Seismically constrained two-dimensional crustal
thermal structure of the Cambay basin
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The temperature field within the crust is closely related to tectonic history as well as many other
geological processes inside the earth. Therefore, knowledge of the crustal thermal structure of a region is
of great importance for its tectonophysical studies. This work deals with the two-dimensional thermal
modelling to delineate the crustal thermal structure along a 230 km long Deep Seismic Sounding (DSS)
profile in the north Cambay basin. In this work P-wave velocities obtained from the DSS studies have
been converted into heat generation values for the computation of temperature distribution. The model
result reveals the Curie isotherm at a depth of ~22 km and Moho temperature at around 900°C.

1. Introduction

The Cambay basin which is one of the major onshore
oil bearing sedimentary basins of India is situated at
its western margin in the Gujarat state approximately
between 21°N and 24° 30'N latitudes and 71° 30'E and
73° 45'E longitudes. The basin runs in the form of a
graben in approximately NNW-SSE direction up to
21° 45'N latitude and thereafter it turns in NNE-
SSW  direction towards the Gulf of Cambay. The
basin is joined to the ENE-WSW trending Kutch rift
basin in the north. The ENE-WSW trending Nar-
mada rift basin lies in its south. West of the Cambay
basin is the Saurashtra Peninsula covered by Deccan
traps of late Cretaceous age (Merh 1995). Towards
the East it is bounded by the Aravalli system
comprising of older proterozoic rocks of Aravalli and
Delhi supergroups. The Aravalli trend (NE-SW)
continues further southwest underneath the Cambay
basin and Saurashtra peninsula, whereas the Delhi
trend (NE-SW) swings approximately to E-W direc-
tion under the Kutch basin (Mishra et al 1998). The
Cambay basin developed sequentially from north to
south during India’s northward drifting after the
breakup of the Gondwana land. Development of the
three major rift basins of western margin, namely
Kutch, Cambay and Narmada rift basins seems to be

related to the evolution of the western margin of India
in three stages. These stages are:

« separation of Africa from India during early Jurassic
(Besse and Courtillot 1988)

o separation of Medagascar from India caused by
Marion hot spot during the Middle Cretaceous
(Morgan 1981), and

o break up of the Seychelles from India caused by
Reunion hot spot during late Cretaceous which gave
rise to the Deccan flood basalts (McKenzie and
Slater 1971).

The Kutch rifting took place during early Jurassic,
followed by the Cambay rifting in early Cretaceous
and Narmada rifting in late Cretaceous. The Cambay
basin is filled by Quaternary and Tertiary sediments
mainly consisting of sandstone, siltstone, claystone
and shales and is bounded by step faults on its western
and eastern margins (Biswas 1982, 1987).

Heat flow measurements carried out in the northern
part of the Cambay basin indicate high heat flow
values (75-93 mW/m?) with an average value of
83 mW /m? as compared to the normal heat flow value
of approximately 46 mW/ m? for stable continental
areas. This makes the region interesting from tectonic
as well as geothermic point of view and has attracted
the attention of many workers (Verma et al 1968;
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Gupta 1981; Negi et al 1987). Only one-dimensional
analytical modelling approach based on uniform or
exponentially decreasing heat generation value has
been used to delineate the crustal thermal structure of
the Cambay basin. However, this approach has a
major disadvantage of ignoring the effect of lateral
variation in the heat production and thermal con-
ductivity due to inhomogeneity in the crustal struc-
ture on temperature distribution. This problem has
been overcome by numerically solving the two dimen-
sional heat conduction equation to determine the
temperature distribution (Safanda 1985; Furlong and
Chapman 1987; Safanda et al 1992). For two-
dimensional thermal modelling knowledge of crustal
structure and velocity depth distribution is very
essential in order to convert the P-wave velocity,
Vy, into heat generation, A, using the following
experimental relationship between these two para-
meters for Phanerozoic rocks as suggested by Rybach
and Butenbarth (1984):

In A =13.7—2.17V,. (1)

The value of A obtained by this procedure needs to be
corrected for in situ pressure-temperature conditions
by using the procedure suggested by Cermak (1989).

A deep seismic sounding (DSS) study was carried
out in the north Cambay basin from Dharimanna to
Degam to delineate the crustal structure and velocity
depth distribution (Kaila et al 1990). The Moho depth
obtained from the DSS study is required for fixing
the lower boundary of the model. In this case, the
crustal structure up to Moho depth is clearly
delineated between the Tharad and Degam portion
of the DSS profile. Therefore, the present work deals
with the estimation of temperature distribution along
the DSS profile between Tharad and Degam only.
Location of the profile is shown in figure 1.

