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Numerical simulation of the stress field along the
project INDEPTH profile: implication for the deep
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Abstract

Many interesting findings were obtained during the INDEPTH geophysical surveys but the results of
these surveys were not sufficient to explore the deep crustal relations among the Himalayan Mega Thrust
namely MCT, STD and GCT. In this study, 2-D finite element method was used to analyze the state of stress
and deep crustal relation between MCT, STD and GCT. Elasto-plastic, plane strain model constrained by the
northward convergent displacement boundary condition was used to simulate the stress field. Modelling results
reveal that thrust/fault geometry, their deep crustal relations and how do they terminate had effect on the
stress field, displacement vector, shear stress and exhumation. The lateral variation of the stress orientation
and surface exposure of fault/thrust and lithologic units may be the expression of the deep crustal relations
between the major structures, their geometry and how do they terminate at the depth. So the along strike

variation in the Himalaya may be the manifestation of structural geometry and their deep crustal relationships.

Introduction

The Himalayan orogen is defined by the
Indus-Tsangpo suture in north, the left-slip
Chaman fault in the west, the right-slip Sagaing
fault in the east, and the Main Frontal Thrust in
South (Lefort, 1975).

The Himalayan tectonic system is a broader
concept than the Himalayan orogen. It consists of
the Himalayan orogen, the active Himalayan
foreland basin (=Indo-Gangetic Depression), and
the Indus and Bengal Fans. All of these features
were produced by the Cenozoic Indo-Asian
Collision (Yin, 2006).

Despite the long research history (over 150
Yrs), the geometry, kinematics and dynamic evo-
lution of the Himalayan orogen remain poorly
understood (Yin, 2006). Although, roughly, the
mega thrust system and the stratigraphic units

between these structures are comparable through-
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out the Himalaya, there is along strike variations
in stratigraphic juxtapositions, metamorphic grades,
crustal shortening, slip magnitudes, geometry of
the mega thrust and their probable relations in
depth.

Main Central Thrust (MCT) has flat ramp
geometry in central Nepal, in the western
Himalaya MCT exhibits only a major lateral
ramp. Everywhere exposed, the South Tibetan
Detachment (STD) follows roughly the same
stratigraphic horizon at the base of the Tethyan
Himalayan Sequence (THS), exhibiting a long
(>100km) hanging wall flat. This relationship
suggests that the STD may have initiated along
a pre-existing lithologic contact or the subhorizontal
brittle-ductile transition zone in the middle crust
(Yin 2006).

The southernmost trace of the STD either
merges with the MCT (e.g., Zanskar) or lies
within 1-2 km of the MCT frontal trace (e.g. in
Bhutan), suggesting that the MCT may join the
STD in their up-dip directions to the south. This
geometry, largely neglected by the existing
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models, has important implications for the deforma-
tion, exhumation and the sedimentation history of
the entire Himalayan orogen (Yin, 2006).

The origin of North Himalayan gneiss
domes and the east-trending North Himalayan
antiform (NHA) are uncertain largely due to the
fact that the deep crustal relationships among the
MCT, STD, and GCT are poorly constrained.
Results from INDEPTH surveys are inconclusive;
the STD could either join the MCT downward
along the Main Himalayan Thrust or flatten into
a ductile shear zone in the middle crust. The
first interpretation would support the prediction
of the wedge extrusion model while the second
would permit channel flow of Tibetan lower
crust to the Himalaya. It is also possible that the
STD links with the coeval Great Counter Thrust
via a subhorizontal shear zone in the middle
crust beneath the Himalaya (Yin, 2006 and refer-
ences therein).

Numerical Simulation is a powerful tool to
analyze the deep crustal processes. Finite element
method (FEM) is one of the robust methods to

simulate the state of stress and resulting defor-

70 Km

mation (Mikel and Walters, 1993; Zhao et al.,
2004; Liu and Li, 2006; Manglik et al., 2008;
Koirala and Hayashi, 2008; Koirala and Hayashi,
2009; Luo and Liu, 2009). The state of stress
and resulting deformation are important to ex-
plore the faulting pattern and tectonics of the
area (Cai and Wang, 2001; Lynch and Richards,
2001; Malservisi et al., 2003; Flesch et al., 2007;
Koirala and Hayashi, 2008; Koirala and Hayashi,
2010). Direct observations and geophysical obser-
vations only are not sufficient to analyze the
deep crustal processes. Many numerical methods
like finite element, finite difference and potential
field etc are popular in Earth Science. In this
study, plane strain finite element elasto-plastic
models are created to analyze the effect of the
deep crustal relations among the MCT, STD and
GCT. Three models are created with the geomet-
rical variation of these structures and how do
they terminate (Figure 1). These models are
based on modified INDEPTH section of Nelson
et al., 1996. This study aims to understand the
effect of the geometry and structural relationships
among the MCT, STD and GCT.
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Fig. 1. Geological Cross-Section along the Project INDEPTH, Geometry and Boundary Conditions (A) Model with duplex structure
(B) Model in which GCT and STD terminate in Indian Crust (C) Model in which GCT and STD link each other in Indian Crust.
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Tectonic Setting and description of the structures

