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Crustal density model across West Bengal basin, India: An integrated
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Abstract. An integrated interpretation of the seismic refraction and wide-angle reflection
data, geological and structural details, bore-hole litholog information and gravity particulars
along Beliator-Burdwan-Bangaon deep seismic sounding (DSS) profile in West Bengal basin
has helped in getting a crustal density model. This model is consistent with all available
surface and bore-hole geophysical data that can realistically explain the trend, shape and
magnitude of gravity data across the West Bengal basin.
The present exercise pointed out that the thick sedimentary column (with thickening trend
towards east), conspicuous lateral variations in the Moho configuration (with a prominent
40 km wide domal feature covering the eastern part of the stable shelf and the western
segment of the deep basinal part) coupled with the structural trends in the basement, mid
and lower crustal columns have combinedly contributed to the gravity effect and as such
the prominent lateral variations in the Bouguer gravity anomalies could be mainly attributed
to regionally extending causative factors.
The synthesis clearly points out the need to take proper care in selecting the density
values as direct conversion of velocities into densities, adapting well-known conversion
formulae, does not always hold good specially in the eastern part of the West Bengal basin
where a huge thickness of sediments (velocities ranging between 4 to 5 kin/see) of high density
2"6 to 2"8g / c m 3 a r e sandwiched between younger sediments and the crystalline basement.
Keywords. Bengal basin; scarp zone; middle shelf; Calcutta gravity high; hinge zone.

1. Introduction
The Bengal basin is one of the largest basins in the world. The alluvium-covered
western part of the basin lying in the state of West Bengal, India, attracted the
attention of the earth scientists during the last four decades. The Bengal basin consists
of a section of Mesozoic and Tertiary deposits which in the deeper parts of the basin
are a b o u t 12 k m in thickness. Shallow seismic investigations have been carried out
extensively in this basin by the Standard V a c u u m Oil C o m p a n y ( S T A N V A C ) and
the Oil and N a t u r a l G a s C o m m i s s i o n ( O N G C ) , India. Both organisations have also
drilled several deep wells covering different parts of the basin. M a n y of these wells
have penetrated only the top sequence of sediments overlying the Cretaceous and
Jurassic formations. The shallow seismics, coupled with gravity studies and well logs,
have not yielded sufficient information regarding the deeper sedimentary column.
Therefore, Deep Seismic Sounding (DSS) investigations have been carried o u t in the
West Bengal basin, India (figure 1). These studies include both seismic refraction and
wide-angle reflection particularly from both shallow and deep crustal layers, including
the Moho.
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Figure 1. Location of DSS profiles in the West Bengal basin, on the geological map of the
region. Location of some of the existing oil wells close to the profiles.

This basin is dominated by a thick sedimentary column devoid of conspicuous
structural features that can have potential hydrocarbon reserves, and gravity
modelling is considered an important input as it may provide additional structural
information.
In the present study, an integrated interpretation has been made of available deepwell litholog information, refraction and wide-angle reflection results (Kaila et al
1990, 1992) and Bouguer gravity data (Choudhury and Datta 1973), covering the
region between Beliator and Bangaon. The results obtained out of the integrated
interpretation are discussed in detail.

