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SUMMARY

We investigate how different crustal models can affect the stress field, velocities and associated
deformation in the India—Eurasia collision zone. We calculate deviatoric stresses, which act as
deformation indicators, from topographic load distribution and crustal heterogeneities coupled
with density driven mantle convection constrained by tomography models. We use three
different crustal models, CRUST2.0, CRUST1.0 and LITHO1.0 and observe that these models
have different crustal thickness and densities. As a result, gravitational potential energy (GPE)
calculated based on these densities and crustal thicknesses differ between these models and
so do the associated deviatoric stresses. For GPE only models, LITHO1.0 provides a better
constraint on deformation as it yields the least misfit (both orientation and relative magnitude)
with the surface observations of strain rates, lithospheric stress, plate motions and earthquake
moment tensors. However, when the stresses from GPE are added to those associated with
mantle tractions arising from density-driven mantle convection, the coupled models in all
cases provide a better fit to surface observations. The N—S tensional stresses predicted by
CRUST?2.0 in this area get reduced significantly due to addition of large N—S compressional
stresses predicted by the tomography models S40RTS and SAW642AN leading to an overall
strike-slip regime. On the other hand, the hybrid models, SINGH_S40RTS and SINGH_SAW
that are obtained by embedding a regional P-wave model, Singh ef al., in global models of
S40RTS and SAW642AN, predict much lower compression within this area. These hybrid
models provide a better constraint on surface observations when coupled with CRUST1.0 in
central Tibet, whereas the combined LITHO1.0 plus mantle traction model provides a better
fit in some other areas, but with a degradation of fit in central Tibet.

Key words: Numerical modelling; Crustal structure; Dynamics:gravity and tectonics;
Dynamics of lithosphere and mantle; Kinematics of crustal and mantle deformation.

1 INTRODUCTION

The India—Eurasia (IN-EU) collision zone was formed when the
Indian and Eurasian plates collided ~50-70 Ma, leading to the
formation of the highest mountains on Earth (Molnar & Tappon-
nier 1975). The area exhibits a complex deformation pattern, with
different styles of deformation, localized and confined in different
regions (Molnar et al. 1993). Various studies (England & McKen-
zie 1982; Flesch et al. 2001; Ghosh et al. 2006; Bischoff & Flesch
2018a, b; Singh & Ghosh 2019; Capitanio 2020) have attempted to
understand the forces behind deformation of this region using nu-
merical models of lithosphere and/or mantle dynamics. However,
there is still no agreement on the relative contribution of different
forces causing deformation in this area. The forces behind defor-
mation arise due to two primary sources: (i) topography and lateral
density variations within the lithosphere and (ii) tractions acting at

the base of the lithosphere originating from density-driven man-
tle convection. The forces associated with topography and density
variations within the lithosphere can be estimated by computing
gradients of gravitational potential energy (GPE) that give rise to
deviatoric stresses.

Various studies have calculated these GPE related deviatoric
stresses either by using simple analytical models (Artyushkov 1973;
Molnar & Lyon-Caen 1988; Schmalholz et al. 2014), or by using
thin viscous sheet (TVS) models (England & McKenzie 1982, 1983;
England & Houseman 1986; Houseman & England 1986; England
& Molnar 1997; Flesch et al. 2001; Ghosh et al. 2006, 2009; Stamps
etal. 2014; Finzel et al. 2015; Hirschberg ez al. 2018). In TVS mod-
els, the lithosphere is treated as a homogeneous continuous sheet
with or without lateral strength variations. In these models, the gra-
dient of shear tractions is assumed to be negligible as compared to
the buoyancy forces acting on density. The dynamics of the IN-EU
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collision zone has been studied by using TVS models to constrain
the deviatoric stresses arising due to GPE differences (England &
Houseman 1989; Flesch ef al. 2001; Ghosh et al. 2006; Singh &
Ghosh 2019). England & Houseman (1986, 1988) predicted the
basic feature of continental deformation in Tibet and surrounding
areas using a TVS model, however, they were unable to reproduce
the large scale E-W extension in this area. Flesch ef al. (2001)
used a similar TVS approximation, but with a uniformly viscous
lithosphere to compute vertically averaged deviatoric stress within
the lithosphere. Ghosh et al. (2006) used a similar approach but
with lateral viscosity variations within the lithosphere and showed
that GPE related stresses computed from the CRUST2.0 model
overpredict N—S extension in the Tibetan plateau. Jay et al. (2017)
studied the deformation and force balance in the Pamir plateau using
standard TVS approximation. They concluded that stresses causing
deformation and driving plate motion in this area result from GPE
variations and the IN-EU convergence, accommodated at the Pamir
frontal trust. Liu & Yang (2003) used a 3-D viscoelastic model to
explore the relative contributions of GPE, rheological structure,
basal shear and boundary conditions in the crustal extension of the
Tibetan plateau. Bischoff & Flesch (2018a) computed the dynamic
response of this region (3-D velocity and deviatoric stress) by using
a 3-D finite element (FE) model of the IN-EU collision zone and
compared it to present-day GPS data. They also provided constraints
on absolute values of 3-D viscosity in the upper crustal and mantle
layers, and concluded that a laterally variable upper crust, with its
strength decreasing from west to east, provided the best fit to surface
motion in this region. Bischoff & Flesch (2018b) also performed
3-D lithospheric-scale simulations to investigate the lithospheric
surface response of the IN-EU collision zone for a range of lower
crustal viscosities.