In general all the major structures are found
laterally throughout the Himalayas but sometimes
stratigraphic position of the structures and names
are different in different locations. Main Frontal
Thrust (MFT), Main Boundary Thrust (MBT),
Main Central Thrust (MCT) and South Tibetan
Detachment (STD) are the major structures found
from south to north in the Himalaya. Main
Himalayan Thrust (MHT) is low angle fault
where major Himalayan thrust (MFT, MBT, and
MCT) sole in to it. MHT was first purposed by
Schelling and Arita (1991) as Main Detachment
Fault (MDF) based on structural reconstruction of
Eastern Himalaya of South Himalaya and later it
was termed as MHT by Zhao et al., 1993 and
Nelson et al.,, 1996 based on their INDEPTH
seismic reflection profiles in the North Himalaya.
Great Counter Thrust (GCT) is a south dipping
structure just south of the Indus-Tsangpo suture
zone. It is also known as Renbu-Zedong thrust
or Himalayan Backthrust in southern Tibet (Heim
and Gansser, 1939; Ratschbacher et al., 1994;
Yin et al., 1994, 1999). Readers are referred to
Hodges (2000), Upreti (1999) and Yin (2006) for
the detailed of the tectonic setting, geology and

structures.
Simulation Model
In order to simulate the role of structural

geometry and their deep crustal relationships
among the MCT, STD and GCT on the deforma-

tion in the Himalaya, three models were created
based on the modified interpretative section of
Nelson et al., 1996 (Fig.
formed in this study were calculated by using the

1). Simulations per-

FE software package
(2009).

boundary condition was used (Fig. 1) to simulate

developed by Hayashi

Progressive compressive displacement
the India-Eurasia Convergence. Young’s modulus,
density, Poisson’s ratio, yield strength and strain
hardening were used to constrain the material
properties (Fig. 2). Case 10 material properties
are best fit material properties among the differ-
ent sets. A total of 15 (3 models) x 5(total cu-
mulative  displacement)  calculations  were
performed. General values for these parameters
are selected from the available published litera-
ture (Bird and Kong, 1994; Cai and Wang, 2001;
Chery et al. 2001; Lynch and Richards, 2001;
Malservisi et al.,, 2003; Zhao et al., 2004;
Parsons, 2006; Flesch et al. 2007; Manglik et al.,
2008; Luo and Liu, 2009; Owens, and Zandit,
1997). Published velocity model of Pandey et al.
(1995), Owens and Zandit (1997) and global ve-
locity structures as described in Cheistensen and
Mooney (1995) are used to get the Young’s
modulus using
Pauselli and Federico (2003) provided density
and Poisson’s ratio are fixed by dominant rock

type.

the relationship described by

Modeling Results

Modeling results are analyzed by using the

stress field, displacement vectors and maximum
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Fig. 2. Rock layer properties applied for models (A), (B) and (C).
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shear stress (Tmax). In all the cases, maximum
principle stress o is vertical or near to vertical
and compressive in the lower part of the model
and horizontal in the upper part of the model,
which is favorable for the southward propagating
thrust fault in the Himalaya. The tensional stress
field are obtained in the Himalayan frontal part
and along with the frontal thrust zone (mainly
the MCT), upper surface of the THS, crest of
the North Himalayan Domes, upper surface of
the both flank of the North Himalayan Domes
and upper surface of the southern Tibet. These
tensional stresses are proof of the simultaneous
development of extensional tectonics in the upper
frontal part of the Himalaya and around the
thrust zones as well as development of rift sys-
tem in the Tibetan Plateau. Some tensional
stresses are observed in the sharp angular contact
between the mafic lower crust and partially mol-
ten middle crust and are the boundary effect as
these are not observed in the models with

smooth contact.

Stress Field

Stress field for the three models with 1 m
displacement (0.1 m increment) and 100 m dis-
placement (I m increment) are calculated. Figure
3 shows the stress field for the three models
with 1

shows the stress field for the three models with

m cumulative displacement. Figure 4

100 m cumulative displacement. For all the fig-
ures long lines are the maximum compressive
horizontal stress Oju.. and the short lines are the
minimum compressive horizontal stress Oj,i,. The
red lines in the figures show the tension and the
black lines show the compression. The general
trend of the stress field is almost similar in all
the models. In general all the models shows
compressive state of stress with some tensional
stress in the frontal part and thrust fault zones
and in the surface of the THS and in the upper
surface of the south Tibetan Plateau.

