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A multitude of observations suggest neotectonic deformation in and around India, but its causes and history are
unknown. We use a 2 dimensional finite element model with heterogeneous elastic strengths in continental
regions to model the regional stress field orientation and relative magnitudes since the Oligocene. The large-
scale geological structure of India is embedded in our model by using published outlines of cratons, fold belts
and basins, associatedwith estimates of their relative strengths, enabling themodelling of stress field deflections
along interfaces between relatively strong and weak tectonic elements through time. At 33Ma a roughly NNW–

SSE oriented band of relatively highmaximumhorizontal compressive stress (SHmax) straddled India'swest coast,
while India's east coast and the adjacent Wharton Basin were characterized by relatively low intraplate stresses.
Between 20 Ma and the present growing collisional boundary forces combined with maturing mid-ocean ridge
flanks result in the establishment of an arcuate belt with anomalously high intraplate stress that stretches
from India to the Wharton Basin, intersecting the continental shelf roughly orthogonally and crossing the 85°
East and Ninetyeast ridges. This results in a compressive tectonic regime favouring folding and inversion north-
east of the Godavari Graben on India's east coast, as observed in seismic reflection data, whereas no tectonic
reactivation is observed on the continental margin further north, closer to the Mahanadi Graben, or further
south. Our stressmodels account for these differences via spatial variations inmodelled horizontal stress magni-
tudes and intersection angles between margin-paralleling pre-existing basement structures and the evolving
Neogene stress field. The models further account for fracture zone strike-slip reactivation offshore Sumatra
and lithospheric folding along India's west and southeast coast and can be used to estimate the onset of these
deformation episodes to at least the Oligocene and Miocene, respectively.

© 2014 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
1. Introduction

Diffuse plate boundary deformation in the equatorial Indian Ocean
is well understood in the context of the fragmentation of the Indo-
Australian Plate following India–Eurasia collision. The progressive colli-
sion between India and Eurasia since the Oligocene has produced the
largest intra-oceanic fold and thrust belt on Earth (Royer and Gordon,
1997). Its effects on the progressive deformation of the Central Indian
Basin (Krishna et al., 2009; Bull et al., 2010), the breakup of the Indo-
Australian Plate into the Indian, Capricorn and Australian plates
(Gordon et al., 1998; DeMets et al., 2005), the first-order plate-wide
stress field (Cloetingh and Wortel, 1986; Coblentz et al., 1998) as well
as the detailed Australian stress field evolution (Dyksterhuis and
Müller, 2008; Müller et al., 2012) have been studied. Published seismic
profiles document folding on the eastern Indian continental shelf west
of the northern segment of the 85° East Ridge (Bastia et al., 2010;
Radhakrishna et al., 2012), an observation not accounted for by current
tectonic models. A variety of observations related to the evolution of
61 2 9351 2442.
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The tectonic stress field evolu
intraplate deformation can be analysed in the context of current and
past intraplate stresses. The present-day stress field of the central
Indian Ocean has been studied extensively, revealing regional patterns
of extension in the west versus compression in the east of the central
Indian Basin, and illuminating the role of the Chagos–Laccadive and
Ninetyeast ridges in controlling the style of deformation (Delescluse
and Chamot-Rooke, 2007; Sager et al., 2013). There are sophisticated
published models for understanding global plate driving forces and
lithospheric stresses, focussing on either the effect of mantle forces
(Steinberger et al., 2001), or bothmantle forces, large-scale lithospheric
structure and topography (Lithgow-Bertelloni and Guynn, 2004; Ghosh
and Holt, 2012; Ghosh et al., 2013). However, these models are all con-
fined to the present-day and have never been applied to the geological
past. The reason for this is that various key model inputs and observa-
tions are not easy to quantify for the geological past. There is no global
palaeo-stress map for any time in the past. By the same token, we
don't know palaeotopography very well, a case in point being the
Tibetan Plateau, where there are widely diverging interpretations of
the evolution of Tibetan Plateau elevation, even at relatively recent
times. In a recent review, Molnar et al. (2010) noted that the Tibetan
Plateau elevation history cannot be quantified, but it seems likely that
V. All rights reserved.

tion of India since the Oligocene, Gondwana Research (2014), http://

http://dx.doi.org/10.1016/j.gr.2014.05.008
mailto:dietmar.muller@sydney.edu.au
http://dx.doi.org/10.1016/j.gr.2014.05.008
http://www.sciencedirect.com/science/journal/1342937X
http://dx.doi.org/10.1016/j.gr.2014.05.008
http://dx.doi.org/10.1016/j.gr.2014.05.008