In Singh & Ghosh (2019), we explained the deformation of the
Indian Plate and the IN-EU collision zone by using a FE model
based on TVS approximation. We computed GPE using the thick-
ness and density of crustal layers derived from CRUST1.0 (Laske
et al. 2013) model. The vertically averaged deviatoric stresses as-
sociated with GPE were computed by using the FE model (Flesch
et al. 2001) up to 100 km depth by incorporating lateral viscosity
variations within the lithosphere. To estimate the deviatoric stresses
associated with deeper buoyancies, we used horizontal tractions,
calculated from mantle flow models, acting at the base of the litho-
sphere thin sheet model. We tested various mantle flow models
where densities were derived from a range of tomography models
for two radially varying viscosity structures obtained from Ghosh
et al. (2013b) and Steinberger & Holme (2008). The stresses as-
sociated with basal tractions derived from mantle flow were then
added to those associated with GPE variations to compute the total
stress field. We also calculated plate velocities, strain rates, as well
as the most compressive horizontal principal stress (SHp.x) axes
and compared them with observations. We obtained the coupled
model of GPE and tractions derived from SINGH_S40RTS tomog-
raphy model, as the best model, which provided the least misfits
with various observational constraints for the entire study region.
The tomography model, SINGH_S40RTS resulted from embedding
the local tomography model of Singh ef al. (2014) in the global
model of S40RTS (Ritsema et al. 2011). However, we observed sig-
nificant misfits in velocities, especially to GPS velocity vectors in
the IN-EU collision zone for this model, particularly in the eastern
Himalayan syntaxis (EHS, see fig. 12 of Singh & Ghosh (2019)).
Also, the correlation of deviatoric stresses with observed strain rates
was observed to degrade near the Pamir and the eastern part of the
Tibetan plateau (see fig. 9 of Singh & Ghosh 2019). The combined

model of GPE and tractions derived from SAW642AN tomography
model (Mégnin & Romanowicz 2000), though did not give the low-
est total error, performed slightly better in predicting stresses and
velocities in the IN-EU collision zone (figs 9 AND 12 of Singh &
Ghosh 2019).

In this paper, we primarily focus on the IN-EU collision zone to
investigate possible reasons behind the misfits between the predicted
and observed parameters. Whether the reasons for such misfits lie
with uncertainty in the crustal models or with the inability of man-
tle flow models to properly constrain basal tractions in this region,
due to inaccuracies in tomography models, is not clear. Hence, we
test three crustal and lithospheric models, CRUST1.0, CRUST2.0
(Laske et al. 2001) and LITHO1.0 (Pasyanos et al. 2014) for calcu-
lating GPE, to verify whether uncertainty in thickness and density
of crustal layers contribute to the observed misfits. The vertically
averaged deviatoric stresses associated with GPE are then computed
using the FE model (Flesch ez al. 2001) up to 100 km depth for a
lithosphere that is laterally varying in strength. In order to calcu-
late the stresses associated with mantle tractions, we use a mantle
convection model, HC (Hager & O’Connell 1981; Milner et al.
2009) driven by density anomalies derived from tomography mod-
els. Wang et al. (2015, 2019) and Singh & Ghosh (2019) showed that
S40RTS and SAW642AN models provided a good fit to surface ob-
servables using joint modeling of lithosphere and mantle dynamics
approach. Hence, we also use S40RTS and SAW642AN tomogra-
phy models along with their hybrid counterparts, SINGH_S40RTS
and SINGH_SAW, which are obtained by embedding the Singh ez al.
(2014) tomography model in these global models, respectively. The
mantle tractions are computed from these four models for two ra-
dially varying viscosity structures, GHW13 (Ghosh et al. 2013b)
and SHOS (Steinberger & Holme 2008) that had shown good match
to surface observations (Wang et al. 2019). The stresses associated
with these tractions are then added to those obtained from GPE
only models, to account for both the sources of deformation in this
region.

2 METHOD

2.1 Contribution from topography and density variations
within the lithosphere

The stress field associated with both the sources of deformation,
GPE as well as mantle tractions, are obtained by solving the force
balance equation:

d00;;
T]+pgi =0, (D
Xj

where o ; is the ijth component of the total stress tensor, x; is the
jth coordinate axis, p is the density and g; is the acceleration due
to gravity (England & Molnar 1997). We solve these equations
in spherical coordinates as in Ghosh et al. (2013b) using the FE
method of Flesch ez al. (2001) (Ghosh et al. 2013b; Singh & Ghosh
2019).

The above eq. (1) is expanded in z-direction and integrated from
surface to a uniform reference level L, taken as 100 km below sea
level. Using the thin sheet approximation, which states that

P L P L L
— 0,.dz + —/ oy.dz << —/ pg.dz, 2)
ax Jy ay Joi ~h
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we obtain the vertical stress (0.,) as

z

0. = — / p(eeds. 3)

The total stress, 0, in eq. (1) is substituted by the deviatoric stress,
7, using the relationship, 7;; = 0;; — %akk&-j, where §;; is the Kro-
necker delta and %crkk is the mean stress. The resultant full horizontal
force balance equations can be written as

0Tee 0T 0Ty 95

— =——+1.(L 4

ox ox + ay ox (L) @
0T,y  0T,, 0T, 90 ..

. = - =- + 7,:(L), ®)
ox ay ay ay

where the over bars represent depth integration. The first terms on
the right-hand side of eqs (4) and (5) represent horizontal gradients
in GPE per unit area, whereas 7..(L) and 7,.(L) represent the trac-
tions at the base of the thin sheet (lithosphere) at depth L, arising
from density driven mantle convection (Ghosh et al. 2009).

In order to calculate the stresses associated with GPE variations,
we use crustal thickness as well as density data from three crustal
models: CRUST2.0, CRUST1.0 and LITHO1.0. CRUST2.0 is an
updated 2° x 2° version of CRUSTS.1 (Mooney et al. 1998), which
is a global model for crustal thickness and density based on seismic
data and a detailed compilation of ice and sediment thickness. Sim-
ilarly, CRUST1.0 model provides 1° averages of crustal thickness
as well as density data that are obtained from active source seismic
studies as well as from receiver function studies. LITHO1.0 is a
1° tessellated model of the crust and uppermost mantle that was
created by perturbing the starting model (CRUST1.0) to fit high-
resolution surface wave dispersion data. We compare the thickness
and density distribution of crustal layers for these three models and
find that they differ from each other considerably in the region of
interest (Fig. 1). The upper crustal thickness is largest for CRUST1
model (~35 km), while it is lowest for LITHO model (~20 km).
The middle crustal layer is observed to have similar thickness for
CRUST?2 and LITHO models (>22 km), although it is somewhat
higher for CRUST?2 (Figs 1d and f). The lower crustal layer is thick-
est for LITHO model (>30 km, Fig. 1i), while CRUST1 contains
the thinnest lower crust (<20 km, Fig. 1h). LITHO model is ob-
served to have much lower density for all crustal layers compared
to the other two crustal models (Fig. 1, bottom three panels). The
densities of the middle and lower crust in CRUST2 are observed
to be the highest among all the models (Figs 1m and p), while the
upper crust of CRUST]1 has the highest density (Fig. 1k). As for the
density of lithospheric mantle, we use a constant density of 3300
kg m™3 for all three models.