2. Crustal structure and P-wave
velocity-depth distribution

The DSS study reveals a number of transverse faults
tending ENE-WSW and E-W, which have dissected
the basin into several blocks. Tectonic activity along
these faults has led to development of ridges, swells
and depressions, which serve as favourable structures
for hydrocarbon accumulation. The basin between
Tharad and Degam consists of three sub basins. These
are:

« the South Sanchor basin between Tharad ridge and
Diyodar ridge,

o the Patan basin between Diyodar ridge and
Unhawa ridge, and

« the Gandhinagar basin from Unhawa ridge to the
rest part of DSS profile.

The crustal structure and the V,-depth distribution
for this segment of DSS profile is shown in figure 2.

Volcanics of the Deccan traps form the basement
(velocity 4.3-4.5 km/s) of Tertiary sediments and are
faulted at several places by transverse faults.

The depth to the basement varies from a minimum
of 2 km at the Diyodar ridge to a maximum of 7.7 km
in the Gandhinagar basin. Thickness of the upper
crust is about 10 km in this region. The velocity up to
the basement varies between 2.1 and 4.5 km/s and in
the upper crust, it varies between 5.9 and 6.3 km/s.
The upper crust is underlain by a low velocity zone of
about 2 km thickness in which the velocity is about
5.5 km/s. This zone may have the presence of fluid
released by metamorphic reaction at the lower crustal
level. The lower crust of about 18-20 km thickness
is composed of two sub layers. In the upper layer
the velocity varies between 6.6 and 6.9 km/s up to
22-24 km depth and the lower layer is characterized
with higher velocity in the range of 7.2-7.4 km/s.
However, this high velocity is not found in the lower
crust beneath the adjoining Deccan Trap covered
areas of Saurashtra in its West, Narmada lineament in
its East and Koyna region in its South (Kaila et al
1980, 1989; Krishna et al 1989). The presence of a high
velocity lower crustal layer in the rift basin and its
absence in the adjoining region indicates igneous
accretion resulting from large-scale extrusion of
volcanic lava due to mantle upwelling and rifting
(White and McKenzie 1989). Moho depth varies
between 31 and 33 km with velocity of 8.1 km/s
(Kaila et al 1990). The crust is relatively thin
within the Cambay basin as compared to thicker
crust (35-42 km) in the adjoining region of Saurashtra
and across the Narmada lineament (Kaila et al 1980,
1989). The high heat flow values within the basin is
attributed to the presence of thin crust and mantle
upwarping.

3. Mathematical modelling

A schematic diagram of the model area representing a
vertical cross section of crustal layers is shown in
figure 3. Temperature field within the model is
described by the following two-dimensional steady
state heat conduction equation

subject to boundary conditions given by

T:To at Z =0 (3)
oT
oT

K8_Z:QD at Z=D (5)

where T'(X, Z) is the variable temperature, T} is the
surface temperature (which is taken as zero for
simplicity), K (X, Z) is thermal conductivity; A(X, Z)
is heat production, L and D are the length and depth
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Figure 1. Location of DSS profile from Tharad to Degam in the north Cambay basin.

of the model under consideration, respectively. Qp is
the heat flow at the base of the model, and X and Z
are the orthogonal coordinates in horizontal and
vertical directions, respectively.

In order to solve this boundary value problem for
the calculation of temperature distribution one should
know the values of all the controlling parameters
such as K(X, Z), A(X, Z), L, D, Qp etc. appearing in
equations (1) to (4). The radiogenic heat generation

A(X, Z) is considered as the only heat source within
the crust. The values of A(X, Z) below 12 km depth
up to Moho is obtained by converting the V, values
into A(X,Z) value using the relationship between
these two parameters given by equation (1). These
values of A(X,Z) obtained by this procedure are
further corrected for in situ pressure and temper-
ature conditions by using the procedure suggested by
Cermak (1989). These values of A(X, Z) which range
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Figure 2. Crustal layers with Vj-velocities distribution (modified after Kaila et al (1991)).