2 R.D. Müller et al. / Gondwana Research xxx (2014) xxx–xxx
by 30 Ma a huge area north of Asia's pre-collisional southern margin
extended from 20–25°N to nearly 40°N with a mean elevation perhaps
as high as 1000m. In the same year Song et al. (2010) estimated Tibetan
Plateau elevation to have been at least 3000 m since even earlier times,
i.e. the Eocene. These large uncertainties make it difficult to use palaeo-
elevation estimates in palaeo-stress models. In addition sparse geologi-
cal and geophysical observations need to be used to ground-truth
palaeo-stress models, such as folding and faulting visible in seismic
reflection lines across sedimentary basins and margins (Gombos et al.,
1995; Bastia and Radhakrishna, 2012), rock microstructures from out-
crops (Letouzey, 1986; Sippel et al., 2010) and fracture systems in
chalk (Duperret et al., 2012). The sparsity of these data, which are addi-
tionally not compiled in any database (unlike present-day stress data)
implies that the generation and testing of sophisticated lithospheric
stress models for the geological past are challenging, as some key
boundary conditions like topography and mantle structure are not
well known, nor are there rich and spatially dense data available for
model validation. For the Indian subcontinent and the surrounding
ocean crust a diverse range of observations have been used to constrain
the nature and timing of tectonic reactivation, ranging from mapping
and modelling of folding and faulting of ocean crust in the central
Indian Basin (Royer and Gordon, 1997; Krishna et al., 2009), the map-
ping of river palaeo-channels (Subrahmanya, 1996), using geologic,
geomorphic, and tide-gauge data to detect lithospheric buckling
(Bendick and Bilham, 1999), measuring fault activity and slip rates
(McCalpin and Thakkar, 2003; Banerjee et al., 2008; Clark and Bilham,
2008) and analysing Quaternary intraplate seismicity (Bilham et al.,
2003) (Table 1). However, to date there are no published models of
the intraplate stress evolution of the Indian subcontinent, nor for any
other continent, with the exception of Australia (Müller et al., 2012).
Modelling of the Australian palaeo-stress field (Müller et al., 2012) has
shown that if the horizontal continental stress field is strongly dominat-
ed by compressional edge forces, i.e. collisions and mid-ocean ridge
forces, the first-order features of the stress field are well captured with-
out including mantle forces or topography. A major problem with in-
cluding mantle forces in palaeo-stress models is our lack of knowledge
of asthenospheric viscosity and its spatial and time-dependent
variation, which is the main parameter governing how well mantle
convection is coupled to a given plate or continent. This uncertainty
is expressed in the great controversy over the influence of mantle
convection and plume driving forces on the time-varying speed of the
Indian Plate since the Late Cretaceous (Kumar et al., 2007; Cande and
Stegman, 2011; van Hinsbergen et al., 2011), versus the effect of climate
change (Iaffaldano et al., 2011) or changes in subduction geometry
(Müller, 2007).

Despite the great uncertainties in palaeo-stress field modelling, the
sparsity of data and the simplicity of current modelling approaches,
our motivation for exploring relatively simple palaeo-stress models for
India is the substantial interest in understanding the evolution of conti-
nental stress fields, for instance to unravel the formation and reactiva-
tion of structural hydrocarbon traps on the continental shelf (Gombos
et al., 1995; Bastia and Radhakrishna, 2012) and for understanding the
Table 1
Chronology of Neogene tectonic events on and around the Indian subcontinent. [1] Royer and G
[5] Banerjee et al. (2008); [6] Clark and Bilham (2008); [7] McCalpin and Thakkar (2003); and

Tectonic event Timing

Intraplate deformation in Central Indian Basin Mid-Miocene
Quaternary seismicity Quaternary

Uplift of southern Indian peninsula Quaternary
Rise of Shillong Plateau Miocene
Tectonic uplift in Kachchh Early Quatern
Tectonic uplift in Kachchh Late Pleistoce
Lithospheric buckling along southwest coast of India (200 km wavelength) Quaternary
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dx.doi.org/10.1016/j.gr.2014.05.008
tectonic history of mobile belts and adjacent regions and their links
with deep Earth resources.

Here we focus on modelling the evolution of India's palaeo-stress
field. We combine observations related to different time scales, using
the world stress map database (years to thousands of years) as well as
structural reactivation and sediment folding visible in seismic reflection
data (millions of years). Our study is focused on modelling the palaeo-
continental stress field, as opposed to building a detailed model for the
present-day field. Our oceanic model lithosphere has a relatively simple
structure, unlike the detailed models by Delescluse and Chamot-Rooke
(2007) and Sager et al. (2013), which take into account the effect of
aseismic ridges, seamount chains and other structural discontinuities on
instantaneous deformation of the ocean crust. Our relatively simple
models are not designed to compete with these more sophisticated
plate deformation models for the present day. Instead our models are
deliberately simplified in oceanic realms to allow us to restore now
subducted ocean crust, whose detailed local structure is not known, and
to primarily focus on modelling the past continental stress field. For
palaeo-stress field models the data available for model testing or valida-
tion are tiny in quantity and very different in character compared with
the wealth and diversity of data constraining the present-day stress
field (Heidbach et al., 2007). Tectonic reactivation through geological
time is mainly reflected in faulting and folding preserved in basin and
margin sediments, imaged by seismic reflection profiles. The model pre-
sented in this paper, designed to understand the palaeo-stress field evo-
lution of India, is the first of its kind; in addition to providing a first-order
basis for understanding the nature and driving forces of structural reacti-
vation in India and along its margins, it also provides an intriguing hint
that the evolution of plate-driving forces and far-field stresses since the
Miocene may allow us to better understand the concentration of
intraplate stress south of Sumatra.