We use the densities and crustal thickness from the abovemen-
tioned crustal and lithospheric models to compute the vertically
integrated vertical stress, o .., integrated from the top of variable
topography up to a common reference depth (England & Molnar
1997; Flesch et al. 2001; Ghosh et al. 2006, 2009), which is given
by negative of GPE per unit area :

T = / h [ / h pg(z’)dz'] _ f :(L — 2)p(2)gdz. (©)

Here, p(z) is the density, L is the depth to the base of the thin
sheet, which is taken as 100 km, / is the topographic elevation, z
is a variable of integration and g is the acceleration due to gravity.
Using the GPE differences and setting the traction terms to zero
in the force balance equation, the solution to eq. (1) is obtained
by applying a FE technique on a global grid of 1° x 1° [Flesch
et al. 2001, for detailed methodology, refer to Ghosh et al. (2013b)
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and Singh & Ghosh (2019)]. We also incorporate lateral strength
variations in the lithospheric FE model by taking into account weak
plate boundaries, cratons and age of oceanic plates so that there is
about an order of magnitude difference between the old and young
ocean floors (Fig. Sla). Since this lateral viscosity structure still
produced large misfits with observational constraints within the IN—
EU collision zone in Singh & Ghosh (2019), we make some minor
modification to this viscosity structure. We assign the area around
Shillong plateau the same viscosity as the intraplate region (~10%
Pa-s, Fig. S1b). The reason behind this is that although earthquakes
have been reported from the Shillong plateau area, several studies
have ascribed this region as a rigid ‘pop-up’ structure bounded by
faults (Bilham & England 2001; Islam et al. 2011).

The above models are uncompensated, i.e. they have variable
pressure at the base of the lithosphere. These uncompensated mod-
els also include the effect of radial tractions acting at the base of the
lithosphere from deeper mantle density buoyancies (i.e. dynamic
topography) in addition to lithospheric buoyancies (see Ghosh ez al.
2013b). To investigate the consequences of excluding these radial
tractions, in some cases we compensate these crustal models by as-
suming a uniform pressure at the base of the lithosphere (~100 km
below sea level). This uniform pressure is calculated by taking the
average pressure at the reference level (¢f. Ghosh ef al. 2009). In
accordance with the Pratt (1855) model of isostasy that is based
on constant thickness crustal blocks of variable density, we obtain
isostatic equilibrium at 100 km depth by adjusting the density of
the upper mantle layer. The adjusted densities of lithospheric mantle
for all three models are shown in Fig. S2. As the LITHO1.0 model
has the lowest density for crustal layers in this region, thus leading
to low crustal pressure, we obtain the highest compensated den-
sity of lithospheric mantle for this model (Fig. S2¢). We use these
compensated densities to compute GPE and associated deviatoric
stresses.

In addition to deviatoric stresses, we also compute strain rates
and plate velocities. The magnitudes of both strain rates and plate
velocities are controlled by absolute values of viscosity. Hence, in
a post-processing step (see Singh & Ghosh 2019), we calculate the
scaling factor for the viscosity field that gives the minimum misfit
between the dynamic (predicted) velocity field and the kinematic
velocity field of Kreemer et al. (2014) in a no-net-rotation (NNR)
frame.

2.2 Contribution from mantle convection

In order to compute the stresses associated with density driven
mantle convection, we first need to obtain the horizontal tractions
acting at the base of the lithosphere. We use a semi-analytical,
spherical mantle flow code, HC (Hager & O’Connell 1981; Mil-
ner et al. 2009), where flow is driven by density anomalies derived
from seismic tomography models to compute these basal tractions.
The required input parameters in HC are: mantle density anoma-
lies, radial viscosity structure and seismic velocity—density scaling
(dIn,/dInv). The density anomalies are derived from two global to-
mography models, S40RTS and SAW642AN along with two hybrid
tomography models: SINGH_S40RTS and SINGH_SAW using a
velocity—density scaling of 0.25 for S-wave models and 0.5 for P-
wave models (¢f. Ghosh et al. 2017). The hybrid models are obtained
by embedding the regional tomography model of Singh et al. (2014),
within the global models of S40RTS and SAW642AN. The velocity
anomalies in regional and global tomography models are rescaled
to obtain comparable amplitudes and a smoothing filter is applied at
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Figure 1. Comparison of thickness (top three rows) and density (bottom three rows) of crustal layers from CRUST2.0 (left-hand column), CRUST1.0 (middle
column) and LITHO1.0 (right-hand column) models. MPT: Main Pamir Thrust; KF: Karakorum Fault; KKF: Karakax Fault; AF: Altyn Tagh fault; MFT: Main
Frontal Thrust; ITSZ: Indus-Tsangpo Suture Zone; BNSZ: Bangong-Nujiang Suture Zone; JSSZ: Jinshajiang Suture Zone; KLF: Kunlun Fault; SF: Sagaing
Fault.



the boundaries of merged/hybrid models to avoid any sudden jumps.
We use two radially varying viscosity structures, GHW 13 which is
the best model of Ghosh ez al. (2013b) and SHOS8 (Steinberger &
Holme 2008), to compute horizontal tractions at ~100 km depth.
These tractions, like GPE, are taken as body force equivalents in the
force balance equation (eq. 1). The body force distribution controls
the direction and magnitude of deviatoric stresses within the litho-
sphere. HC does not include lateral viscosity variations, which are
incorporated in our lithospheric FE model. The deviatoric stresses,
thus computed from the tractions, are then added to those from GPE
only models.

3 SURFACE OBSERVATIONS USED AS
CONSTRAINTS

We use the strain rates from Global Strain Rate Model (GSRM v.2.1,
Kreemer ef al. 2014), SH ., (most compressive horizontal principal
axes) stresses from the World Stress Map (WSM, Heidbach et al.
2018) and plate velocities from Kreemer et al. (2014) as constraints
to evaluate the predicted deviatoric stresses in our study area (Fig. 2).
We also use moment tensors from the global Centroid-Moment—
Tensor (CMT) catalogue (Dziewonski et al. 1981; Ekstrom et al.
2012) as an additional constraint.

