale ratio, and the geothermal
gradient decreases’. Even if the ocean bottom is smooth
and flat, the base of the HSZ will not follow the iso-
therms due to tectonic disturbances. The positions of the
isotherms are strongly affected by changes in thermal
conductivity associated with different diapiric structures
(shale and salt), buried sediment, deep-rooted faults and
recent volcanic activity. In relevance of the above, the
HSZ pattern is affected by local heat-flow variation asso-
ciated with different lithology/geology and tectonic pro-
cesses. Therefore, lateral and vertical changes in the sediment
type would affect the depth to the base of the hydrates” >,
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In this communication we study two different tectonic
regimes (Figure 1) and estimate the local geothermal gra-
dients and heat flow over the continental margins of
India.

The Kerala—Konkan offshore basin on the western con-
tinental margin of India evolved during northward motion
of the Indian Ocean plate”. The initial phase of the rifting
formed a system of NNW-SSE horsts and grabens over
the western continental margin'®. The margin is charac-
terized by several basement highs and volcanic intrusive
features such as the Chagos—Laccadive volcanic ridge,
the Laxmi ridge, the Kori-Comorin depression and ridge,
and the Pratap ridge".

The Andaman region is tectonically different from the
eastern margin of India. The Andaman Sea lies along the
Indian and Chinese (Eurasian) plate boundary, which ex-
tends from the Sunda Arc and Trench off Java and Sumatra,
along the west side of the Andaman—Nicobar ridge and
northward through the Indo-Burmese ranges (Figure 2).
The Andaman and Nicobar Island group consists of Cre-
taceous ophiolites with radiolarian cherts, pelagic lime-
stone and quartzite of unknown origin. A thick section of
the Eocene and Oligocene Andaman flysch is overlain by
Neogene shallow-water sediments of the ridge top and
island. The boundary between the Andaman—Nicobar
ridge and the Andaman Sea basin is a complex of north-
south-trending faults, dividing the sea floor into a series
of ridges. The most prominent of these faults is the West
Andaman Fault, which is marked by a west-dipping
cuesta of sedimentary rocks. All faults shown in Figure 2
are inactive, except the central section'” where focal
mechanism studies indicate a north—south right-lateral
motion.

We have estimated the thickness of the HSZ from
simultaneous solutions of pressure—temperature equations
for the gas hydrate stability phase'®'®. Information about
the ocean bottom temperature has been taken from the
International Indian Ocean Expedition atlas. To estimate
the effect of geothermal gradient on base of the HSZ, we
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Figure 1. Two different tectonic regimes over which BSRs were
identified in the continental margins of India, selected for the present
study. Bathymetry contours are also presented.
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have generated stability curves for varying water depths
(hydrostatic pressure), greater than 1000 m and for dif-
ferent geothermal gradients. A family of curves was ob-
tained by plotting the depth to the base of the HSZ
(assuming pure methane hydrate) against the water depth
for the Kerala—Konkan and Andaman offshore areas.
Each curve assumes a different geothermal gradient.

We have utilized the available information on depth to
the BSR and sea floor and determined the local geother-
mal gradient. In the case of Kerala—Konkan, the two way-
travel times (TWT) of BSRs have been converted to depths
(m) using an average P-wave velocity of 1.8 km/s, which
has been determined from multi-channel seismic (MCS)
velocity analyses. In the Andaman area the observed
BSRs are relatively deep. We have converted the BSR
time to depth using two different velocities, i.e. 1.6 and
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Figure 2. Tectonic map of Burma and the Andaman Sea (after Moore

et al.?).
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1.8 km/s, to examine the influence of velocity on the
occurrence of the BSR. The observed sets of BSR depths
have been plotted on the stability curves generated for
different geothermal gradients (Figures 3 and 4). The
BSR depth shows scatter and in this regard we have
determined a least square fit line to ascertain the repre-
sentative pattern of BSR variations with depth in two
regions. The correspondence of the fitted BSR line with a
stability curve derived from one of the geothermal gradi-
ents 1s utilized to arrive at the representative geothermal
gradient in these regions.

Heat-flow measurements have facilitated the develop-
ment of lithospheric models of the ocean basins and
marginal seas and indirectly contribute towards the un-
derstanding of continental sedimentary basins. The mag-
nitude of the heat flow at a given location depends on: (i)
the process of sedimentation and deposition, (i1) sediment
compaction, and (iii) presence of gas hydrates. These fac-
tors are directly related to thermal conductivity of the
sediments and geothermal gradients of a given area. The
pattern of thermal conductivity is influenced and inver-
sely related to porosity of the medium under considera-
tion. The porosity of the sediments considerably decreases
with weight of the overburden (depth). In this regard the
older marine sediments the local thermal conductivity
generally increases due to compaction of the sediments
(~1-3 Wm ' K™®, and to a small extent increases with
increasing water depth®’. For a constant heat flow, a
higher thermal conductivity produces lower geothermal
gradients, and changes in thermal conductivity due to
lateral changes in sediment character may give rise to a
localized anomaly in heat flow®.