2. Model setup

We construct the first palaeo-stress model for India by applying a
well-established palaeo-stress modelling methodology (Dyksterhuis
et al., 2005a,b; Dyksterhuis and Müller, 2008) to model its lithospheric
stress field and the surrounding oceanic crust for three time slices, the
Late Oligocene (33 Ma), the early Miocene (20 Ma) and the present.
These times were chosen because they represent tectonic events seen
in India–Eurasia convergent rate graphs (Zahirovic et al., 2012).
Palaeo-stress modelling of the Australian continent has shown that
both present and past stress fields can be well approximated by plate
boundary stresses alonewhen the stress field is dominated by collision-
al forces, largely balanced by mid-ocean ridge forces (Müller et al.,
2012). In these static palaeo-stress models one side of the perimeter
of a given plate needs to be kept fixed, and in our case we use the Tibet-
an Plateau. This means that instead of depending on the need to know
the combination of forces actually acting on that side of the plate, in-
cluding its topography, all other boundary forces acting on the plate
are balanced by an equivalent force along the side that is being held
fixed. The applied forces are optimised to best match present-day stress
ordon (1997); [2] Krishna et al. (2009); [3] Bilham et al. (2003); [4] Subrahmanya (1996);
[8] Bendick and Bilham (1999).

Evidence Reference

Large-scale folding & faulting [1], [2]
Large magnitude earthquakes
(e.g. Bhuj, Latur, Koyna)

[3]

Migration of palaeo-channels, seaward shift of bathymetry contours [4]
Acceleration of fault slip rates along the Shillong Plateau [5], [6]

ary Activities along E–W trending Katrol Hill Fault [7]
ne Activities of transverse strike-slip faults [7]

Geologic, geomorphic, and tide-gauge data [8]
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field data (Heidbach et al., 2007), and the optimised present-daymodel
is used as a blueprint for palaeo-stress models, which are set up using
reconstructed plate geometries following Seton et al. (2012).

We reconstruct the plate boundary configuration and age–area
distribution of ocean crust around Australia through time to obtain
estimates for ridge push, slab pull and collisional forces acting on the
Indo-Australian Plate since the early Cretaceous, following the method-
ology outlined in Dyksterhuis et al. (2005a,b). In the case of the
Indo-Australian Plate the dominant plate driving forces are the ridge
push, slab pull and collisional forces originating at subduction and
collision zones along the northern margin of the Indo-Australian Plate
(Dyksterhuis et al., 2005a). These forces are averaged over a 100 km
thick lithosphere, and modelled stress magnitudes represent the
deviatoric stress from a lithostatic reference state.

Modelling the contemporary and palaeo-stress regimes was carried
out using the finite element method as implemented in ABAQUS. Plate
boundary geometries were imported from the plate boundaries dataset
PB2002 (Bird, 2003). The outlines of continental tectonic elements for
India and Australia were imported from the USGS Geologic Provinces
of theWorld dataset (Osmonson et al., 2000).We use a two dimensional,
elastic model typically containing around 32,000 plane stress, triangular
finite elements giving an average lateral mesh resolution of around
35 km, using a linear elastic model rheology. The relative material
strengths of individual tectonic provinces were implemented via the
Young's moduli of the materials, with initial estimates for continental
elements (cratons, fold belts and basins) taken from Dyksterhuis et al.
(2005a). These Young's Modulus values are scaled ‘effective’ values,
based upon the flexural rigidity estimates for Australia (Zuber et al.,
1989), which we apply equivalently to similar terranes in India (Fig. S1,
Table S1).

The use of the terms “strength”, “strong”, or “weak” here refers to
relative stiffness or deformability of the lithospherewithin an elastic re-
gime (as governed by Young's modulus and Poisson's ratio), as opposed
to some measure of the stress or stress differences that results in an
onset of anelasticity. As we are constrained to (linearly) elastic behav-
iour, we have no consideration for any departure from that rheology.
Due to limitations of the elastic method and the way in which material
strengths are implemented in the modelling process (i.e. by using an
effective Young's modulus), the modelled σH magnitudes do not
represent values with an accurate magnitude in an absolute sense, but
rather represent relative magnitudes.

Initial boundary forces were assigned following Dyksterhuis et al.
(2005a,b) (Fig. S2, Table S2). However, the forces acting at subduction
boundaries are not well understood, and differ at each individual
subduction zone. Hence subduction zone forces are included as free
parameters in the optimisation, whereas the mid-ocean ridge forces,
which can be computed based on the age–area distribution of ocean
floor (Müller et al., 2008a) remain fixed during optimisation. The
Himalayan boundary was fixed to the model space edge to maintain
equilibrium in the model. Plate geometries were projected into Carte-
sian space utilising a Lambert equal area projection that minimizes dis-
tortion of themodel area. For a more in-depth account of themodelling
process see Dyksterhuis et al. (2005a). World stress map (WSM) data
(Zoback, 1992; Heidbach et al., 2007) (Fig. 1) were used to optimise
plate driving forces and the model rheology. These data represent
Maximum Principal Stress orientations (σHmax), classed according to
the quality A, B or C; with A being within ±15°, B within ±20°, and C
within ±25° (Zoback, 1992).

Instead of attempting to explicitly use palaeo-topography, which is
not well known, as model input, we insteadmodel the net forces acting
on the Indian sub-continent along its northern boundary as a balanced
response to all other forces applied to the model. Our models are far
too simple for us to be able to interpret the resulting absolute stress
magnitudes; therefore we restrict ourselves to interpreting the changes
in maximum horizontal stress orientations through time, and major
changes in the location of highly stressed lithospheric regions through
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
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time. These results are quite independent of the exact scaling of the
equivalent collisional force along the fixed perimeter of our models.