We compare our predicted deviatoric stresses with the GSRM
strain rates (Fig. 2a) by computing a correlation coefficient using
the following equation (Flesch et al. 2007; Ghosh et al. 2008; Singh
& Ghosh 2019)

—1= )Y (eDAS/| [D(EHASx [Y(THAS| <1, (7)

areas areas areas
where E= 8,48+ +8,+&,=
V288 + 20000 + 28, + 28, T =

\/rdfq, +rp it T, = \/qufd, + 2749 Too + 2745 + 27,5,
and €.7 = 2€44Tpp + €ppToo + €00 Tpp + 2€00Top + 2€40Tyo. Here
E and T are second invariants of the strain rate and stress tensors,
¢;; are the strain rates from GSRM, AS is the area, and 7;; are the
predicted deviatoric stresses.

We perform a quantitative comparison between our predicted
SHyax axes and observed SHy,, from WSM (Fig. 2b) by computing
a total misfit (¢, Ghosh et al. 2013a; Singh & Ghosh 2019), given
by sinf(1 + R). Here, R is the regime misfit between the observed
and predicted SH,,,y, and 0 is the angular deviation between the
observed and predicted SH.x axes. R is calculated by assigning
values between 1 and 3 to the SH,,, stresses based on whether they
are tensional, strike-slip or compressional. Hence, the difference in
regime misfit (R) ranges from 0 to 2. The total misfit (¢,) is a joint
evaluation of both the angular and regime misfit and falls between
0 and 3.

In addition, we use the plate velocities from Kreemer ez al. (2014)
in a NNR frame, based on GPS observations, to constrain our mod-
els. We compute an RMS misfit (Ghosh & Holt 2012; Ghosh ef al.
2013b) over the region of interest between the predicted and ob-
served plate velocities. Moreover, we calculate the angular misfit
between the predicted plate velocities and the observed velocities
that yields values between 0° and 180°. Finally, we use the moment
tensors from CMT and calculate the correlation as per eq. (7) where
the ¢;; are now the moment tensors. Since this constraint is found
to be not as sensitive as the others, we only show the results using
moment tensors in the Supporting Information (Fig. S3).
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4 RESULTS

4.1 Predicting parameters using GPE contribution

The GPE computed in the IN-EU collision zone using eq. (6) is
observed to be highest for CRUST2 model (Fig. 3a), while it is found
to be very low for LITHO model (Fig. 3e). Such difference in GPE
is due to the differences in the thickness and density distribution
of these crustal models. As LITHO has much lower densities for
all crustal layers (Fig. 1), it gives rise to low GPE in this area. On
the other hand, CRUST?2 is found to have the highest densities for
most of the crustal layers, hence GPE for CRUST2 model is also
observed to be the highest. The compensated model for CRUST2 is
observed to have GPE similar to the uncompensated case (Fig. 3b).
However, for CRUST1 and LITHO, the compensated cases yield
slightly higher GPE (Figs 3d and f).

The predicted deviatoric stresses associated with GPE variations
are also very different for the three different models. CRUST2 shows
predominantly N—S oriented tensional stresses within the Tibetan
Plateau with NW-SE orientation in south central Tibet (Figs 3a, b
and 4a). CRUST!1 also shows pure extension in Tibet although these
tensional stresses are more E—W oriented, with the eastern and west-
ern parts showing a more N—S orientation (Figs 3c, d and 4b). The
magnitudes of deviatoric stresses from CRUST1 within the plateau
are also lower compared to those of CRUST2. When it comes to
LITHO, the predicted stresses are different from both the other two
crustal models. We see predominantly N—S to NE-SW oriented
compression in the eastern and central parts of the plateau with
E—W tension and strike-slip type of deformation in the western part
(Figs 3e, f and 4c). The stresses within the Qaidam Basin and near
EHS also show strike-slip pattern. South of the plateau, stresses are
similar for the three models with NE-SW compression occurring
in the Himalayas across MFT (Figs 3 and 4, top panel). The Tarim
Basin also shows dominant compression for all three models. In the
Pamir region, both CRUST2 and CRUST1 exhibit N-S to NE-SW
tensional stresses as opposed to E-W tension and NW-SE com-
pression predicted by LITHO [similar to the observed deformation
in Pamir (Mohadjer et al. 2010; Jay et al. 2017)]. The compensated
models are not very different from their uncompensated counter-
parts except for their slightly reduced amplitudes (Fig. 3, right-hand
panel). Since the orientation of deviatoric stresses from the compen-
sated models are very similar to those of the uncompensated cases
and only differ in magnitudes, we restrict our subsequent discus-
sion to the uncompensated models only as most of the observational
constraints (except plate velocities) deal with the direction and style
of deformation and not so much with the absolute magnitudes.

The total misfit between the observed (Fig. 2b) and predicted
SH.yax (Figs 4a—c) is shown in Figs 4(d)—(f). CRUST2 model shows
a larger misfit (~0.84) as compared to the other models, due to the
dominant N-S tension in Tibet as opposed to the more E-W tension
shown by the other models. The misfit in Tien-Shan and Tarim
Basin for CRUST2 and CRUST1 (Figs 4d and e) gets reduced in
LITHO (Fig. 4f). The region around Pamir also fares slightly better
in LITHO. In fact, the entire western Tibet shows smaller misfit
for LITHO compared to CRUST2 and CRUST1 models. In central
Tibet, CRUST1 shows the lowest misfit. The compensated models
show slightly higher total misfit for all three models (Table S1). We
obtain the lowest total misfit for the uncompensated LITHO model
with a regional average of 0.67 (Fig. 4f).

The correlation of deviatoric stress tensors with GSRM strain
rate tensors is observed to have significant variation within Tibet
(Figs 4g—i). CRUSTI1 shows a high correlation in central Tibet
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Figure 2. (a) GSRM strain rates obtained from Kreemer ef al. (2014) plotted on top of second invariant of strain rate tensors. White denotes extensional
whereas black denotes compressional strain. (b) Most compressive horizontal principal axes (SHmax) from Heidbach ez al. (2018), averaged within 1° x 1°
areas. Red indicates normal fault regime, blue indicates thrust regime, whereas green denotes strike-slip regime.

