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Subsurface stress analyses for the M, 7.6
Bhuj earthquake, India: An insight from the
integrated geophysical approach

D. V. Chandrasekhar*, B. Ramalingeswara Rao and B. Singh
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The M,, 7.6 Bhuj earthquake of 26 January 2001, associ-
ated with high stress drop indicates anomalous stress
localization in the Kachchh rift basin, similar to re-
gions in the plate margins. Although Kachchh is also
postulated to be diffused and undergoing steady defor-
mation, it cannot be related to plate boundary activity
alone in the absence of any conspicuous seismogenic
lineament. Further, nucleation of the earthquake in
the middle-lower crust in a palaeo-rift environment, of-
fers difficulty in evaluating the major tectonic cause
for anomalous stress accumulation. A 2D finite ele-
ment stress model constraining with the integrated
geophysical results and distribution of aftershocks on
the NNE-SSW-directed compressed Bhuj earthquake
epicentral region of the Kachchh basin, indicate high
shear stress dispersion (~70 MPa) at the hypocentral
depth and accentuate the potential role of local tectonic
elements in the Kachchh rift basin for anomalous stress
distribution. Moderate strain rate (6.0 x 10®) and high
pore fluid pressure (343 MPa) indicate the presence of
serpentinite at greater crustal depth, whose dehydration
causes brittleness, and release of fluids in a high-stres-
sed zone triggers rock failure,.

Keywords: Bhuj earthquake, crustal heterogeneity, pore
fluid pressure, serpentinite, shear stress.

THE Bhuj earthquake of 26 January 2001 is the largest
continental intra-plate earthquake globally known in more
than 100 years and is not an isolated event in Kachchh
rift basin. Understanding its source properties provides an
opportunity to examine the mechanics of the earthquake-
driving forces, active seismic deformation and stress fields
in the Kachchh rift basin. The Bhuj earthquake occurred
in a region ~600 km south of the crest of the flexural bulge
of the Indian plate, where highest compressional stresses
and associated ruptures are expected to occur at the surface
and not in the lower crust'. The focal depth ~22 km of the
Bhuj earthquake and its aftershock extending through the
entire crust with concentration in the lower crust at ~26 km
and in the upper crust ~10 km, indicate its nucleation in
the middle to lower crust®™. However, causes for such
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stress concentration in this zone are enigmatic and under-
line the need to study its seismo-tectonic framework in the
perspective of plate-tectonic forces in a hitherto stable
intra-plate region.

Visco-elastic modelling results® suggest that intracon-
tinental thrusting and shearing along the western Indian
plate boundary may have diffused some deviatoric stresses
into the Indian plate. No attempt has been made so far to
compute the shear stress and analyse the failure stress
condition for the Bhuj earthquake of 26 January 2001.
Using results of the different geophysical investigations
in the Bhuj epicentral region, the present study delineates
the plausible causative factors for the Bhuj earthquake
and presents a model to understand the build-up of sub-
surface stresses in the epicentral region of M,, 7.6 Bhuj
earthquake. Focal mechanism from teleseismic observa-
tion of body waves consistently indicates reverse faulting
for Bhuj earthquake, which is accorded with the general
North—South contraction of the Indian plate and their
modelling suggests that most of moment was released
from a small rupture area with high slip (= 10 m). The static
stress drop of the Bhuj earthquake was found to be unusually
high®"~°, about 16-46 MPa. Analysis of motions of his-
toric triangulation monuments of the Great Trigonometric
Survey (surveyed in 1856-60) also shows significant
NNE-SSW-directed strain contraction in the epicentral
zone”'? (Figure 1). Similarly, other geophysical studies''~'®
clearly demarcate the high density/conductive body and
mass deficiency at greater depths in the epicentral region
of the Bhuj earthquake. The tectonic forces'’ probably
induce uplift of blocks over the palaeo-rift region®'®, which
is also evident from an uplift of 157 cm observed in the
epicentral region after the Bhuj earthquake'®. These comple-
Xities act to destabilize the pre-existing faults'"*°, The
present study delineates the plausible factors for anoma-
lous stress distribution and presents a model to under-
stand the build-up of subsurface stress in the hypocentral
region of the M,, 7.6 Bhuj earthquake.