3. Plate reconstructions, ridge push and slab pull forces
through time

Using a global relative and absolute platemotionmodel (Müller et al.,
2008a,b) we created reconstructions of the geometry (Figs. S2, S3) and
age–area distribution of the ocean floor of the Indo-Australian Plate re-
gion for the Early Miocene (20Ma) and Late Oligocene (33Ma). The op-
timum plate rheology values from the contemporary model were used
in the reconstructed models. However there are two reconstructed
areas, as parts of greater India and greater Papua New Guinea, which
have now been destroyed through collisional processes. These areas
were assigned the values of ‘Himalayan foreland’ region and ‘Papua
New Guinea’, respectively (Table S1). The same methodology as used
to calculate present-day mid-ocean ridge forces was applied to recon-
structed plate assemblies, based on the reconstructed age–area distribu-
tion of the ocean floor (Müller et al., 2008b). Subduction zones around
the Indo-Australian Plate have changed substantially throughout the
Neogene. We use the previously established approach to estimate
palaeo-plate driving forces for subduction zones, by our present-day
model inversion, using the approach outlined in Dyksterhuis et al.
(2005a) and Dyksterhuis et al. (2005b) (Tables S2 and S3). Despite rela-
tively minor changes in mid-ocean ridge geometries since the Oligocene
in our study area, the applied ridge push force is over 60% smaller in the
Oligocene than at present. This is because the expression “ridge push” is
a misnomer, in the sense that the force which the mid-ocean ridge
system exerts on the plate on either side of a given ridge arises due to
the total area of elevated topography at mid-ocean ridges and their
flanks relative to abyssal plains. The ridge push force corresponds to
a distributed pressure gradient that acts normal to the strike of the
mid-ocean ridge (Wilson, 1993), and is based on the age–area (and con-
sequent depth–area) distribution of a givenmid-ocean ridgeflank, as op-
posed to the ridge alone pushing the plates apart. The force contribution
from the subsiding and cooling oceanic lithosphere bordering a mid-
ocean ridge is given by this relationship (Turcotte and Schubert, 2002):

FRP ¼ gρmαν Tm−T0ð Þ 1þ 2
π
ρmαν Tm−T0ð Þ

ρm−ρ0ð Þ
� �

κt

where gravity (g) is 10 m/s2, the densities of the mantle (ρm) and water
(ρw) are 3300 kg/m3 and 1000 kg/m3 respectively, thermal diffusivity (κ)
is 1 mm2/s, the temperature difference between the mantle and the sur-
face (Tm and T0 respectively) is 1200 K, the thermal expansion coefficient
(αv) is 3 × 10−5/K and t is the age of the lithosphere in seconds. In the
Oligocene, most of the currently existing ridge flanks in the southeast
Indian Ocean did not yet exist, as seafloor spreading had been extremely
slow until about 45 Ma (Müller et al., 2008b); therefore the ridge flank
area contributing to “ridge push” was significantly smaller in the
Oligocene compared to today.

The slab pull force originates from the negative buoyancy of the
down-going dense oceanic lithosphere at subduction zones and is pro-
portional to the excess mass of the cold slab in relation to the mass of
the warmer displaced mantle (Spence, 1987). The force contribution
can be given by the relationship (Turcotte and Schubert, 2002):

FSP ¼ 2ρmgαυb Tc−T0ð Þ κλ
2πu0

� �1
2

 !
þ 2 Tc−T0ð ÞγΔρos

ρm

κλ
2πu0

� �1
2

 !

where b=slab length,λ=4000km, u0=50 mm/yr,γ=4 MPa/K, and
Δρos = 270 kg/m3, with the remaining parameters identical to those in
the equation used for ridge push.

For fast moving plates (5–10 cm/yr) the subducting slab attains a
‘terminal velocity’ where forces related to the negative buoyancy of
the slab are balanced by viscous drag forces acting on the slab as it
tion of India since the Oligocene, Gondwana Research (2014), http://
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Fig. 1. Modelled present-day maximum horizontal stress magnitudes (following the convention that compression is positive) and directions (shown by thin black bars) for the
Indo-Australian plate. Stress orientation data are from the world stress map database, with category A (purple) and B (blue) data colour coded. Stress data with quality less than B are
omitted from this map to improve its readability—however, C-quality data were included in ourmodel. SUM: Sumatra. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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enters the mantle and the net force experienced by the horizontal plate
is quite small (Forsyth and Uyeda, 1975). The amount of net force actu-
ally transferred to the horizontal plate, however, is still quite controver-
sial. Schellart (2004) suggests that as little as 8%–12% of slab pull force is
transferred to the horizontal plate while Conrad and Lithgow-Bertelloni
(2002) suggest that as much as 70%–100%may be transmitted. We var-
ied the magnitudes of plate driving forces acting on a given subduction
zone segment over a range of 5 × 108 N/m to−5× 10−8 N/mwith best-
fit force signs andmagnitudes for our present-daymodel constrained by
the resulting fit stress directions from the global stress database
(Heidbach et al., 2007). The collisional boundary between the Indo-
Australian and Eurasian plates at the Himalayas was modelled as a
fixed boundary in the modelling process in order to maintain
mechanical equilibrium for all times. In our model this boundary will
still contribute forces to the resultant stress field of the plate; however,
these forces are not imposed but obtained in the modelling process as a
set of forces balancing all other forces applied to the model.

