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The NW-SE trending Nagaur—Jhalawar deep crustal
seismic profile transect across the Aravalli-Delhi Fold
Belt to delineate the crustal structure and infer about
the tectonics of this region. Seismic and gravity analyses
of this profile revealed a complex tectonic structure in
the central part of the profile, including the presence
of a crustal-scale thrust with surface exposure near
Jahazpur and a domal structure beneath the Delhi
Fold Belt (DFB). In the present work, we have estimated
elastic intraplate stresses due to density heterogenei-
ties and mechanical property variations, induced by
such a complex crustal structure, under the plane
strain approximation for a range of elastic parameters
using finite element method. The results indicate that
the mechanical properties of the domal structure
beneath the DFB and the lower crust control the level
of stress concentration in the upper crust. A signifi-
cant enhancement in the magnitude of the shear stress
in the central part of the profile was obtained for the
models in which either the domal structure or the lower
crust was mechanically weak in comparison to the
models having mechanically strong domal structure and
lower crust.

Keywords: Continental crust, elastic intraplate stresses,
Nagaur—Jhalawar profile, plane strain.

THE Aravalli-Delhi Fold Belt (ADFB) represents one of
the oldest nuclei related to the evolution of the Indian
continental crust'. It is considered as a chain of relic
mountains extending in the NE-SW direction for about
700 km and consisting of intensely folded, deformed and
metamorphosed Proterozoic rocks overlying the Archaen
gneissic basement’. The fold belt is bounded in the NW
by neo-Proterozoic Marwar Basin and in the SE by meso-
neo-Proterozoic Vindhyan Basin (Figure 1). Aravalli
sequences and the Vindhyan basin are separated by the
Great Boundary Fault. This NE-SW trending fault zone
with a width of 10-20 km extends up to the Moho and
probably deeper’*. The Marwar Basin (MB), the youngest
Proterozoic sequence, consists of flat, undeformed clay
evaporate sequences, sandstones and siltstones overlying
the Erinpura granites and the Malani igneous suite. This

*For correspondence. (e-mail: ajay@ngri.res.in)
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intracratonic sedimentary basin extends in the NE-SW
direction with a slight westerly tilt.

A 400-km-long NW-SE trending deep crustal seismic
profile, the Nagaur—Jhalawar transect, was shot across
ADFB (Figure 1) to delineate the crustal structure and infer
about the tectonics of this region’. The transect starts
from Nagaur in the neo-Proterozoic MB, cuts across the
palaeo-meso-Proterozoic Aravalli Fold Belt (AFB) and
Delhi Fold Belts (DFB), Achaesan Sandmata Complex,
Mangalwar Complex, Hindoli Group, and ends in the
meso-neo-Proterozoic Vindhyan Basin at Kunjer. Further
geophysical investigations incorporating magnetotelluric®
and gravity studies™® were carried out along this transect
to develop models of tectonic evolution of the region.
These studies revealed a complex nature of the sub-
crustal structure, including the presence of a high-density
intrusive forming a dome-shaped structure in the mid-to-
lower crust beneath the DFB.

The complex nature of the crustal structure with signi-
ficant lateral density variations is expected to generate a
large concentration of stresses in the crust. Seismological
data (magnitude > 4.0) since 1849 (Table 1, Figure 1;
http://www.usgs.gov) on the other hand, reveal that this
region is not seismically very active. In the present work,
we have analysed elastic intraplate stresses which might
generate in the crust due to such a complex structure for
different scenarios of elastic properties of various crustal
layers. Although this region has not shown a significant
level of intraplate seismicity, it is worthwhile to investi-

PECCAN TRAP

Figure 1. Location of the Nagaur—Jhalawar transect across the Ara-
valli-Delhi Fold Belt. Open and filled stars show the epicentres of his-
torical and recent earthquakes respectively, given in Table 1. (Modified
after Rajendra Prasad ef al.’.)
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Table 1. Earthquakes in the geographical area bounded between 24-28°N lat. and 73-77°E long., taken from the
NEIC catalogue (http://www.usgs.gov)
Catalogue Date Time Latitude (N) Longitude (F) Magnitude
PDE 19861102 06:16:43.67 26.53 76.90 -
PDE 19871102 09:41:29.42 25.86 73.31 -
PDE 19920530 20:17:29.96 24.14 74.12 -
PDE 20020502 14:29:45.93 27.70 75.81 4.1
PDE 20030810 11:17:54.38 27.22 75.74 4.5
PDE 20061129 05:41:14.18 27.35 76.83 4.0
PDE 20061224 22:43:26.73 26.88 76.15 4.2
INDIA 18490102 - 25.15 73.15 -
INDIA 18760703 - 24.60 73.78 -
INDIA 19001014 - 26.30 73.13 -
INDIA 19620901 22:51:30 24.00 73.00 5.0
INDIA 19670511 - 27.00 75.90 4.3
INDIA 19690820 - 27.00 75.00 4.5
INDIA 19730626 - 27.00 75.20 -

gate the stress state of the region to understand the role of
the dome-shaped structure beneath the DFB in inducing
local stresses. We have used finite element method”'® to
compute elastic stresses due to variations in the mechani-
cal properties and density.