Historical seismicity and strain rate

The Kachchh rift basin has been experiencing earthquakes
for quite some time (1820-35, 1910-35 and 1956-96) and its
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Figure 1. Bouguer anomaly map of Kachchh'? showing major tectonic elements of Kachchh rift basin, zone of strain contraction demarcated by

GPS measurements’™'° for the 18562001 epoch in the epicentral region and a profile XX across the Wagad uplift for integrated analysis. Grey dots

indicate aftershock distribution of the Bhuj earthquake®*’

historical seismicity has been studied by several au-
thors®' . Seismicity on the principal faults of the Kachchh
rift is not clear, as the two boundary faults Nagar Parker
and North Kathiawar may not be active since early Jurassic,
knowing that the basement is deeper within the rift than
outside; whereas the Kachchh mainland, South Wagad and
the Island belt fault do present clear topographic expression
and were active since Mesozoic, as rocks of this period
are displaced along these faults. However, their activity
level is indecipherable, as being prominent on both the
surface and tectonic maps, none of them was responsible
for the 2001 Bhuj earthquake.

Internal strain might be progressively building up from
the onset of Allah Bund earthquake®® of 1819. We estimate
strain rate by Anderson’s method”’, as several faults having
different orientations are embedded within the Kachchh
rift basin. The regional strain rate can be computed as:

) M,

&* (strain_rate) = ——~
2.67UAht

ey

where A is the geographical area (60,000 kmz), Y M, is
the rate of seismic moment estimated for a period ¢ (182
years), h is the average thickness of the seismogenic layer
(20 km) and g is the rigidity of the material (3.6 x 10" dyne-
cm). The strain rate is estimated as 6.0 x 10® per year for
the entire Kachchh region, which is equivalent to strain
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rate obtained using GPS measurements”™'’. The strain rate
in Kachchh basin is much higher than that in the Indian
shield (6.01 x 107'° per year) and comparable to North
America (6.8 x 107'%), one of the highest in stable conti-
nental regions of the world”®. The average slip rate computed
using historical earthquake data comes to ~5-6 mm/yr.
The maximum expected slip for the period of 182 years’
inter-occurrence of two catastrophic events of 1819 and
2001 is found to be ~10 m and agrees well with seismic
studies™°,

Failure stress criterion and fluid pressure

Failure criterion at any point for any formation, is the
maximum shear resistance of the material (shear strength 7)
which equals the cohesive shear stress on a failure plane
plus internal frictional resistance (yo,), where ¥ is the
coefficient of internal friction and o, is the normal stress
orthogonal to the fault plane. Several workers'®’"** have
suggested the presence of fluids at the hypocentral region
of the Bhuj mainshock of 26 January 2001. Presence of
pore fluid at a depth of 7-20 km in the active fault zone can
develop hydrostatic/suprahydrostatic fluid pressure which
reduces the normal stress abnormally to brittle failure stress
conditions™

According to Streit and Cox>*, the stress difference of
about 100 MPa and fault dip angles of 45-55° may activate
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failure at 7-20 km depth with hypocentral pore fluid factors
(4,) of 0.8-1.0 for reverse faults, 0.6-0.9 for strike slip
faults and < 0.8 for normal faults. Applying the same for
estimating the pore-fluid pressures in this region, the effective
overburden pressure (0,..¢) at a location on a fault plane
can be expressed as:

Oyeff = prgh_ Pf > 2)

where P; is the ambient pore-fluid pressure, p; is the rock
density, g is the gravitational acceleration and / is the
depth of the focus. An average rock density of p, =
2700 kg/m’ has been used for granitic/gneissic rocks.