The overall stress pattern in our best-fit models is controlled by a
balancing of mid-ocean ridge forces along the southern margin of the
Indo-Australian Plate and collision at the northern boundary at the
Himalayas and Papua New Guinea, as concluded by previous studies
(Hillis et al., 1997). The exact contribution of slab pull to the motion of
plates is theoretically a few times 1013 N m−1 (Coblentz et al., 1995).
However, results from previous studies (Richardson, 1992) and our
own modelling of the Indo-Australian stress field strongly indicate
that the dominant driving forces acting on the Indo-Australian
Plate are ridge and collisional forces, with forces acting at subduction
boundaries mostly contributing a compressive force to the total Indo-
Australian stress field. Copley et al. (2010) recently come to different
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
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conclusions with respect to the force balance for India, but their model
was based on treating India as a separate plate, even though it is clearly
strongly coupled to the Australian Plate, despite the existence of a
diffuse plate deformation zone between them, and their modelling
approach did not consider fitting stress field data.

4. Model inversion

Inversion of model parameters was implemented by coupling the
Nimrod/O optimisation software to ABAQUS model runs (Dyksterhuis
and Müller, 2004). Nimrod/O can be set up to run an ABAQUS finite
element model tied to Nimrod's non-linear optimisation process.
Nimrod/O allows a user to specify the output variable to be minimized,
which in our case corresponds to the residual σH misfit value, to opti-
mise the overall fit between the stress models with observed data.
Implementing ABAQUS in conjunction with Nimrod/O allowed for
extensive exploration of the boundary force and material property
parameter space through automated execution of thousands of models
using intelligent optimisation techniques (Abramson et al., 2000; Lewis
et al., 2003). Nimrod/O includes a number of alternative iterative auto-
matic optimisation algorithms to search a parameter space for highly
non-linear problems. It also enables parallel model runs, resulting in
improved efficiency of the chosen optimisation method. For our
palaeo-stress analysis the Simulated Annealing method van Laarhoven
and Aarts (1987) embedded in Nimrod/O was chosen as it allows
efficient escapes from local parameter space minima.

Nimrod/O contains algorithms for optimisation by minimising an
objective function. The software package combines a number of differ-
ent iterative automatic optimisation algorithms to intelligently search
tion of India since the Oligocene, Gondwana Research (2014), http://
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a parameter space for highly non-linear and over determined problems.
It also enables parallel model runs, resulting in improved efficiency and
intelligence of the standard optimisationmethods. It further has the ad-
vantage that it is completely separate from a given forward model, and
the objective function used. For our problem the simulated annealing
method was chosen, as it allows an efficient escape from local parame-
ter space minima (van Laarhoven and Aarts, 1987). This implementa-
tion included a preliminary testing of random starting points to
evaluate the smoothness of the parameter space, and multiple random
evaluations at each step.

A ±0.5° latitude and longitude window was searched around each
relevantWSMmeasurement (Fig. 1) and themean taken of the residual
between the observed and modelled principal stress field orientation.
We found that the A residuals had a Gaussian distribution centred at
~15°, with outliers or ‘noise’ above 30°. The B class data had a similar
distribution though slightly higher spread as expected. The C class
data, however, had a near-uniform distribution from 0 to 90°. Hence
we used a weighted mean function for assessing the goodness of fit of
a given model to combined WSM data with differing quality: Objective
function = (4 ∗ mean(A) + 3 ∗ mean(B) + 1 ∗ mean(C)) / 8.

As the number of unknown variables increases, there is a propor-
tionally exponential growth in the complexity of the optimisation prob-
lem to be solved,which results in amore complex and sensitive solution
space to explore. The computing time also increases exponentially as
the parameter space is raised to higher dimensions. Hence steps were
taken to reduce the number of variables, and place reasonable
constraints on the bounds of their possible values. In the model the
plate geometry and geometry of lithospheric tectonic elements are
assumed to be correct, leaving rock strength and boundary forces to
adjust. To further constrain the optimisation, we assume the Poisson's
ratio (0.25) to be correct as it varies little (Christensen, 1996).

The initial estimate for equivalent Young's Moduli for lithospheric
provinces was taken from Dyksterhuis et al. (2005b) who scaled flexur-
al rigidity to a relative Young's Modulus by a linear constant. For the
Indian continental Young's Moduli, a limit of ±20% variation was set.
Because mid-ocean ridge forces can be computed precisely given an
age–area distribution of ridge flanks, the computed initial values were
held constant. All other forces were set to an initial estimate as
summarised in Tables S2 and S3 with bounds of ±20%. The best-fit
values obtained via optimisation from the contemporary model were
propagated into the palaeo-models, but using reconstructed plate
boundary geometries and computing ridge forces derived from recon-
structed age–area distributions of ocean floor age.
5. Results