The geological history of the northwestern part of the
Indian craton covers a wide time span of 3.5-0.5 Ga, with
the oldest cratonic nuclei of the region represented by
Bhilwara Supergroup constituted of the Sandmata and the
Mangalwar complexes, and the Hindoli Group''. The
Sandmata complex mainly comprises of lower crustal
granulite facies rocks'”, whereas the Mangalwar Complex
with metavolcanics and metasediments is regarded as an
old granite—greenstone belt with amphibolite facies
metamorphism”. The Hindoli Group of rocks consists of
volcano-sedimentary sequences consisting of both mafic
and felsic volcanics.

The most conspicuous geological and physiographical
feature of the region is the NE-SW trending, 700 km long
ADFB consisting of intensely folded, deformed and
metamorphosed rocks. The lower to middle Proterozoic
AFB and middle to upper Proterozoic DFB Supergroup of
rocks, underlain by the Archaen Banded Gneissic Com-
plex (BGC) as basement, constitute the Aravalli-Delhi
Mobile Belt. The DFB consists of intensely folded and
deformed rocks exhibiting polyphase metamorphism and
represents a collision zone formed as a result of the
westward movement of the Archaen craton and its colli-
sion with another craton in the west, causing eastward
underthrusting of oceanic crust’. It is a highly disturbed
tectonic zone comprising of a system of half grabens and
horsts, with over 10km thick volcano-sedimentary
sequences. The DFB is also believed to have undergone
another episode of tectono-magmatic deformation at the
end of the Proterozoic resulting in an igneous suite and
intrusive granites' .

The NW-SE trending Nagaur—Jhalawar deep crustal
seismic profile (Figure 1) was shot across the ADFB per-
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pendicular to its strike direction to delineate the crustal
structure and infer about the tectonics of this region. It
passes through the main geological formations of the
area, including Marwar Sediments, the DFB, the Sand-
mata Complex, the Mangalwar Complex, the Hindoli
Group and the Vindhyan Basin'*. The Upper Proterozoic
Vindhyan and Marwar Supergroup of rocks occur at the
SE and NW parts respectively, of the transect. The
Vindhyans are composed of undeformed and unmetamor-
phosed rocks comprising conglomerates, sandstones,
shales and limestones. The MB consists mainly of dolo-
mite, sandstone, siltstone, limestone, chert and clay, and
overlies the Malani Igneous Suite.

The crustal structure of the AFB and DFB, and the sur-
rounding Vindhyan and Marwar basins has been deline-
ated from deep crustal seismic, magnetotelluric (MT),
and gravity data along the Nagaur—Jhalawar transect. Ini-
tial deep crustal seismic results’ revealed the presence of
a major NW-dipping thrust fault, reaching up to the Moho,
with surface exposure near Jahazpur (Jahazpur thrust). A
strong upward convex reflection was also identified
beneath the DFB. However, the Moho reflections beneath
the DFB could not be identified. In the absence of velo-
city—depth section, Tewari et al”® and Rajendra Prasad et
al” interpreted the two-way travel time (TWT) seismic
data in conjunction with the Bouguer gravity anomaly
data along the profile and obtained an integrated model of
the crustal structure (Figure 2). The high Bouguer ano-
maly, flanked on either side by gravity lows, observed in
the central part of the profile extends in the NE-SW
direction all along the ADFB''®. This model reveals
mainly a three-layered crust for most part of the profile,
except for the central portion where a high-density intru-
sive, reaching up to the middle crust along the thrust, has
been identified. Satyavani er al.'” however, delineated a
four-layered model of the crust for the northwestern
Nagaur—Rian sector of the Nagaur—Jhalawar profile, the
fourth layer being a low-velocity layer sandwiched
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Table 2. Flastic properties assigned to various zones shown in Figure 2 for different models. Density values were taken from
Tewari et al.”. For velocity values, “represents Tewari ef al.’ and "Satyavani ef al.'’. Seismic velocity for the Vindhyans was
assumed