2. Geology and tectonics of the basin

The Bengal basin, covering parts of India and Bangladesh is extensively covered by
Recent alluvium and is bounded on the west by the Indian peninsular shield with
its Archaean complex and intracratonic Gondwana basins. The eastern side of the
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Figure 2. Detailedstructure and tectonicmap of northeastern India and adjoiningareas
(after Evans 1964)alongwith DSS profiles(Kailaet al 1990).
basin is bordered by the Naga-Lushai folded belt. In the south, the Bengal basin is
open to the Bay of Bengal. On the northeast lies the Shillong Plateau (figure 2). The
formations from the Carboniferous to Tertiary periods are outcropping on the
basinward side of the Indian peninsular shield and Shillong Plateau. Nearly all the
formations from the Talchir boulder beds to the Rajmahal Traps (Upper JurassicLower Cretaceous) are exposed as surface outcrops, particularly on the western
margin. The outcrops of Tertiary formations are very rare (except Durgapur belt
belonging to Miocene age) at the western margin but are very common on the northern
and eastern side. Just beyond the western boundary of the West Bengal basin, the
Indian shield disappears below a blanket of alluvium. According to Sengupta (1966)
intensive geophysical surveys and deep drilling in the alluvium covered plains of West
Bengal have revealed a thick section of Cretaceous to Tertiary sediments overlying
the basalt lava .flows (Rajmahal Traps). An extension of Gondwana graben farther
east under the Bengal alluvium was also suggested. According to Sengupta (1966)
the West Bengal basin is divided structurally into western scarp zone, middle stable
shelf and eastern basinal part.
On the basis of outcrops and subcrops, the general stratigraphy of the West Bengal
basin has been worked out by Tiwari (1983). According to this scheme, the Lower
Gondwana formations overlie the Archaean basement and are supposed to be
deposited in grabens in a continental environment. The marine equivalents of
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Gondwana formations appear to overlie tile basement in the area east of the regional
trend, marked by the presence of a basement ridge, passing through Memari and
Diamond Harbour areas. At the end of Carboniferous period, the basin appears to
have been affected by intensive tectonic activity and the regional dip towards southeast
becomes prominent (Tiwari and Banerjee 1985). The whole basin appears to be
affected by tensional forces resulting in the outpouring of basaltic lava (Rajmahal)
during Late Jurassic and Early Cretaceous period.
According to Tiwari (1983), the only large tectonic feature that has come up during
Late Cretaceous and Early Paleocene time is a flexure trending NE-SW passing
through east of Calcutta. This flexure has been be~t identified during Eocene and
Paleocene time when it acted as continental slope. The Lower Go..dwana formations
are overlain by Rajmahal Traps (Upper Jurassic to Lower Cretaceous). A thick
column of sedimentary formations of different geological ages (Paleocene to Holocene)
overlies the Cretaceous formations.

3. Existing gravity studies
During the last three to four decades a considerable amount of work has been carried
out to explain the lateral variations in the negative Bouguer gravity anomalies, across
the West Bengal basin, which range between - 60 to - 10 mGal (figure 3). The gravity
field is much complicated by the thick Tertiary and Upper Mesozoic sediments
overlying the Bengal basin. Evans and Crompton (1946) drew attention to the gravity
effects caused by the thick deposits of low density sediments of this basin, and concluded
that isostatic equilibrium does not prevail in the area. Gulatee (1950) has suggested
the possibility of a sub-surface extension of the Gondwana deposits of the Raniganj
coalfield toward the east below the Bengal alluvium. Choudhury and Datta (1973)
have explained the Bouguer gravity anomalies in the western part of Bengal basin in
terms of basement relief which controls the thickness of sediments and also suggested
that this relief has no influence on structure within the sedimentary section overlying
the Gondwana sediments. A similar situation was also noticed in the adjoining
Bangladesh, where in the shelf area the gravity highs were also reported to be probably
related to the basement features (Khan and Azad 1963).
Verma and Mukhopadhyay (1977) have examined the correlation between Bouguer
anomalies with geology. It was realized that the light-density sediments of the Bengal
basin could have considerable influence on the nature of the gravity anomalies. It
was felt necessary to apply a geological correction for the Bengal basin~ The geological
correction was computed on the basis of known geologic information for the Bengal
basin. Since the choice of appropriate density is of great importance in computing
the gravity effects of the respective geological layers, it is essential first to establish
their densities. Verma and Mukhopadhyay (1977) have considered two geological
sections for the purpose of making a geological correction for the layers overlying
the basement. For the construction of these two sections, the information from several
drill holes has been taken into account (after Sengupta 1966). Other pertinent
information was taken from Biswas (1959, 1963), Khan and Azad (1963), Evans (I 964),
Mathur and Evans (1964), Raju (1968) and Alam (1972). They have explained the
major part of the gravity anomaly based on geologically corrected Bouguer gravity
data in the light of the deep seated sources. They have also suggested that the average
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Figure 3. Bouguer anomaly map of western part of Bengal basin and adjoining areas (after
Choudhury and Datta 1973). The DSS profile along which study has been carried out is
also shown.