More than 10,000 models were executed before converging on a
best-fit present-day model (Fig. 1), which has a mean residual of 15°
using A-quality stress data and ~30° over the weighted A, B and C
WSM measurements, resulting in the refined plate boundary forces
andmodel rheologies listed in Tables S1–3. To investigate the sensitivity
of themodel, the optimised solution was used to conduct an exhaustive
search on the boundary forces only. The bounds of the search were set
to±10% ofmagnitude for a given optimised force. The resulting dataset
of more than 2500 residual stress directions had a standard deviation of
just 0.07°, illustrating that the model as a whole is relatively insensitive
to precise scaling of boundary forces. This justifies the use of approxi-
mate boundary forces for reconstructed models, which cannot be
formally optimised against any given data set, given the scarcity of
palaeo-stress observations. WSM stress data at a given location may
also be affected by localized deviations of the stress field, such as local
faults, which are not considered in our model. The residual misfits in
our optimised model may largely reflect such local stress field varia-
tions. All initial and optimised model parameters are listed in
Tables S1–3.
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
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Our model illustrates how the complex evolution of edge forces act-
ing on the Indo-Australian plate boundaries through time can account
for the spatial distribution of intraplate seismicity offshore Sumatra as
well as non-seismogenic deformation along India's eastern margin. At
33 Ma a roughly NNW–SSE oriented band of relatively high maximum
horizontal compressive stress (SHmax) straddled India's west coast,
while India's east and the Wharton Basin were characterized by rela-
tively low intraplate stresses (Figs. 2a and 3a). At 20 Ma the compres-
sional belt crossing India widens substantially and propagates beyond
the SE coast, while the Wharton Basin remains at low intraplate stress
levels (Figs. 2b and 3b). Between 20 Ma and the present-day growing
collisional boundary forces combined with maturing mid-ocean ridge
flanks and increasing ridge push force result in the establishment of
an arcuate belt with anomalously high intraplate stress that stretches
from India to the Wharton Basin, intersecting the continental shelf
and crossing the 85° East and Ninetyeast ridges (Figs. 2b, c, 3b and c).

6. Discussion

6.1. Lithospheric buckling

A combination of onshore geomorphological observations, potential
field data and the distribution and type of earthquakes has led to the
suggestion that large-scale buckling and/or fault reactivation of the
Indian lithosphere may be occurring as a consequence of the India–
Eurasia collision (Subrahmanya, 1996; Bendick and Bilham, 1999;
Vita-Finzi, 2004, 2012). In addition, parts of the eastern continental
shelf of India display basement-involving folds, also indicating tectonic
reactivation (Fig. 4). Here we use a recently published Bouguer gravity
anomaly grid (Fig. 5) by Balmino et al. (2012) to test these
hypotheses, in the context of our stress models. Lithospheric buckling
is expected to causeMoho undulations which should be well expressed
in Bouguer gravity anomalies. We also plot published structural trends
over the EMAG2 magnetic anomaly map (Maus et al., 2009) (Fig. 6) in
the expectation that prominent linear magnetic anomalies may reflect
major crustal/lithospheric inhomogeneities and/or intrusive bodies
that may focus buckling in particular regions. Five WSW–ENE oriented
fold axes along the southwest coast of India interpreted by Bendick
and Bilham (1999), related to inferred buckling at wavelengths of
about 200 km (Fig. 5), do not coincide with clear linear Bouguer gravity
anomaly features with the exception of the axis located around 12°N,
which is also located on the edge of a magnetic anomaly high to the
north of the inferred fold axis (Fig. 6). This fold axis is also located
close to the roughly east–west striking Mulki–Pulikat Lake Axis
(Figs. 5 and 6) which separates northeast from southeast flowing rivers
(Subrahmanya, 1996). All fold axes interpreted by Bendick and Bilham
(1999) are sub-parallel with linear magnetic anomaly features (Fig. 6)
and roughly orthogonal to our modelled current and palaeo-stress
SHmax directions. Therefore, these interpretations appear plausible
even though not all of these features are expressed in Bouguer gravity
anomalies.

The Bouguer anomaly map also reveals a series of sub-parallel NE–
SW striking undulations with wavelengths of roughly 100 km in the
southeastern region of India (Fig. 7), part of the “southern granulites”
province (Figs. 2, 5). Since the directions of these linear Bouguer anom-
alies are orthogonal to the regional maximum horizontal stress field,
which has persisted throughout the Neogene, we suggest that most of
these structural trends likely reflect lithospheric folds formed in re-
sponse to the regional NW–SE oriented maximum horizontal stress.
These features are parallel to undulations in a previous isostatic gravity
map used by Subrahmanya (1996) togetherwith geological data to infer
lithospheric buckling in the region. The northeasternmost extension of
these gravity undulations is also associated with a group of large earth-
quakes (Fig. 5). The observed wavelengths are typical of lithospheric
folding in relatively warm lithosphere (Burg and Podladchikov, 1999).
This observation is consistent with the relatively high regional mantle
tion of India since the Oligocene, Gondwana Research (2014), http://
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heat flow modelled for parts of the Southern Granulite Province
of 23–32 mW m−2, contrasting with significantly lower mantle
heat flow of 11–16 mW m−2 in the Archaean Dharwar greenstone–
granite–gneiss province further north (Ray et al., 2003), where Bouguer
gravity anomalies do not suggest short-wavelength lithospheric folding
(Fig. 5). Our palaeo-stress models suggest that the folds interpreted by
Bendick and Bilham (1999) along the west coast of India may be as
old as 33Ma, as ourmodels implymaximumhorizontal stress directions
orthogonal to these features with relatively high amplitudes since
33 Ma. In contrast, our model suggests that the southeastern granulite
province folds are not older than 20 Ma. Even though our 33 Ma
model exhibits similar SHmax orientations to the younger model times,
the SHmax amplitudes were extremely small prior to 20 Ma (Fig. 2).
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
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6.2. Continental shelf tectonic reactivation