Patch no. Model no. E (x 10" Pa) v o (kg/m®) Ve (knv/s)
S1 (asthenosphere) ADO01-ADO0O6 0.1 0.499 3400 -
S2 (lower lithosphere) ADO01-ADO06 038 0.46 3400 -
S3 (sub-Moho lithosphere) ADO02, ADO6 18.0 0.25 3350 8.4° 8.0-8.1°
S3 (sub-Moho lithosphere) ADO03, AD04 6.0 0.35 3350 8.4%, 8.0-8.1°
S3 (sub-Moho lithosphere) ADO5 1.0 0.35 3350 8.4° 8.0-8.1°
S4, S6 (lower crust) ADO04, ADO5, ADO6 8.0 0.25 2900 7.2°
S4, S6 (lower crust) ADO2 3.0 0.35 2900 7.2°
S4, S6 (lower crust) ADO3 1.0 0.25 2900 7.2°
S5, S9 {middle crust) ADO02-ADO06 2.0 0.25 2750 6.6°, 6.3-6.5"
S7, S8 (domal structure) ADO02, ADO3, AD04 12.0 0.25 3100 7.3%
S7, S8 {(domal structure) ADO5, AD06 1.0 0.35 3100 7.3%
S10 (upper crust) ADO02-ADO06 6.5 0.25 2670 5.75°,5.5°
S11 (Vindhyans) ADO02-ADO06 2.0 0.25 2400 5.0-5.5
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Figure 2. Simplified crustal structure along the Nagaur—Jhalawar pro-

file, derived from seismic TWT data and gravity modelling’, used for
finite element discretization along with boundary conditions at the left,
right and bottom boundaries. The finite element model has been con-
structed from 11 patches marked as S1-S11. Material properties of
these patches are given in Table 2. Patches S12 and S13 have not been
included in the modelling.

between the mid-crustal and lower-crustal layers. The
thickness of the Vindhyan sediments reaches to 4-5 km
in the southeastern end of the profile. More recently,
Vijaya Rao et al.'* carried out reflectivity analysis and
suggested that the upper crust is poorly reflective with
some horizontal and dipping reflections, whereas the
lower crustal reflectivity varies considerably all along the
profile. They also correlated the Jahazpur thrust, seen in
the seismic section, with the electrical conductor mapped
by MT studies®. This conductor, having electrical resis-
tivity of 50 Qm, starts at 3 km depth near Jahazpur and
extends at least up to 25 km depth.

We have taken the model of the crustal structure along
the Nagaur—Jhalawar profile proposed by Rajendra Prasad
et al.”, based on seismic TWT data and gravity modelling
to numerically model elastic stresses due to crustal den-
sity heterogeneities and mechanical property variations.
This crustal model provides the structure up to the Moho.
Following Manglik et al.'®, we have included a sub-Moho
layer up to 60 km depth and two additional artificial lay-
ers with weak elastic parameters (Table 2) below 60 km
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lithosphere and asthenosphere. This also helps in avoiding
any artefacts of the no-displacement bottom boundary
condition on the estimates of stresses at the Moho. The
base of these layers has been assumed to be horizontal in
the absence of the lithospheric structure. The model thus
generated for the finite element model analysis is shown
in Figure 2.

The above model has been sub-divided into 13 patches
numbered S1-S13 in Figure 2. We have ignored two shal-
low features, having densities of 2.9 (S12) and 2.2 g/cm’
(S13) respectively, in the present analysis as these were
too small to have any significant influence on the regional
stress estimates. Besides, seismic results have not pro-
vided any evidence of a near-surface high-density body in
the region’. The finite element model consisting of 11
patches (S1-S11) has been discretized into 5176 plane
strain four-node quadrilateral elements and 5330 nodes.
Since the Nagaur—Jhalawar profile is oriented orthogonal
to the general strike of the ADFB, plane strain approxi-
mation is valid for the stress analysis. Elastic material para-
meters for every patch were selected based on seismic
P-wave velocity, density and depth of various layers
(Table 2).