It is assumed that one of the principal stresses is vertical
and the intermediate stress lies within the fault plane. For
reverse/thrust fault, effective least principal stress is equal
to effective vertical overburden stress. Fluid pressures on
faults can be expressed as the difference between the
overburden pressure imposed by the rock mass and the
effective vertical stress. Thus the pore fluid factor (4,) is

=1- O\ etr (3)

A, =Fo .
p:&h

v v

The effective principal stresses for reactivation of reverse
fault in the present study for the Bhuj mainshock have
been considered. Parameters obtained from different stud-
ies*>>* are considered as focal depth /2 = 22 km, reverse fault
dip angle 6 = 50°, assumed values of cohesive fault strength
(Cyp) are 60 bars, and internal coefficient friction t, = 0.8.
For compressional shear failure along the reverse fault,

the pore fluid factor®* is expressed as:

22G, + (0, 0,)(1— fytan 6) sin 20
2p, ghit, '

A, =1

v

“

From eq. (4), we have computed the pore fluid factor (4,)
as 0.81-0.89 for the dip of the fault, i.e. 60°. Thereby the
pore fluid pressure estimated as Py = 343 MPa will reduce
the normal stress of 185 MPa at the focus. The reduced
normal stress shifts the Mohr’s circle towards failure
stress condition (left of the original circle) and effective
coefficient of friction as obtained from the Mohr’s dia-
grams are 135 MPa and 0.24-0.34 respectively. The shear
stress at this point of failure is about 50 MPa as shown in
Figure 2.

Shear stress model

In deciphering the real cause of stress concentration in
the epicentral zone of the Bhuj earthquake, here we present
a model whose geometry and associated parameters mimic
the crustal configuration of Kachchh. We have adopted 2D
cross-sectional stress modelling through finite element
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method, whose fundamental aspects are meshing, material
properties and boundary conditions. Meshing involves
well-structured geometry and all the elements must be inter-
connected and their finite element equations be formed at
each node. The model represents the structured mesh,
wherein 400 elements are ordered in a consistent pattern
depicting regions, namely upper crust, shallow intrusive
plug-like igneous body, middle-lower crust, crustal root-
like serpentinized body (Figure 3) and the whole block
conforms to the linear elastic model. The proportionality
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Figure 2. Mohr’s circle moves towards failure stress condition and
effective coefficient of friction as obtained from the Mohr’s diagram.
The shear stress at this point of failure is ~50 MPa.
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Figure 3. Crustal cross-section derived from 2D simultaneous model-

ling of total intensity magnetic and Bouguer gravity anomaly along
profile XX’. Tt also shows strain contraction in the epicentral region as
deduced by GPS measurement for the epoch (1856—2001)"'°.
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constants are Young’s modulus, E and Poisson’s ratio v.
The stresses and strains are related by the equation as fol-
lows:

1-v v % 0 |
Gx gx
y 1-v v 0
Oy _ E €y
o.| @wa-am| vy I 0
T, 0 0 0 1—22v Ve

&)

For a two-dimensional (XZ-plane) strain analysis, &, is zero.
The stresses and strains are directly related by a constant,
which is representative of pure volumetric strain. Further-
more, the term E/((1 + v)(1 — 2v)) tends towards infinity as
(1 — 2v) approaches zero. Physically, this means that the
volumetric strain tends towards zero as v approaches 0.5.
The structured model is subjected to horizontal stress
field collectively with pure elastic-linear properties. Material
properties such as Poisson’s ratio and Young’s modulus
were constrained from earlier geophysical studies’"”, hori-
zontal tectonic forces (tectonic stress due to northeast-
ward movement of the Indian plate) with an assumed
ridge compression®” (push force) of 30 MPa/km, uniform
overburden load of 60 bars and load of 274 MPa due to
high density intrusive body (pgh). The stress at failure
point of ~50 MPa, as discussed in the previous section and
the reported high stress drop”” of 20 MPa (approximately)
suggest at least ~70 MPa of shear stress at the hypocen-
tral zone. The parameter ranges required to obtain the ac-
ceptable solution were as follows: v, 0.25-0.32, E, 2 x
10'°-11 x 10" N/m*. The best-fit shear stress model
(Figure 4) obtained for the buoyant forces (~130 MPa)
acting on the crustal root (serpentinite body) shows the south-
dipping shear stress concentration (~70 MPa) oriented in
the fault plane construed by geodetic’” and teleseismic
studiess, and also well contained in the mainshock and after-
shocks zone.