In model (B) the compressive stress around
the STD becomes vertical, which is inclined in
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Fig. 3. Stress distribution at 1 m displacement with 0.1 m increment for models (A),(B) and (C) respectively, each pair of perpen-
dicular lines represent ol (long lines) and o3 (short lines), tensional stresses are represented by red lines.
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Fig. 4. Stress distribution at 100 m displacement with 1 m increment for models (A),(B) and (C) respectively, each pair of perpen-
dicular lines represent ol (long lines) and 03 (short lines), tensional stresses are represented by red lines.

model (A). In model (C) the compressive stress
at the deeper part of the STD are vertical, but
they again becomes inclined in the shallow
depth. The tensional stress increases in model
(B) than model (A) and (C), around the MCT
fault zones. Some tensional stresses are devel-
oped just south of the STD in the upper surface
of the higher Himalayan rocks. In model (B) and
(C), magnitudes of the stress in the upper part of
the model decreases than model (A). Tensional
stresses in the Higher Himalaya increase in
model (C) than models (A) and (B). Tensional
stress in upper surface of the MCT fault zones
increases in the Model (B) than model (A) and
(C). Tensional stresses in the southern Tibet
Plateau decrease in the model (B) than model
(A) and model (C).

Increasing the displacement from | m to
100 m (Figs. 3 and 4) shows that the magnitudes
if the stresses in the upper part of the model de-
creases in all the models. The tensional stress in

the upper surface of the model just north of the

models decreases. In all the models the tensional
stresses are decoupled from the underlying over-
all compressional stresses. These stress field ob-
served shows that the geometry of the structure
at the depth and how do they terminate in the
depth effect the overall stress pattern and faulting
type, which is well observed in the different sec-
tion of the Himalayas. So in conclusion, the
structures observed in the surface of the model
clearly represent the geometry and their relation

at the depth.
Maximum Shear Stress (Tmax)

Maximum shear stress (Tm.) for model (A),
(B) and (C) at 1 m displacement with 0.1 m in-
crements are shown in the figure 5 and at 100 m
displacement with 1 m increment are shown in
figure 6. In all the models the maximum shear
stress (Tway) are maximum in the deeper part of
the models and in front of MHT ramp of the
models. Increasing the displacement increases the
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Fig. 6. Shear stress distribution at 100 m displacement with 1 m increment for models (A),(B) and (C) respectively.
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magnitudes of the maximum shear stress (Tma:) in
the deeper part of the model and in front of the
MHT ramp.

Maximum shear stress (Tmac) increases in
front of the MHT ramp and upper part of the
GCT in model (C) than in model (A) and (B).
In all the models maximum shear stress (Tmax) i
also concentrated in the sharp bends of the
model boundary between the mafic lower crust
and partially molten middle crust, which is

clearly the boundary effect.

Displacement Vector

Displacement vectors for models (A), (B)
and (C) are shown in the figures 7 and 8. Figure
7 shows the displacement vectors for 1 m dis-
placement at 0.1 m increment. Figure 8 shows
the displacement vectors at 100 m displacement
at 1 m increment. Magnitudes of the displace-
ment vectors are increase in model (B) and (C)
than in model (A). Increasing the displacement

increase the magnitudes of the displacement vec-

tors in all the models. The displacement vectors
north of the GCT are straight and northward in
all the models, and are slightly downward and
northward towards the partially molten middle
crust. The downward trend of the displacement
vectors increases in model (B) than in model (A)
and further increase in model (C) than model
(B). There are slight differences in displacement
vectors in front of the MHT ramp in different

models.

Discussions

2-D elasto-plastic FE models were created to
understand the effect of the geometrical relation-
ships between the major thrust faults in the
Himalaya. Three sets of plausible conditions
were tested but there may be still other relations
that need to be tested. All the layers in the mod-
els are homogeneous and isotropic. Best set of
material properties are only considered. This
modeling only consider the elasto-plastic layer-

ing, the viscous layer (mantle) at the depth may

70
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Fig. 7. Displacement vectors at 1 m displacement with 0.1 m increment for models (A),(B) and (C) respectively.
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Fig. 8. Displacement vectors at 100 m displacement with 1 m increment for models (A),(B) and (C) respectively.

significantly deviates the results. The models
with smooth layer boundary between the mafic
lower crust and partially molten middle crust
were created to test the effect of sharp bending,
as stated earlier there were some effect on the
stress field and maximum shear stress (Tum.:). But
these effects were localized only on the sharp
bend and they had no effect on other parts of
the model.

Conclusions

2-D finite element method was used to ana-
lyze the state of stress and deep crustal relation
between MCT, STD and GCT. Elasto-plastic,
plane strain model constrained by the northward
convergent displacement boundary condition was
used to simulate the stress field. Young’s
modulus, density, Poisson’s ratio, yield strength
and strain hardening were used to constrain the
material properties of different layers. General
values for these parameters were selected from
the available published literature and best fit

values from previous studies. Modelling results
reveal that thrust/fault geometry, their deep
crustal relations and how do they terminate had
effect on the stress field, displacement vector,
shear stress and exhumation. The lateral variation
of the stress orientation and surface exposure of
fault/thrust and lithologic units may be the ex-
pression of the deep crustal relations between the
major structure their geometry and how do they
terminate at the depth. So the along strike varia-
tion in the Himalaya may be the manifestation of
structural geometry and their deep crustal rela-
tionships.
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