density of the crust underlying the sediments should be higher than normal. They
were also of the opinion that the anomalies are considerably influenced by the large
thickness of Tertiary and Mesozoic sediments present in the Bengal basin.
Several alternating gravity highs and lows present in the Bengal basin are found
to correspond to the structural highs or depressions underlying the basin. These were
mapped by seismic and other geophysical tel:hniques. According to Mukhopadhyay
et al (1986), an extensive north-south gravity high at the Indian shield margin in the
area of the Rajmahal hills on the extreme west is related to a near surface layer of
high density metamorphics, whereas a north-south trending gravity low over western
parts of Bengal basin, sub-parallel to the shield margin gravity high, has resulted
from a buried Gondwana sediment trough marked by basement faults (Sengupta
1966; Choudhury and Datta 1973). Mukhopadhyay and Dasgupta (1988) have
interpreted the gravity anomalies in terms of plate subduction as well as near-surface
mass anomalies and suggested that sediments below the subduction zone could be
as thick as 15 kin. In addition to the above studies considerable attention was given
to explain the regionally extending NE-SW trending "Calcutta Gravity High"
(figure 3). Tiwari (1983) suggested the causative factor to be the presence of very
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compact shales belonging to Oligocene-Miocene age and thick section of high density
Sylhet limestone of Eocene age. Amarvadi and Choudhury (1970), Choudhury and
Datta (1973) and Murthy and Prasad (1979) have attributed the high due to basement
feature.
Inspite of all the above studies an interpretation of the lateral variations in the
Bouguer gravity anomaly could not be made due to lack of sufficient information
regarding the basement and sub-basement crustal structure.

4. Crustal structure from deep seismic sounding studies
As any detailed information regarding the basement configuration and sub-basement
crustal structure could mainly be obtained by seismic studies, efforts were made in
1988 to obtain a seismic structure of the region. Figure 4 gives the detailed crustal
cross section available from seismic refraction and wide-angle reflection study (Kaila
et al 1990, 1992). The study has revealed the existence of four groups of prominent
refractors (velocities 1.8-2.0 km/sec, 3.0-3-2 km/sec, 3.8-4.2 km/sec and 4.6-4.9 km/sec)
overlying the crystalline basement with velocity of 5-8-6-3 km/sec. Rajmahal Traps
(velocity 4-6-4-9 km/sec, averaging 4.8 km/sec) occur beneath the base of the Tertiary
sediments in the middle parts of the profile. By taking into consideration deep-well
velocity log information and the modelling of later arrival wide-angle reflections, a
Low-Velocity-Layer (LVL) has been introduced above the basement. This layer is
inferred to be the sub-Trappean Gondwana sediments of velocity approximately
3.9km/sec (Kaila et al 1992). In general, depth to the Archaean basement is found
to increase from west to east, with a maximum depth of around 10 to 11 km at the
extreme eastern part of the profile. A prominent fault west of Shantipur with thickening
of sedimentary layers eastwards brings into focus the probable regional extension of
NNE-SSW trending "Hinge Zone". This is supported by the results along
Gopali-Portcanning profile (Kaila et al 1992). A low velocity layer (LVL) of about
2 to 3 km thickness (velocity 5-6-5-8 km/sec) has been inferred to be present along
the profile in the upper crust. The thickness of the upper (including the sedimentary
column) and the middle (6-4-6-6 km/sec velocity) parts of the crust is found to be
larger (thickness varying between 22 and 27 kin) than the lower crustal column
(velocity 6.85-7.0 km/sec with a thickness of 5 to 10 km). The Moho lies at varying
depths of 36 to 26 km along the profile, witfi a prominent domal feature of about
40 km width between Satgachia and Shantipur. Configuration of the Moho indicates
that the crust is akin to continental in the western and middle parts of the basin,
whereas significantly thinned continental crust is indicated in the eastern part.