Discussion and conclusion

The 2001 earthquake and other historic earthquakes were
reverse-faulting events, consistent with NE-SW-directed
compression and evidence of deep crustal seismogenesis
with inference that elevated fluid pressures may have
weakened, deep-seated faults. However, it is difficult to
conceive presence of water in the fault zone down to 35 km
and seems more likely that any fluid involved would be
something more exotic. Kachchh presents a thick seismo-
genic crust (10-35 km), as seen by recent and historic
earthquakes. Thickness of seismogenic crust is representative
of the strength of the continental lithosphere or the effec-
tive elastic thickness*. In such a case, the mass deficiency
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identified in the form of crustal root (Figure 3) may unlikely
be a product of isostatic compensation for a small topography
of ~150 m. Besides, there is no evidence of any rapid and
large-scale erosion in this region. The instability of crustal
blocks, presence of high pore fluid pressure®’, high strain
rate”'® and high heat flow (55-93 mW/m®) over patches
of gravity high (>30 mGal) or regions falling in seismic
zone V, viz. Bhuj earthquake region®®” indicate maximum
likelihood of serpentinite at focal depth.

Dehydration of serpentinite generates pore-fluid pres-
sure and plays an important role in thrust faulting*>*'. It
increases hydrostatic pressure Pp,o, until it attains Py
(litho-static pressure). Further increase in Py,o with en-
hanced litho-static load will expel water from the rocks.
Expulsion of fluids will dilute solutes other than H,O water
and will maintain Pp,o ~ Ptotalu’“. The peculiar charac-
terization of serpentinite rocks indicates that its volume
changes fast with change in composition (decrease in density
increases the volume and results in cleavage develop-
ment). The bimodal nature of the crust, inferred from after-
shock studies, indicates that rigidity in the upper/middle
crust, in contrast to lower crust, differs mainly due to ser-
pentinized bodies. Considering serpentinites at deeper
crustal level may be worthwhile; as causative fault asso-
ciated with earthquake may compose serpentinite gouge*
and also embrittlement associated with dehydration of
serpentinites extends up to greater depths***,

Analyses of different geophysical studies such as gravity-
magnetic'”'* and magneto-telluric'>'¢, indicate unstable
structure at the focal depth of the Bhuj earthquake, and
anomalous mass deficiency'>'* causing differential uplift
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Figure 4. Two-dimensional shear stress distribution along a part of
profile XX’. Computed model shows the south-dipping anomalous shear
stress (~70 MPa) oriented in the construed fault plane®'®. Hypocentre
of Bhuj earthquake shown by white star and grey dots indicates after-
shock depth distribution®*”’.
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having abnormal (high) conductivity at middle to lower
crustal zone (1-30 Ohm-m)'”. Poisson’s ratio (0.32)"?,
seismicity pattern and bi-modal nature of the crust in the
backdrop of regional tectonic stress indicate that seismi-
city in this region could be fluid-driven®"**, Further, the
reduced static coefficient of friction (0.24-0.34) and the
presence of high pore-fluid pressures (343 MPa) can at
best be explained by the presence of fluids. Both fluids
and high pore pressure play a major role in greasing the
fault planes. These observations in concurrence with the
high Poisson’s ratio are strong indicators of the presence
of serpentinite®. In the process of serpentinization, Moho is
likely to restore to new equilibrium position*’ and un-
dergo deformation depending on the geological and tec-
tonic setting. In the present case it deformed at the focal
depth giving rise to deep crustal tectonics. These observa-
tions and the processes governed by serpentinization are
the most likely causal factors for the Bhuj earthquake.

A 2D shear stress model using finite element method
constraining with the Bhuj aftershocks, shallow to deep
crustal heterogeneity and ambient tectonic forces consis-
tent with NE-SW-directed compression of this basin, in-
dicate high shear stress in the hypocentral depth of the
Bhuj earthquake, thereby emphasizing the dominant role
of local tectonic elements for the anomalous shear stress in
the hypocentral region of the Bhuj earthquake. The computed
shear stress model also shows south-dipping anomalous
shear stress dispersion (~70 MPa) oriented in the construed
fault plane®'® and found running into a structural barrier®
(intrusive body) at the top, which might have abruptly
stopped the powerful rupture. The intrinsic tectonic com-
plexities as discussed above in the Kachchh rift basin
may have facilitated the causative factors for the intra-
plate earthquake.
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