We have estimated Young’s modulus from seismic P-
wave velocity and density values using the seismic velocity
and density values reported in the literature and the fol-
lowing relationship'’:

= pp2dENA=20)

™ (1)
where, E, v, p, Vp are the Young’s modulus, Poisson’s ratio,
density and seismic P-wave velocity respectively. For the
values of p and Vp of crustal rocks of this region, £ varies
in the range of 4-12 x10'® Pa. However, we have consi-
dered slightly lower values of E for the mid- and lower
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crust to account for the rheological weakening of these
layers due to the increase in temperature’>*'. The value of
E has also been lowered by a factor of two for the
Vindhyan rocks, as it falls in the range 1-3 x 10'° Pa for
shale and sandstone®”. The sub-Moho layer is the strong-
est with £ =18 x 10'° Pa for the estimated velocity and
density of 8.0km/s and 3.35 g/cm’ respectively. The
material properties thus obtained are given in Table 2.
The values of E estimated by this approach were in good
agreement with the value of 7 x 10'° Pa used by Coblentz
et al.” and Reynolds et al.** to model the stress state of
continental Australia.

In all the models presented in the following, we assume
that there is no horizontal displacement (i, = 0) across
the left and right boundaries and the bottom boundary is a
no-displacement boundary (u,=u.=0). We have not
incorporated the effect of topographic load in our present
model. The only load applied in the model was the internal
gravity load due to the crustal density variations. We have
analysed various cases of internal gravity load. Computa-
tions have been carried out using the FEM package
UWay™'°. This package has options for numerical estima-
tion of stress—strain state and mechanical behaviour of the
soil and consolidated rocks, homogeneous and hetero-
geneous media, and composite materials.

We have computed various model cases to analyse the
level of stress concentration due to lateral variations in
the crustal structure of the ADFB and to explore the pos-
sibility of a suitable model case which yields the least
stress concentration to corroborate with the low level of
seismicity in this region. Numerical results for different
cases are discussed below.

In the first model (ADO1), we have analysed the effect
of only density heterogeneities on stress generation. Here,
material parameters of all the layers, except the two bot-
tom layers S1 and S2, treated as rheologically weak lay-
ers, have been fixed at £=06.5 X 10" Pa and v=0.25.
The computed maximum shear stress (7) for this gravity
loading case is shown in Figure 3 a. Results below the
depth of 60 km are not shown as these correspond to fic-
titious layers. Crustal structure is also superimposed. For
this case, 7increases with depth with the maximum value
of more than 600 MPa at a depth of 55-58 km. The re-
sults do not show any appreciable lateral variation in 7
due only to the density variations.

In the next model (ADO02), we have prescribed the ela-
stic parameters to various layers as given in Table 2. In
this model case, the lower crust (S4, S6) was assumed to
be rheologically weaker than the underlying sub-Moho
mantle (S3). Therefore, a reduced value of E=3.0x
10'°Pa was assumed for this layer to represent a
rheologically weak lower crust. This model has been
selected to represent a case similar to the rheological
stratification of a typical continental lithosphere in which
a weak, ductile lower crust overlies a strong, brittle upper
mantle’®”. In this case, the domal structure (S7, S8) has
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also been considered as a mechanically strong body based
on its density and seismic velocity. Tewari et al.” inferred
the poor reflectivity in this region to the presence of dry
granulite which can be considered as rheologically
strong. Although patches S7 and S8 have been demar-
cated”’ as two different bodies having a density differ-
ence of 0.1 g/cm, we have considered the same elastic
properties for these two patches. The distribution of 7 for
this case (Figure 3 b), yields a significant lateral variation
in the central region of the profile demarcated by the
presence of a domal structure having high density. Al-
though the concentration of maximum 7 occurred in the
sub-Moho layer, the shear stress state of the crust was
significantly perturbed within the central region. The
model also shows a localization of 7 in the near-surface
region at a profile distance of 120-140 km from its NW
end corresponding to the DFB.

In the next model case (ADO03), we have analysed the
effect of mechanically strong domal structure (£ = 12.0 x
10'° Pa) buried in a mechanically weak lower crust
(E = 1.0 x 10'° Pa) and relatively weak sub-Moho mantle
(E = 6.0 x 10'° Pa) on stress generation. For this case, the
stress state seems to be highly perturbed with the largest
shear stress occurring in the sub-Moho layer beneath the
domal structure (Figure 3 ¢). An enhanced shear stress
level was also obtained in the lower crust at 250 km pro-
file distance. The shear stress in the near surface region in
the DFB further increased to 160—180 MPa.