5. Gravity modelling
The aim of this gravity modelling is primarily to test a density model derived from
the refraction and wide-angle reflection DSS results (figure 4) and secondly to provide
additional information for the geologic/tectonic interpretation of the seismic section.
In carrying out the modelling it has been decided to fix up the geometry of the gravity
model by making proper use of the existing seismic results.
Gravity modelling places constraints on the validity of the crustal seismic model
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because if a model is not valid, it will be inconsistent with the observed gravity
anomaly when reasonable density values, based on seismic velocity are used (Catchings
and Mooney 1991). Although gravity modelling is non-unique, it can be used to
distinguish large scale features of the crust.
With the availability of detailed basement and sub-basement crustal structure from
DSS studies, it has become more practical to synthesize the seismic and gravity data
in building different models, as gravity data provide an independent constraint on
the seismic model when the exact geometry of this model is used. Using this constraint,
it is possible to determine which of the seismic models are valid approximations to
the actual structure (Catchings and Mooney 1988).
In order to ascertain whether the seismically defined structure of the crust is
consistent with the gravity model or not, gravity effects have been computed for the
seismically derived structure and compared with the observed Bouguer gravity
anomalies. Crustal cross section, along the Beliator-Bangaon DSS profile, West Bengal
basin (Kaila et al 1990, 1992), Bouguer gravity anomaly values (Choudhury and
Datta 1973) have been made use of in the present integrated study.
Since the profile is perpendicular to the general structural trend of the Bengal
basin, the two-dimensional gravity modelling (Talwani et al 1959) has been chosen.
The assumption of two-dimensionality, which is usually made for simplifying
calculations, is valid if there are no major variations in the structure perpendicular
to the studied profile which in general is true in the present case. Usually in crustal
modelling the main problem is selecting a proper choice of average densities for the
layers especially in view of the various assumptions made for velocity-density relations
(Mathur 1974). Initial density estimates, in general, may come from one of many
different sources, such as from well logs or from empirical relations between density
and velocity, such as those given by Woolard (1959), Birch (1961), Nafe and Drake
(1963) and Barton (1986). In order to avoid any bias in our selection a detailed
exercise was carried out utilising different conversion factors as mentioned above- In
the present case, information of the bore-hole samples for shales, Sylhet Limestone,
Rajmahal Traps and Gondwana sediments is available, adding considerably the
quality of the modelling.
In the first stage, we attempted to use Birch's law (Birch 1961), Woolard (1959)
relation, minimum, maximum and mean density values from the Nafe and Drake
relationship (Ludwig et al 1970) as specified in Barton (1986) (figure 5). There is a
significant mismatch between observed and calculated gravity anomalies. The poor
correlation is possibly due to the fact that these velocity-density relationships generally
hold only for clastic sequences (Lines et al 1988). The layer densities were iterated
in an attempt to close the gap. However, such an exercise proved to be unsuccessful.
This suggests that our initial densities are not correct. This has compelled us to seek
a better choice.
In the second stage, we attempted to use the density values wherever available from
bore-hole samples, specially covering the sedimentary column above the basement.
The densities of 2.6-2-8 g/cm 3 for shales and Sylhet limestone were given by Tiwari
(1983). Densities of 2.79-2.92 g/cm 3 and 2-23-2-60 g/cm 3 adopted for Rajmahal Trap
and Gondwana sediments respectively in the Bengal basin are based on the values