between 0.482 and 0.024 uVV/m3 were then assigned
within the model area in accordance with the
distribution of corresponding V), values obtained from
the DSS studies. However, this conversion relation-
ship between V), and A(X, Z) is not applicable in the
upper crustal layer because the tectonic structure of
this part of the crust is highly complicated due to the
presence of micro cracks which facilitate the re-
distribution of radioactive elements by groundwater
movement. This may have considerably altered the
original distribution of radioactive content of rocks
(Cermak 1989). The geological formations above the
basement mainly consist of shale, silt, slate and sand-
stone. Therefore, the weighted mean of the A(X, Z)
values of these rocks which is 2.0 pW/m?® is assigned
up to the basement (Pandey 1981). The average value
of A(X, Z) for the crustal layer between basement and
12 km depth is taken as 1.6 pW/m* (Gupta 1981).
Since the heat production in the upper mantle is very

small, a value of A(X,Z) equal to 0.01 pW/m® is
assigned in the region below the Moho up to the model
depth D, which is taken as 35 km (Safanda et al 1992).
Distribution of heat production values, A, are shown
in figure 4. Practically the heat flow value at the base
of the model @p is taken as the Moho heat flow value
because the contribution of heat production from the
region lying between the Moho and model depth is
very small. Thermal conductivity value is different for
different rocks because of their different compositions.
Three different average values of K for different layers
have been considered. These are: 2.7 W/mK for upper
crust up to a depth of 12 km, 2.1 W/mK for the lower
crust up to Moho and 2.5 Wm/K below the Moho
(Gupta 1981).

The Moho heat flow, @p is also an important
parameter required for the calculation of the tem-
perature field. In order to compute @p and subse-
quently the temperature distribution the boundary
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Figure 3. Schematic representation of the model with boundary conditions.
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Figure 5. Calculated isotherm (in °C) (continuous line) along with the crustal layer (dotted line).

value problem represented by equations (2)-(5) is
solved by using a finite element based numerical
program called NISA. For this purpose the entire
region of the model is divided into a network of four
nodes quadrilateral elements with 10 km length in X-
direction. The width of these elements in Z-direction is
200m up to 5km and 1km below it. A smaller grid
size up to bkm depth is considered for detailed
investigation of temperature variation within the
sedimentary layer. The numerical values of K and
A(X, Z) are assigned to each element. The value of
@p is estimated by making a judicious selection of its
value using trial and error method for which the
computed value of surface heat flow matches well with
the observed average value of surface heat flow i.e.
83 mW/m”. The value of Qp obtained by this pro-
cedure is 58 mW/ m?. The corresponding temperature
distribution for this value of @p is the desired
temperature distribution within the model.

4. Numerical results and concluding
remarks

Based on calculated temperature distributions iso-
therms are plotted in figure 5 at intervals of 100°C,
which represent 2-D crustal thermal structure of the
region along the DSS profile from Tharad to Degam
under consideration. The result shows that the Curie
isotherm, which is the isotherm of approximately
550°C, lies approximately at 22km depth. This is
~4 km more than that estimated by Negi et al (1987).
In general the Moho temperature is found to be
~900°C with a maximum of 920°C at Tharad and a
minimum of 860°C at Degam.

The Moho heat flow value is found to be 58 mW /m?,
which is 9 mW/m? less than that estimated by Negi
et al (1987). This is because they have estimated the
value of @p simply by subtracting the contribution of
heat production from upper crust up to 10 km depth
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Figure 6. Calculated surface heat flow along the profile.

considering uniform heat production value equal to
1.6 mW/m? from the observed surface heat flow value
which is 83 mW/m?. They have ignored the contribu-
tion of heat generation from the crustal layer below
10km depth.

Surface heat flow value calculated along the profile
is found to vary between 82.5 and 84 mW/m” and is
plotted in figure 6. Maximum decrease in the surface
heat flow value is noticed at two places near Diyodar
and between Patan and Mehsana. These two places
are characterized with the thin sedimentary layer
because of the presence of Diyodar and Unhawa ridges.
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Figure 7. Temperature-depth distribution at Mehsana.

Only one observed surface heat flow value equal to 80
mW/m? is available along the profile near to
the Mehsana. This value is found in close agreement
with the calculated value equal to 82.5 mW/m?. This
result also supports the validity of the present model.
Figure 7 shows the temperature-depth distribution at
Mehsana. In general the temperature gradient for the
northern Cambay basin is found to be 30°C/km.

Crustal deformation plays an important role in
controlling many tectonic processes and the role of
temperature is significant in crustal deformation
because rocks lose their strength with the increase in
temperature and behave differently in response to
applied forces. Therefore, the knowledge of crustal
thermal structure can be used for geodynamic studies.
The temperature field is associated with the matura-
tion of hydrocarbon. Therefore, a knowledge of tem-
perature-depth distribution can provide vital clues in
the reappraisal of the hydrocarbon deposits in the
basin.
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