In the Kerala—Konkan region we have estimated the
geothermal gradients in the range between 0.050° and
0.055°C/m (Figure 3). These values are about 30% higher
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Figure 3. Hydrate stability curves for pure methane hydrate in the
Kerala—Konkan region for different geothermal gradients. TWT of
BSRs are converted to depths (m) using an average P-wave velocity of
1.8 km/s. Solid straight line is the least square best fit for the observed
BSR in the region with standard deviation of 0.9 x 107
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Figure 4. Hydrate stability curves for pure methane hydrate for different geothermal gradients in the Andaman offshore region. TWT of
BSRs are converted to depths (m) using two different P-wave velocities of (@) 1.6 km/s and (b) 1.8 km/s. The solid straight line is the
least square best fit for observed BSR in the region with standard deviation of 0.7 x 107 for (a) and 0.9 x 107 for (b).
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Figure 5. Estimated heat flow range in the Kerala—Konkan and
Andaman areas. Geothermal gradients of 0.055° and 0.020°C/m were

utilized for gas hydrate saturated sediments in Kerala—Konkan and
Andaman areas respectively.

than that obtained earlier'®. This discrepancy may be due
to different methods used. We have determined the geo-
thermal gradient which fits best for all the BSRs observed
in this area, whereas the earlier studies utilized data from
one BSR identified on a seismic line. It has been sug-
gested® that in deep-ocean sediments, the geothermal
gradient is of the order of 0.038-0.058°C/m. It has also
been established” that the thermal conductivity of pure
hydrate is about 30% less than that of water. If the water
in the sediment is replaced by 10-20% hydrates, a
decrease of about 23% in the overall thermal conductivity
is observed (a decrease of 40% in the case of sand, if the
pores are saturated with propane hydrate).
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To get an estimate of heat flow we have considered
thermal conductivities in the range 0.9-1.1 Wm™ K™,
representative of sediment grains cemented with gas
hydrates. Considering the estimated value of 0.055°C/m
as the geothermal gradient for the Kerala—Konkan region,
the obtained heat-flow value ranges from 50 to 60 mW m™
(Figure 5). We have considered lower thermal conductiv-
ity in comparison to earlier studies in relevance to what
was been discussed above.

The decrease in thermal conductivity would result in a
slight increase in the geothermal gradient in order to keep
the heat flow constant. Under these circumstances, the
estimated geothermal gradient over the Kerala—Konkan
region seems to be normal.

The obtained geothermal gradient (0.012°-0.018°C/m)
for the Andaman region agrees well with that reported
carlier™. Moore et al.** have reported heat-flow values of
the order of 3.3-5.9 heat flow units, which corresponds to
140-240 mW m™. Such high heat-flow values have been
obtained considering normal thermal conductivities of the
oceanic sediments. If these sediments are saturated with
gas hydrates, their presence tends to reduce the thermal
conductivity and thereby the geothermal gradient in this
region. Considering the determined geothermal gradient
of 0.012-0.018 and assuming the thermal conductivity of
gas hydrate-bearing sediments (0.9-1.1 Wm™ K™), the esti-
mated heat flow would be 15-20 mW m >, which is sig-
nificantly low compared to those estimated by earlier
studies. The occurrence of deeper BSRs in the Andaman
region suggests that the geothermal gradient in this
region should be much lower compared to the Kerala—
Konkan basin, and the present analysis confirms such
observations. The discrepancy between the estimated heat
flow in the present study and that observed by earlier
studies has be resolved by making heat-flow measure-
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ments, to assess the contribution from the age of the
lithosphere and due to saturation of sediments by gas
hydrates.

Seismic data from two potential gas hydrate-bearing
zones with different tectonic regimes have been analysed
to arrive at the probable geothermal gradient and heat
flow values. Over the Kerala—Konkan region the estimated
geothermal gradient is in the range 0.050-0.055°C/m,
which seems to be within normal limits. Over the Anda-
man region the estimated geothermal gradient ranges from
0.015° to 0.020°C/m, which is low for the tectonically
active back-arc region.

The low geothermal gradient over the Andaman area
has been earlier attributed to the age of the lithosphere in
this region, with normal thermal conductivities values of
deep ocean sediments, without taking into consideration
the effect of thermal conductivity of gas hydrate-bearing
sediments.

The heat-flow values over the Kerala—Konkan and
Andaman regions have been estimated using the thermal
conductivity of sediments saturated with gas hydrates and
obtained representative values for geothermal gradients.
The estimated heat-flow value for the Kerala—Konkan
region is normal, whereas that obtained for the Andaman
region is low.

In context of the above, the present study proposes the
measurement of heat-flow values in both the regions to
signify the contribution from the gas-hydrate bearing
layer to the observed heat-flow values.
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