given by Evans and Crompton (1946), Choudhury and Datta (1973), Verma and
Mukhopadhyay (1977), Tiwari (1983) and Mukhopadhyay et al (1986) and the density
of the basement was given as 2-67 g/cm 3 by Evans and Crompton (1946).
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The average density of the sedimentary column was calculated along the profile
mainly utilising bore-hole samples information at close intervals along the profile,
and the velocity-density inversion for this part of the section fixed to these known
values. Thus, in each case the only parameter allowed to vary was the conversion
from seismic velocity to density in the middle and lower parts of the crust and the
upper mantle. We have used velocity-density relationship from the Birch's law,
minimum, maximum and mean of the Nafe-Drake curve as shown in figure 6. The
results of these conversions are shown in figure 7. In all these cases, very large
discrepancies are noticed between observed and calculated gravity anomalies. A
possible cause of the discrepancies may be due to the non-applicability of the various
conversion relationships for rocks in the deeper parts of the crust (Thompson and
Talwani 1967).
As part of our exercise the seismic velocities in the crust were converted to density
values using the relationship derived by Woolard (1959). From this the upper crustal
density has been taken as 2.67 g/cm ~. The low velocity layer at its bottom is assumed
to have a similar density. The densities for other layers have been taken as: 2.90 g/cm 3
for the middle crust, 3.10 g/cm 3 for the lower crust and 3.30 g/cm 3 for the sub-crustal
layer. Taking the above values the gravity effect of this multilayered sub-surface
configuration was calculated. From this we could get a reasonably good fit between
the observed and calculated Bouguer gravity values (figure 8).
The calculated Bouguer anomaly derived from our seismic model, accounts for
many of the variations in the gravity field. These variations are largely due to
individual basins and ridges, which are not exactly two dimensional, resulting in
minor differences between observed and calculated anomalies. The ambiguity intrinsic
to gravity modelling with several density bodies generally leads to a large number
of models that fit the observed Bouguer gravity data. This ambiguity is greatly reduced
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when only the density values, and not the geometry of the gravitating bodies, are
adjusted during the modelling process. In this study, the detailed seismic cross section
(figure 4) is used as a constraint on the geometry of the causative bodies (figure 8).
However, neither can the average velocities unambiguously be translated into density
values nor is there generally a one-to-one correlation between seismic layer and
density layer boundaries.
The gravity field observed over the surface is influenced by several factors, such
as the near-surface geological features, the Moho configuration and in some cases
the anomalous structure of the asthenosphere or upper mantle (Fairhead 1976; Brown
and Girdler 1980). The computed anomaly curve compares well with the observed
anomaly curve. The computed anomaly curve reflects the influence of both the shallow
(sedimentary column) and deeper bodies (figure 8). To examine the effect of the deeper
bodies alone, we have subtracted from the computed Bouguer curve the effect of all
shallow (sedimentary column) bodies (figure 9). The accuracy of the resultant curve
depends on the accuracy with which the densities and configurations of the shallow
bodies are known; hence the curve is less accurate east of the profile than it is to the
west of it. The removal of this gravity effect reveals the presence of a gravity high
over the Bengal basin, which is masked by the sedimentary infill. Due to limitations
of the DSS profile length, structural details at the ends of the profile, could not be
obtained and as such the fitted curve may be less accurate at the extreme eastern
part of the profile.