(Fig. 4h), while an intermediate correlation (<0.5) is obtained for
CRUST?2 and LITHO models in that region, with the LITHO model
faring slightly better (Figs 4g and i). This is mainly because the ob-
served E-W tension in central Tibet is only predicted by CRUST1
whereas CRUST2 shows NW-SE tension and LITHO shows N-S
compression (Fig. 3). The correlation is very poor in the Pamir,
Tien Shan, the Karakorum (KF) and Karakax faults (KKF) as well
as along the Indus-Tsangpo suture zone (ITSZ) for both CRUST2
and CRUST1 models. Most of these areas improve considerably
in case of LITHO (Fig. 4i). A good correlation is observed along
MFT for all the models, which suggests that all models are predict-
ing the observed NE-SW compression along MFT. The correlation
degrades after compensation for all the models (Fig. 12 and Table
S1) due to the fact that compensated crustal models have a slightly
higher GPE resulting in either an increment of N—S extension or a
decrease of N—S compression (Fig. 3). The highest average corre-
lation coefficient of 0.8 is obtained for the LITHO model (Fig. 41).

We also compare our predicted deviatoric stress tensors from
GPE variations with moment tensors (¢f. Ghosh et al. 2019) by
using eq. (7), where components of strain rate tensors are replaced
by corresponding components of moment tensors. The moment
tensors obtained from the Global CMT catalogue are smoothed on
a 1° x 1° grid. As our models are found to be fairly insensitive to
moment tensor variations, we have shown those results only in the
Supporting Information (Fig. S3) as well as in Fig. 12 and Table S1.

The predicted velocities from GPE only models show a good fit
with the observed NNR velocities from Kreemer et al. (2014) in
the IN—EU collision zone for CRUST1 and LITHO models (Fig. 4,
bottom row). LITHO shows very good fit within the entire Tibetan
plateau (Fig. 41), while for CRUST]1, the fit degrades in the eastern
part of Tarim basin (Fig. 4k). The EHS displays a poor fit for all
the models, but the angular misfit is found to be lower for CRUST1
model (Fig. 4k). The fit to NNR velocities is observed to be very
poor for CRUST2 model (Fig. 4j). The lowest average regional rms
error (~8.4 mm yr™') and lowest average angular misfit (~7.2°)
is obtained for CRUST1 model. LITHO shows a slightly higher
rms error of ~10.2 mm yr~' and an angular misfit of ~11°. The
CRUST?2 model seems to be underpredicting 4-5 cm of northward
directed velocity within the Tibetan plateau, which is much reduced

for the CRUST1 model. The LITHO model, on the other hand,
seems to be slightly overpredicting the northward component of
velocity such that a ~1 ¢cm yr™! of southward motion is required
to fit the observed velocities within the Tibetan plateau (Fig. 41).
An important point to note is that despite the average angular misfit
being lowest for CRUST1 model, we observe a better fit to observed
velocity directions for LITHO model in central Tibet and Tarim
Basin. The rms error and angular misfit between predicted and
observed velocities are found to be higher for compensated models
than uncompensated models (Fig. 12 and Table S1), with LITHO
producing the lowest misfit.

4.2 Predicting parameters using a combined model of
GPE and mantle buoyancies

In the previous section, we showed that the GPE derived stresses
are able to fit most of the surface constraints as long as we derive
the crustal thickness and densities from the CRUST1 and LITHO
crustal models, with LITHO model faring slightly better overall.
However, in central Tibet, LITHO gives too little E-W extension
compared to CRUST!1 and hence the match with strain rates de-
grades for LITHO in this region. CRUST1, on the other hand, pre-
dicts the observed E-W extension in central Tibet and yields a good
fit with GSRM tensors and SH,,,,x orientations. We also showed that
modifying the density of the lithospheric mantle in order to achieve
isostatic compensation, did not produce any better results. In this
section, we explore what effect does adding the deviatoric stresses
from density-driven mantle convection has on the stress pattern in
this region and how do these combined stresses compare with the
observational constraints.

We take the horizontal tractions predicted from the mantle con-
vection models at ~100 km depth [7,. and 7). in eqs (4) and (5)]
and apply them as basal boundary condition in the lithosphere thin
sheet model to solve for the horizontal deviatoric stresses (cf. Singh
& Ghosh 2019). The deviatoric stresses predicted by mantle con-
vection show a dominantly N-S compression within the IN-EU
collision zone irrespective of the tomography model used (Fig. 5).
The use of SHOS8 viscosity does not change the stress pattern signif-
icantly, hence, for the sake of brevity, we have shown results from
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Figure 3. Deviatoric stresses plotted on top of GPE variations derived using densities and thickness from different crustal models. The white arrows denote

tensional stresses, and black arrows indicate compressional stresses.

GHW 13 viscosity structure only. The results from SHO8 viscosity
models are shown in Table S1. When these mantle derived deviatoric
stresses are added to those derived from GPE variations (Fig. 3),
we noted some significant changes (Figs 6-8). The introduction of
large compressional stresses from S40RTS and SAW642 AN models
changes the region of dominant extension as predicted by CRUST2
model to more of a strike-slip regime (Figs 6a, b, e and f). However,
in case of hybrid models (SINGH_S40RTS and SINGH_SAW), ad-
dition of traction related stresses do not have much effect on the
total stress field except for a slight tilting of the NW—SE oriented

stress axes to WNW-ESE orientation in central and western Tibet
(Figs 6¢, d, g and h). This is because the deviatoric stresses predicted
by the hybrid models are much smaller in magnitude (Figs 5S¢ and
d). The dominant N-S tension in Pamir changes to nearly E-W
tension for the hybrid models.

For CRUST1, the mantle convection models introduce a N—S
component of compression in central Tibet in addition to E-W
extension (Fig. 7). Moreover, the N-S tensional stresses in Pamir
re-orient themselves to a more E-W direction, as observed. In case
of combined models of CRUST1 and S40RTS/SAW642AN, the
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compressional stresses from mantle tractions dominate over GPE
derived stresses, thus leading to predominant compression within
most of the study region, except for an area near the Altyn-Tagh
fault (Figs 7a, b, e and f). On the other hand, the compressional
stresses from the hybrid models are comparable in magnitude to
the tensional ones derived from GPE; hence central Tibet is found
to have strike-slip type of deformation (Figs 7c, d, g and h). The
rotation of the compressional stress axes around the EHS is also

slightly more pronounced for the hybrid models. In eastern Tibet,
the combined stresses show a strike-slip pattern.