The above models have included a mechanically weak
lower crust compared to the sub-Moho layer. We further
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Figure 3. Computed maximum shear stress (MPa) for various model
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analysed the effect of having a strong lower crust and
weak sub-Moho, as inferred for the Jabalpur earthquake
region'®, on stress generation in the next set of models.
Model ADO4 incorporates mechanically strong lower
crust with £ = 8.0 x 10'° Pa resting over a relatively weak
sub-Moho layer with E=6.0x 10'° Pa. These values
were not significantly different, except that v was 0.35 in
the case of the sub-Moho layer. The elastic parameters of
the domal structure were kept the same as for the model
ADO3. For this case, the pattern of stress concentration,
especially in the upper 20 km of the crust, was similar to
that of ADO2 (Figure 3 d). Nevertheless, the large stresses
beneath the Moho, as obtained for AD02, get distributed
in the lower crustal and sub-Moho layers in the present
model. This model also shows a concentration of stresses
in the lower crust at the profile distance of 220 km just
beneath the sharp bend.

The next model (ADOS5) incorporates strong lower crust
with the value of £ as in the model AD04, weak sub-
Moho layer (E=1.0x 10'"°Pa), and also weak domal
structure (E = 1.0 x 10'° Pa). This model yielded strong
lateral variations in the shear stress (Figure 3 e) in the upper
20-25 km of the crust at the profile distance of 190-
250 km. The shear stress remained less than 300 MPa in
the lower crust, except in a small patch at the profile dis-
tance of 190-230 km. A change in the elastic parameter
of the sub-Moho layer to £ =19.0 x 10"’ Pa in the above
model (ADOS) resulted in an increase in the magnitude of
7 to more than 600 MPa in the sub-Moho layer (model
ADO6, Figure 3f), while the pattern of 7 in the upper
crust remained largely similar to that obtained for the
model ADOS. A vertical zone of large 7 at 100 km profile
distance now becomes more pronounced, affecting the
stress state of the upper crust also.

The above results (Figure 3 a—f) imply that the mechani-
cal properties of the lower crust, intrusive part of the
lower crust (inclined structure east of the domal struc-
ture), sub-Moho lithosphere and domal structure have
profound effect on the stress state of the ADFB region.
Density heterogeneities alone are not sufficient to induce
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Computed maximum shear stress at 10 km depth along the profile for model cases, AD02—-ADO06.

significant lateral variations in the stresses. Since it is dif-
ficult to measure the stress level of the crust except for
the upper few kilometres, we have analysed the stress
state in the upper crust for various model cases consi-
dered here. A model with strong lower crust, upper mantle
and domal structure only moderately increases the shear
stress in the upper crust (AD02, AD04). In contrast, mod-
els having mechanically strong domal structure in contact
with a weak lower crust, or weak domal structure in con-
tact with a strong lower crust reveal a zone of increased
shear stress in the upper crust.

The location of this zone of enhanced shear stress con-
centration shifts depending on the relative strength of the
domal structure and lower crust. This can be clearly seen
in Figure 4, where the distribution of the shear stress at
10 km depth is plotted along the profile. The depth of
10 km was chosen as most of the intraplate seismicity in
the Indian shield region has occurred in the upper 10 km
of the crust. Here, all the models show an increase in the
magnitude of the shear stress in the region covered by the
Intrusive Granite (IG), the DFB, Sandmata Complex (SC)
and Mangalwar Complex (MC). This increase, however,
is on an average about 40 MPa from the background level
in the case of mechanically strong domal structure and
lower crust (ADO2, ADO04). The increase in the shear
stress becomes more pronounced with an increase of
about 120 MPa from the background level in the DFB
and SC regions when the lower crust is considered as
mechanically weak (ADO03). Maximum stress concentra-
tion was observed beneath the DFB for this model case.
For the model with mechanically weak domal structure in
a strong lower crust (ADQS), the zone of enhanced stress
concentration shifted to the MC region and it become nar-
rower than the previous case. There was another small
zone of stress increase beneath the IG. An increase in the
Young’s modulus of the sub-Moho layer in the above
model yielded further enhancement in the stress level
(ADO06).

The above results show that the crustal structure along
the Nagaur—Jhalawar profile, as delineated by seismic
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and gravity studies, should induce significant intraplate
stresses in the crust, especially in the complex tectonic
zone demarcated by domal high velocity structure and
intrusive body along the Jahazpur thrust. The mechanical
properties of these structures influence the stress state in
the shallow part of the crust and lead to stress concentra-
tion in various parts of the profile. These results, in cor-
roboration with measured stress data when available, can
help in constraining models of the crust of this region.
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Worldwide demand of phosphate fertilizer is met es-
sentially from phosphatic rocks. India imports most of
its requirements and produces a small portion through
froth flotation of Precambrian stromatolitic rock phos-
phate. Increasing population and consequent increase

*For correspondence. (e-mail: psranawat@yahoo.com)

843