The eastern continental shelf of India can be considered as two units,
one paralleling the ~N–S trending coastline (south of 16°N, including
the Godavari Graben) and another parallelling a NE–SW trend of the
coastline (north of 16°N and betweenGodavari andMahanadi grabens).
The modelled azimuth of the maximum horizontal stress is orthogonal
to the margin within the NE–SW striking shelf segment between the
Godavari and Mahanadi grabens combined with relatively high hori-
zontal stress magnitudes. This region corresponds to the basement-
involving folds seen only in profiles P3 and P5 (Fig. 4), but not in profile
P2 further north and profile P6 further south (Bastia and Radhakrishna,
2012). In the ~N–S trending continental margin unit, although the
tion of India since the Oligocene, Gondwana Research (2014), http://
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maximumhorizontal stressmagnitude is quite high here aswell, the in-
tersection angle of the stressfield relative to the strike of the continental
shelf is not orthogonal, but around ~45°,making this regionmore prone
to strike-slip reactivation than folding, explaining the absence of major
folds in profile P6. The absence of any major tectonic reactivation along
profile P2 reflects the relatively low present-day horizontal stress
magnitudes along this margin segment (Fig. 2).

At present day the highly stressed belt crossing India widens
substantially, accompanied by increased horizontal stress magnitudes
(Fig. 2c). Along the eastern margin of India this highly stressed band is
split into two strands by the rheologically weak Godavari Graben and
limited in extent towards the northeast by the Mahanadi Graben
(Fig. 2c). SHmax orientations at both model times are roughly parallel
to the western margin of India, thus limiting the likelihood of tectonic
reactivation of rift-related faults there. In contrast, the SHmax orienta-
tions straddling the eastern margin of India intersect the continental
shelf roughly orthogonally, between the Godavari and Mahanadi
grabens, resulting in a compressive tectonic regime orthogonal to rift-
related faults (Fig. 2c). This causes a tectonic regime favouring folding
and inversion northeast of the Godavari Graben on India's east coast,
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
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as observed in seismic reflection data west of the northern portion of
the 85° East Ridge (Bastia et al., 2010; Radhakrishna et al., 2012).
Bastia et al.'s (2010) profile 5 (see Fig. 2c for location) intersects the
Krishna–Godavari Basin and displays distinct folding at wavelengths
of the order of 10 km of most of the sedimentary section along the
foot of the continental slope; however the “shale bulge” folds are most
visible in the Cenozoic section because of a distinct set of high-
amplitude seismic reflections characterizing this part of the section
(Radhakrishna et al., 2012) (Fig. 4b). Their profile 3 intersects the Visa-
khapatnam Bay Basin (Fig. 2c) and exhibits similar folds along the foot
of the continental slope (Fig. 4a). In both cases the folds are centred
on basement faults or highs. Our palaeo-stress models suggest that
this episode of folding occurred some time between 20 Ma and the
present, when the NW–SE oriented band of high-magnitude maximum
horizontal stress propagated southeastward onto the continental shelf
northeast of the Godavari Graben, as observed on the present-day stress
map for India (Fig. 2c).

It is important to recognise that such regional tectonic reactivation is
not included in the global strain rate map of Kreemer et al. (2003). This
map is entirely focussed on deformation adjacent to plate boundaries.
tion of India since the Oligocene, Gondwana Research (2014), http://
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In contrast, taking Australia as an example, there are several
intracontinental regions, including the Adelaide fold belt and the Bass
Strait, in which very well documented, severe intraplate deformation
is taking place today (Hillis et al., 2008). Along the Adelaide fold belt
this reactivation is associated with pronounced inversion and Neogene
uplift of up to 1–2 km (Dyksterhuis and Müller, 2008; Holford et al.,
2011). This region of major intraplate deformation is omitted in
Kreemer et al.'s (2003) global strain ratemap. Therefore there is no sur-
prise that other regions of somewhat less severe intraplate deformation
are equally omitted from this map, considering that Kreemer et al.'s
(2003) map is focussed on deformation along active plate boundaries,
not passive margins or other regions of rheological weakness within
continental areas. Therefore the assimilation of geological data into
current and palaeo-stress maps plays an important role in highlighting
additional areas of intraplate deformation.

The seismic reflection data we use here to ground-truth our model
clearly show basement-involved folding and faulting in the region coin-
ciding with a current horizontal stress maximum with maximum hori-
zontal stress orientations roughly orthogonal to the strike of themargin
(Fig. 4a, b). The fact that folding of the sedimentary succession can be
traced all the way to basement steps excludes an interpretation of the
features seen in the seismic data as slumping of sediments down the
continental slope. In addition, the deformation seen here on profiles
P3 and P5 is extremely similar to that well-documented on the north-
west shelf of Australia in the Browse Basin (Struckmeyer et al., 1998;
Müller et al., 2012), which is also associated with relatively old Early
Cretaceous ocean floor, whereas we interpret the densely spaced
subvertical faults visible on profile P6 as analogous to strike-slip and
en-echelon faults found on Australia's Northwest shelf in an oblique
compressional tectonic regime (Shuster et al., 1998; De Ruig et al.,
2000).