As for LITHO, the magnitude of N-S compression as well as
E-W tension increases throughout Tibet, when tractions from the
hybrid models are added (Figs 8c and d), whereas most of central
Tibet shows dominant compressional stresses when tractions from
S40RTS or SAW642AN are added (Figs 8a, b, e and f). This is
because LITHO alone predicts N—S compression within central
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Figure 5. Deviatoric stresses predicted using mantle tractions from various tomography models for GHW 13 viscosity structure plotted on top of their second
invariants. The black arrows denote compressional stresses and white arrows indicate tensional stresses.

Tibet (Fig. 4c). Adding these to the N—S compressional stresses from
mantle tractions enhances the compressional stress magnitudes in
that area. The deformation within Pamir changes to pure strike-
slip with E-W extension and N—S compression. The magnitude of
NE-SW compression across MFT also increases for all the models.

The predicted SH . from the combined models (Figs 6-8, bot-
tom panels) show an improved fit to the observed SH,,. for all
crustal models (Fig. 9). The misfit from the combined stress is
lower for all models compared to GPE only models (Fig. 4). The
CRUST2 model undergoes a drastic improvement in fit (Fig. 9, left-
hand column). Although the LITHO model yields the lowest misfit
among the GPE only models, it is the CRUST2 model that shows
lowest misfits, when mantle derived basal tractions from S40RTS
and SAW642AN are taken into account (Figs 9a, d and 12). How-
ever, in case of hybrid models (SINGH_S40RTS and SINGH_SAW),
the lowest misfit is observed for CRUST!1 (Figs 9h, k and 12),
with SINGH_S40RTS+CRUST1 model yielding the lowest value
(Fig. 9h).

The correlation of deviatoric stress tensors with observed strain
rate tensors improves significantly on adding the contribution from
mantle tractions (Figs 10 and 12). Again, there is a drastic im-
provement for the CRUST2 model (Fig. 10, left-hand column).
CRUST?2 yields a better fit when mantle tractions from S40RTS or

SAW642AN models are added (Figs 10a and d), while CRUST1
yields a higher correlation if we use tractions from the hybrid mod-
els (Figs 10h and k). Interestingly, whereas CRUST1 alone shows
excellent fit in central Tibet, adding the mantle contribution from
S40RTS and SAW642AN degrades the fit in that region (Figs 10b
and e). This is because the mantle tractions are adding too much
compression in this area (Figs 8e and f). However, the correla-
tion increases significantly in central Tibet for coupled models of
CRUSTI and SINGH_S40RTS/SINGH_SAW along with an anti-
correlation on the western flanks of the Tibetan plateau near Pamir
and KKF (Figs 10h and k). LITHO combined with mantle tractions
shows a moderate correlation in both central and western Tibet.
Hence, CRUST1 shows the highest correlation when mantle trac-
tions are derived from the hybrid models and CRUST2 performs
better when S40RTS or SAW642AN is used to compute traction
derived stresses. LITHO does not seem to prefer one model over
the other (Fig. 10, right-hand column). The fit is found to be the
best for SAW642AN+CRUST2 model with an average correlation
0f 0.93.

The combined models show better fit to plate velocities com-
pared to GPE only models (Fig. 11). The rms error is almost
halved for CRUST2 when the velocities from mantle tractions are
added (Fig. 11, left-hand column and Fig. 12). Similar to previous
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different crustal models and mantle tractions derived from various tomography models.

constraints, S40RTS and SAW642AN models show much better fit
to observed velocities with CRUST2 rather than other two crustal
models, while CRUST1 performs better with SINGH_S40RTS
model. Moreover, we observe that combined models of LITHO plus
mantle tractions show better fit to the orientation of observed ve-
locities than the combined models of CRUST1 and mantle tractions
especially towards the east of EHS, even though the average rms
error might not always reflect the same. Such behaviour becomes
more evident when we look at the angular misfit between observed
and predicted velocities, where SAW642AN+CRUST? yields the
lowest average angular misfit of 4° (Fig. 11d). We obtain the lowest
regional rms error of ~5 mm yr~' for SINGH_S40RTS-+CRUST1
model (Fig. 11h). Majority of the misfit lies within the Pamir and
Tien-Shan region in the west, and the EHS in the east for CRUSTI.

Within Tibet, the hybrid tomography models predict almost correct
velocity for LITHO (Figs 11i and 1). Most models seem to be un-
derpredicting a 1-1.5 cm yr! of southward directed component of
velocity around the EHS. The fit seems to degrade significantly for
SAW642AN, when coupled with CRUST1 or LITHO models as
compared to CRUST2 (Figs 11d-f).

5 DISCUSSION

We had earlier studied the dynamics of the Indian Plate and the IN—
EU collision zone by modeling the stresses arising from lithosphere
buoyancies as well as mantle tractions acting at the base of the
lithosphere (Singh & Ghosh 2019). We had tested various tomog-
raphy models and had found that the combined deviatoric stresses
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arising from the regional model of Singh et al. (2014) embedded
within S40RTS coupled with CRUST1.0 provided the lowest misfit
to observed parameters. However, a significant misfit between ob-
served and predicted parameters in the IN-EU collision zone was
also found; especially the predicted velocities deviated from the
observed ones significantly around the EHS. Also, the correlation
with observed strain rates was poor in some parts of the Tibetan
plateau. It is common to attribute such misfits to the uncertainties
in the mantle tomography models. Afterall, our confidence in the
density structure of the lithosphere far exceeds that of the mantle
density structure. But, could the inaccuracies in the crustal model
(CRUST1.0) have been a possible source of misfit? To address that,
in this paper, we tested three crustal models: CRUST1, CRUST2 and
LITHO, in order to study the effect of crustal density and thickness
on the computation of GPE and the associated deviatoric stresses.