6. Discussion of results

In general, gravity modelling with several bodies of variable geometry and density
is ambiguous to a degree that the technique is more valuable for excluding rather
than proposing structural models (Holliger and Kissling 1992). As seen from the
gravity modelling which was constrained by seismic and bore-hole data, it is evident
that the Bouguer anomaly Values could be correlated with the results along BeliatorBangaon DSS profile in terms of the trend, shape and magnitude of the anomaly
values. A systematic analysis taking into consideration the effect of the top sedimentary
column, mid and lower crustal columns and the uppermost sub-crustal segments
(figure 10) clearly shows that all these formations have contributed significantly to
the total Bouguer anomaly values. From the interpretation of Tiwari (1983), it is
generally seen that the major component of the Bouguer anomaly could be due to
the high density sedimentary column below the sequence of Tertiary sediments which
seems to be more or less true from the present results as seen from figure 10.
Alternatively, from the present study the Bouguer anomaly values could be explained
by the composite effect of the entire crustal column (including sedimentary layers)
and the topmost part of the sub-crustal lithosphere (including the structural trend
of the Moho).
In the present study, we have made use of the bore-hole density values for the
sedimentary column, as the normal conversion of seismic velocities into densities
using the well-known conversion formulae of Birch, Nafe and Drake etc. have not
yielded proper density values which are comparable to the actual bore-hole densities.
This in turn clearly shows that one has to be very careful in selecting the density
values as it is not always possible to use known conversion formulae, especially in
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areas where the top cover is a thick sedimentary column followed by different rock
formations.
The lithologicai data from the deep wells of Burdwan, Palashi and Memari clearly
indicate that below Recent, sub-Recent, Pliocene-Miocene and Miocene-Oligocene
formations, there is a reasonably thick column of Eocene formations. From DSS
results it seems that the layer with velocity around 4.0km/sec might probably be
associated with Eocene formations. By analogy, the formations below the Eocene
layer could be Cretaceous Late, Middle and Early. The layer with velocity 4.7 to
4.9 km/sec may correspond to Rajmahal Traps of Early Cretaceous age which was
encountered in the deep well drilled in the region. In the eastern deep basinal area,
the formations with velocity around 3"9 km/sec pertain to Miocene as is evident from
Ranaghat deep well data. Similarly, the layer with velocity 4.7 km/sec may correspond
to much younger formations and not to the Rajmahal Traps of Early Cretaceous
age encountered on the western part of the profile. In fact, under a thick column of
Miocene, substantially thick Miocene-Oligocene and Eocene formations of an entirely
different depositional environment can be expected in the deep basinal part east of
the Hinge zone. The probable presence of marine sediments of younger age even at
depths of 5-6 km is not ruled out.
It is rather difficult to indicate the presence or absence of Rajmahal Traps followed
by marine equivalents of Gondwanas in the deep basinal area, east of Ranaghat, as
the entire thick column up to the basement has been inferred to have approximately
the same velocity of 4"8 km/sec as derived from the refraction data.
The present exercise clearly points out that the lateral variations in the gravity
anomaly values along Beliator-Bangaon DSS profile are explained by the crustal
model (figure 8). The sudden change in the gravity anomaly values around Shantipur
eastwards could be mainly attributed to the contribution of the high density body
in the upper crust and abrupt change in the Moho configuration. Eventhough it may
not be realistic to come to a conclusion from results along one profile, the location
of this abrupt change in the Moho and the basement fault almost at the same location
indicates that the cause of the well known NE-SW trending regional "Calcutta Gravity
High" (which is only a relative high compared to the surroundings) could be mainly
due to the composite effect of the thick sedimentary column (comprises of high density
Miocene-Oligocene, and Eocene-Cretaceous formations), the conspicuous lateral
variations in the basement and the Moho configuration (with a prominent domal
feature at the Moho level of about 40 km width) coupled with upper and mid crustal
structural trends.

7 Conclusions

Integrated interpretation of seismic refraction and wide-angle reflection data,
geological and structural details, bore-hole data and gravity data has helped in arriving
at a crustal density model that can explain the trend, shape and magnitude of the
Bouguer gravity data along Beliator-Bangaon DSS profile, which almost cuts across
the different structural segments of the West Bengal basin viz. western scarp zone,
middle stable shelf and eastern deep basinal part~ Modelling of the gravity data,
utilising the combined effect of the thick sedimentary column and the Moho coupled
with upper and mid crustal structural trends have yielded reasonably good results.
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However, we wish to caution here that one-to-one conversion of velocity-density
relationship, using generalised conversion factors is not realistic and fruitful especially
in the eastern part of the West Bengal basin where huge thickness of sediments of
comparatively lower velocities (velocities 4 to 5km/sec) but of high density
2-6-2"8g/cm 3 are overlying the crystalline basement. Barton commenting on the
relationship between seismic velocity and density in the continental crust points out
that plots of seismic velocity and density of rock samples show that a range of
densities is possible for rocks of each seismic velocity and vice versa, although a
single linear relationship is often assumed in crustal gravity calculations. Because of
the scatter, whenever rocks of known seismic velocity are converted to density using
this relationship, a reduction is made in the resolving power of the resulting gravity
calculation. If these rocks reach a thickness of more than a few kilometres, then the
uncertainties become significant when compared with the size of commonly observed
gravity anomalies. It is concluded from different results that the use of a seismic
velocity measurement as the only indication of its rock density does not provide a
useful constraint when attempting to reproduce observed gravity variations. The
above statements have to be kept in view before trying to explain gravity anomalies
in different complicated geological environments. If such precautions are not taken
in assuming a density model, there is every possibility of arriving at a model that
would be far from reality, leading to unreasonable questioning of importance of
seismic data.
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