The onset of deformation between the India and Capricorn plates in
the Central Indian Basin has recently been estimated as 15.4–13.9 Ma
Please cite this article as: Müller, R.D., et al., The tectonic stress field evolu
dx.doi.org/10.1016/j.gr.2014.05.008
from a combination of seismic stratigraphy and plate kinematics, with
a sharp increase in fault activity at 8–7.5 Ma (Bull et al., 2010). Seismic
profile 3 from Bastia et al. (2010) (Fig. 4b) illustrates that the top
Miocene is similarly folded to deeper parts of the Cenozoic sequence,
e.g. the Top Eocene, whereas the overlying Pliocene sequence is only
gently folded. This indicates that this folding event occurred some
time around the latest Miocene, and given the observed 8–7.5 Ma
major increase in fault activity in the Central Indian Basin (Bull et al.,
2010) it is likely that the propagation of increasedmaximum horizontal
stresses onto this region of the continental margin as modelled for the
present (Fig. 2c) occurred contemporaneously around this time.

The present-day horizontal stress field magnitudes exhibit a
~500 km wide circular maximum offshore western Sumatra,
intersecting three large-offset fracture zones at roughly 45°, favouring
fracture zone strike-slip reactivation relatively close to the trench as
expressed in themagnitude 8.6 and 8.2 events in April 2012, the largest
oceanic strike-slip event in the instrumental record (Fig. 3c) (Delescluse
et al., 2012; Yue et al., 2012). The post-20 Ma growth of trench-parallel
horizontal stress magnitudes in oceanic domain results in another
highly stressed band of ocean floor offshore eastern Sumatra and Java
(Fig. 3c). However, most of it does not intersect major fracture zones,
and therefore does not lead to great earthquake clusters. This difference
is related to observations made by Deplus et al. (1998), who compared
themode of seafloor deformation east andwest of theNinetyeast Ridge,
and noted that in the east of the ridge, the presence of numerous
fracture zones (Fig. 3c) interacts with the regional stress field to cause
north–south strike-slip fault reactivation along these lines of tectonic
weakness. In contrast, the region west of the Ninetyeast Ridge, where
the maximum horizontal stress orientations are similar (Fig. 3c), but
where fracture zones are more sparse, the seafloor deforms by folding
and reverse faulting (Deplus et al., 1998). The latter regional pattern
of deformation is not associated with great earthquakes (Fig. 3c), be-
cause a lower compressive stress magnitude compared to the region
tion of India since the Oligocene, Gondwana Research (2014), http://
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east of the Ninetyeast Ridge is paired with a lack of fossil fracture zones
to be reactivated. The scarcity of major fracture zones south of eastern
Sumatra and Java (Fig. 3c) equivalently prevents widespread strike-
slip reactivation of fossil fracture zones here (with one exception
being the Investigator Fracture Zone (Abercrombie et al., 2003)),
whereas the tectonic niche environment southwest of Sumatra provides
a unique coincidence of a regional compressive stress field intersecting
three large-offset fracture zones at an ideal angle (~45°) for causing a
regional cluster of large magnitude strike-slip earthquakes.

7. Conclusions

Our models represent the first set of palaeo-stress models for India
and the surrounding margin and ocean crust. Despite their simplicity,
our palaeo-stress models capture some first order features of the
regional horizontal stress field evolution. They capture the effect of
the progression from the initial “soft” collision between India and
Eurasia to the present, mature collision state on the regional
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lithospheric stress field, and the modulation of stress magnitudes and
directions by the geometry and strength of relatively weaker and stron-
ger lithospheric elements including cratons, basins and fold belts. Even
though western India was subject to relatively high horizontal stress
during the soft collision, the propagation of anomalously high intraplate
stress across the east coast of India and into the Central Indian Basin,
reaching two maxima offshore Sumatra and Java, only occurred be-
tween 20 Ma and the present. Our model accounts for the occurrence
of folding along the west and southeast coast of India as well along
two segments of India's eastern continental margin, north and south
of the Godavari Graben, respectively, and the lack of any major tectonic
reactivation along the continental margin close to the Mahanadi Gra-
ben, reflecting the spatial differences in horizontal stress magnitudes
and the intersection angle between the maximum horizontal stress di-
rections and the strike of the margin, and thus the strike of margin-
parallel tectonic basement fabric.

Ourmodel also provides an explanation for the peculiar clustering of
large earthquakes in the northern Wharton Basin, including the
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intraplatemagnitude 8.6 and 8.2 events in April 2012, the largest ocean-
ic intraplate earthquake in the instrumental record. The region repre-
sents a unique tectonic niche where three major fracture zones
intersect an intraplate horizontal stressmaximumat roughly 45°. A sim-
ilar, more extensive stress maximum is modelled further east offshore
Java, but it does not coincide with a large-offset fracture zone cluster,
thus providing only few opportunities of strike-slip reactivation of lith-
ospheric weaknesses.

Our basic 2Dmodel could be improved inmanyways, for instance by
using a depth-dependent rheology of the lithosphere, by attempting to
include palaeo-topography, and considering its uncertainties, by further
exploring the parameter space of plate boundary forces through time,
by including amore heterogeneous and realistic structure of the oceanic
lithosphere and by compiling more observations constraining tectonic
reactivation through time that could be used to further test palaeo-
stressmodels. However, considering that our relatively simple approach
represents the first attempt at modelling the stress field history of India
and its surroundings, we believe that our model has revealed some key
first-order features of the regional palaeo-stress field evolution, which
will prove to be a useful reference model for future studies. In addition,
our regional palaeo-stress model data are freely downloadable from
http://www.earthbyte.org/resources.html, making it easy to overlay
other data over these models in a geographic information system and
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also potentially use them for assessing the regional risk of the breaching
of hydrocarbon traps through time.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gr.2014.05.008.
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