The three models showed considerable difference in density
and crustal thickness (Fig. 1). The GPE and the resultant devia-
toric stresses differed significantly among the three crustal models.
CRUST?2 showed large scale N—S tension in Tibet, while mostly
strike-slip type of stresses including E-W tension were observed
for CRUST1. LITHO predicted strike-slip and N—S compressive
stresses in large parts of Tibet. LITHO performed better than both
CRUST?2 and CRUSTT1 in fitting the observations of SH,,.x, GSRM
strain rates and focal mechanisms (Fig. 12 and Table S1). However,
in central Tibet, the observed E-W extension is matched better by
CRUST]1 (Figs 4e and h). It also matches the velocity in the IN-EU
region better than CRUST2 and LITHO. Compensating the models
did not offer any improvement over uncompensated models in terms
of fitting the observed parameters (Fig. 12 and Table S1). Hence, if
we consider the CRUST1 and LITHO models, they alone are largely
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Figure 11. Plate velocities predicted using combined effects of GPE computed from different crustal models and mantle tractions derived from various
tomography models plotted on top of angular misfit (6). Black arrows represent observed NNR velocities (Kreemer ef al. 2014) and white ones denote predicted

velocities.
capable of matching the observational constraints in this region. On global models. Deviatoric stresses associated with mantle convec-
the other hand, the predictions from CRUST2 were found to have tion showed a dominant N—S compression within the IN-EU colli-
large misfits, thus demonstrating the inability of CRUST2 model sion zone (Fig. 5). These stresses were then added to those obtained
alone to constrain the deformation in this region. from GPE variations to obtain a total stress field (Figs 6-8), which
Next, we wanted to test whether adding the deviatoric stresses as- was then compared with surface observations. Adding the contribu-
sociated with density driven mantle convection would improve the tion from mantle tractions improved the fit to surface observations
match with the observational constraints as seen earlier by Ghosh for all three crustal models, but most prominently for CRUST2. The
et al. (2008, 2013b), since mantle has been suggested to play an N-S deviatoric compression from mantle tractions cancelled out the
important role in this area (Jolivet et al. 2018; Ghosh et al. 2006). N-S tension predicted by the CRUST2 model, thus improving the
The two best tomography models (S40RTS and SAW642AN) from match with observations. Especially, both S40RTS and SAW642AN
Singh & Ghosh (2019) were used to calculate tractions using the models suggest large scale high velocity anomalies underlying this
mantle convection code, HC. We also used two hybrid tomography area that are likely to represent subducted slabs, giving rise to the N—
models, SINGH_S40RTS and SINGH_SAW, obtained after embed- S compressional stresses. Thus, the CRUST2 model requires a much

ding the regional model of Singh ef al. (2014) in the aforementioned more prominent contribution from mantle convection. However, the
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Figure 12. Top panel shows plot of the correlation and misfits between observations and predictions for various models. The solid symbols represent
uncompensated models, while open symbols are used for compensated models. Red represents the misfit between observed and predicted SHp,x, while blue
and green show the correlation of predicted deviatoric stress tensors with GSRM strain rates and moment tensors, respectively. The middle panel shows plot of
total error for different models. The bottom panel shows log of rms error (orange) and sine of angular misfits (9) (magenta) between observed and predicted

velocities.

deviatoric stresses predicted by CRUST1 and LITHO were already
close to the observed deviatoric stresses and hence these models did
not undergo as dramatic an improvement in fit as CRUST2. Hence,
although CRUST1 and LITHO require the contribution from mantle
to fit the observed parameters, the amount and scale is smaller than
that required by CRUST?2.

We define a parameter to denote the total error exhibited by the
models as below:

Total Error = (1 — Corrgsgm) + (1 — Corremr)
+10g(Vims) + €, )

(cf. Wang et al. 2015; Singh & Ghosh 2019) that takes into ac-
count the fit with all constraints. Here, Corrgsrm is the average

correlation with strain rate tensors, Corremr is the average corre-
lation with moment tensors, Vs is the RMS error between the
predicted and observed plate velocities and ¢, is the total misfit
between predicted and observed SH,,,x which had been defined
previously as sinf(1+4R). The values obtained for all models are
summarized in Table S1 and in Fig. 12. We found that the combined
model of CRUST1 and SINGH_S40RTS using GHW13 viscosity
structure (SINGH_S40RTS+CRUSTT1) gave the best fit out of all
the models (total error 1.60), though SAW642AN+CRUST2 and
S40RTS+CRUST?2 also came close (total errors 1.61 and 1.63,
respectively). Among the GPE only models, CRUST2 shows the
highest error (~2.7-3.3), whereas LITHO yields the lowest error
(~2.4). The use of SHOS8 viscosity structure leads to higher errors
(>2) for most models.
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The models predicting strike-slip type of deformation in the IN—
EU collision zone show the best fit to observed constraints. For ex-
ample, CRUST2 predicts dominant tensional stresses within Tibet
owing to high GPE. Addition of large N—S compressional stresses
from S40RTS and SAW642AN tomography models cancel out the
N-S tension and what is left is strike-slip deformation (Figs 6a, b, e
and f), which yields good fit to observations. On the other hand, the
compressional stresses predicted by hybrid tomography models of
SINGH_S40RTS and SINGH_SAW are smaller in magnitude than
the deviatoric extension predicted by CRUST2 and hence, the cou-
pled models still predict an extensional regime in this area (Figs 6c,
d, g and h). Compared to CRUST2, CRUST1 predicts lower GPE
and smaller strike-slip deviatoric stresses in this area. When large
compressional stresses from S40RTS and SAW642AN are added to
these, it leads to overall compression (Figs 7a, b, e and f). Adding the
deviatoric stresses from the hybrid models to the deviatoric stresses
from CRUSTT1 retains their strike-slip nature (Figs 7c, d, g and h).
In case of GPE only models, LITHO provides an overall better fit to
observed parameters, especially in the western part of the plateau,
near Pamir, Karakorum fault and Karakax fault (KKF) where it
predicts the observed E-W extension. However, in the central and
southern parts of the Tibetan plateau, CRUST1 fares better as it pre-
dicts the observed E-W extension whereas LITHO produces N-S
compression (Fig. 4, top row). Adding the contribution from mantle
tractions introduces slightly higher E-W extension and N-S com-
pression, improving the fit almost everywhere for both CRUST1
and LITHO models. The N-S compression in central Tibet is still
too large for LITHO (Fig. 8).

We also compute the strain rates based on the predicted deviatoric
stresses. As mentioned earlier, our FE model predicts the relative
strain rates, which need to be multiplied with a scaling factor (the
same factor that was used to obtain the velocity magnitudes) to get
the absolute strain rates (cf. Ghosh et al. 2019). All crustal models
predict high strain rates along the Himalayas (>200 x 10~7), with
large NE-SW compression (Fig. 13, left-hand column). Such high
strain rates are also observed along both the eastern and western
syntaxes. The pattern of strain rates are similar to the corresponding
deviatoric stresses (Fig. 3). Both CRUST2 and LITHO models sug-
gest higher deformation in north-central Tibet (strain rates are ~50
x 107 or higher), while CRUST1 predicts much lower strain rates
in this area. In order to quantify the type of deformation needed
for matching the GSRM strain rates (Fig. 2a), we subtract the strain
rates predicted by the crustal models (Fig. 13, left-hand column)
from the GSRM strain rates. These residual strain rates give an in-
dication as to how much and what kind of strain is required from the
mantle contribution to fit the GSRM strain rates. We find that strain
rates predicted by CRUST2 require a large amount of compres-
sion to match the GSRM strain rates (Fig. 13b), as evident by the
drastic improvement in fit to observations on adding large compres-
sional stresses from S40RTS and SAW642AN models. The strain
rates predicted by CRUST1 suggest that it requires large compres-
sional strain in western Tibet to match the observed deformation
(Fig. 13d). Mantle convection models predict large compression
within this area due to subducted slabs in the underlying mantle,
hence adding the contribution from mantle convection models im-
proves the fit significantly (Figs 9—10, middle column). On the other
hand, in central Tibet CRUST1 requires very small strain to match
the GSRM strain rates (Fig. 13d). As LITHO predicts large N-S
compression within central Tibet (Fig. 13e), extension is required
that can reduce/cancel out the compression in order to match the
observed deformation (Fig. 13f). However, the mantle convection
models do not predict extension in this area, hence no significant
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changes are observed for LITHO model in central Tibet on adding
the contribution from mantle. Both CRUST1 and LITHO require
extension around the EHS to match the observed strain rates, as
both models predict this area to be in thrust regime. Thus, the GPE
only models require significant contribution from mantle in order
to match the observed deformation.

To understand the relative contribution of both the sources of
deviatoric stress, we calculate the ratio of their second invariants
(Fig. 14). For each crustal model, the corresponding tomography
model that yields the best fit to observations is used. For CRUST2
and SAW642AN, the relative magnitude of GPE versus mantle
related stresses shows a dominant contribution of stresses associated
with mantle convection, prominently at the flanks of the Tibetan
plateau, whereas within central Tibet, they are almost equivalent
in magnitude (Fig. 14a). In case of CRUST1 and SINGH_S40RTS,
mantle plays a dominant role in central Tibet, while to the north
and around EHS, GPE contribution is much larger (Fig. 14b). For
compensated LITHO and SINGH_SAW, the combined stresses from
which show the least misfit out of all LITHO models, the GPE
related stresses are found to be smaller compared to those from
mantle convection in Tibet (Fig. 14c).

We compare our predicted velocities with the actual GPS veloc-
ities with respect to a fixed Eurasian Plate (Fig. 15). The observed
GPS vectors are obtained from Kreemer et al. (2014) and Zheng
et al. (2017). We have used Kreemer et al. (2014) as the primary
source of GPS vectors and Zheng et al. (2017) for additional dat-
apoints. CRUST2 shows a good fit to the observed GPS vectors in
Tibetan plateau when combined with S40RTS and SAW642AN
models including the rotation of velocity vectors around EHS
(Figs 15a and b). On the other hand, CRUST1 and LITHO pre-
dict velocities close to the observed velocities when combined with
SINGH_S40RTS model (Fig. 15¢c). However, significant misfits are
observed near EHS. SAW642AN-+CRUST2 shows the least misfit
with GPS velocities in this area (Fig. 15b).

6 CONCLUSION

Understanding the forces behind deformation has been a long-term
goal for the Geodynamics community. Complex regions, such as the
IN-EU collision zone, pose special challenges due to their remote-
ness, paucity of data and the very nature of deformation itself. Our
goal in this paper has been to understand the forces behind defor-
mation in the IN-EU collision zone and also to quantify the relative
contribution of lithosphere versus mantle forces depending on the
crustal model used. Inaccuracies in determining lithosphere struc-
ture (density and thickness) will lead to inaccuracies in estimating
the relative contribution of these forces. Hence, an accurate crustal
model is essential when trying to understand deformation. We saw
that our conclusions are different based on which crustal model we
chose. CRUST2 requires a larger contribution from mantle tractions
to match the deformation indicators in this region compared to the
two more recent crustal models. However, it is important to note that
all three crustal models require contribution from deeper high den-
sity anomalies in the mantle, most likely originating from Tethyan
subduction (Becker & Faccenna 2011), which promote downwelling
and generate dominant compressive stresses in this region, to better
fit the surface observations.

We would also like to emphasize that it is important to use more
than one observational constraint when attempting to infer the dy-
namics of a particular region. It has been shown earlier by Ghosh
et al. (2013b) how using a single observational constraint can lead
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Figure 13. Strain rates predicted from GPE only models plotted on top of their second invariants. The black arrows denote compression and white arrows
represent extension. (Middle) Difference between GSRM strain rates and those predicted by GPE models plotted on top of the angular misfit between predicted
and observed most compressional strain axes. The arrows on top represent the type of deformation required to match the observed strain rates (Fig. 2a). The
magnitudes of these arrows are scaled by the difference in regime (R) between observed and predicted strain rates.

to incorrect conclusions. Hence, in this study we use various data
sets (WSM, GSRM, CMT solutions, GPS velocities) to infer about
the source of deformation in this area. Recently, Bischoff & Flesch
(2018a, b) have tried to explain the deformation in this region using
high resolution 3-D models of crustal structure. They have argued
that a low viscosity channel within the lower crust is essential to
match GPS velocities in this region, especially the rotation of veloc-
ity vectors around the EHS. We can match the velocity in this region
considerably well, including the fanning of velocity vectors around

EHS without invoking lower crustal flow (Fig. 15). Our study does
not rule out the existence of lower crustal flow in the region, but
demonstrates that it may not be essential for matching the velocities
and other deformation indicators. Our results indicate that there is
still more work to be done to come up with an accurate and reliable
global crustal model. More accurate crustal as well as tomography
models of the region would likely improve the results and help us
understand the nature of deformation in this very complex region
of the Earth.
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