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Crustal deformation in southeastern Tibetan Plateau has been attributed to tectonic extrusion and
gravitational spreading. Here we analyzed the present-day strain partitioning in this region using GPS
data. The results show highly localized shear strain along the Xianshuihe-Anninghe-Xiaojiang strike-slip
faults, as expected by the model of tectonic extrusion. However, the localized shear strain along strike-
slip faults ends in southern Yunnan and transfers to crustal extension in Yunnan and contraction in
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causes of the observed crustal deformation. Our results indicate that the present-day crustal deformation
in southeastern Tibetan Plateau can be largely explained by gravitational spreading.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Southeastern Tibetan Plateau is one of the most tectonically and
seismically active regions in the world (Fig. 1). The collision and
continued convergence between the Indian and Eurasian plates in
the past ~50 Ma have led to strong crustal deformation, rapid up-
lift, a complex system of large-scale strike-slip faults, and intense
seismicity (Royden et al., 2008; Yin and Harrison, 2000). In the
past century, more than forty M > 6.7 earthquakes occurred in
this region.

Crustal deformation and seismicity in southeastern Tibetan
Plateau provide key constraints for the competing models for the
deformation and growth of the Tibetan Plateau. One is the tectonic
extrusion model (Tapponnier et al., 1982), which states that the
Indo-Asian collision is primarily accommodated by lateral transla-
tion of Asian lithospheric blocks along numerous large strike-slip
faults (Leloup et al., 1995; Tapponnier et al, 1982). The well-
developed large-scale strike-slip faults in southeastern Tibetan
Plateau, including the Sagaing Fault, the Xianshuihe-Anninghe-
Xiaojiang Fault and the Red River Fault that bound the northern
part of the Indochina block (Fig. 1), and the large offsets across
these faults, have been used to support this model.
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Another model is gravitational spreading, in that crustal defor-
mation in the Tibetan Plateau and surrounding regions is driven
by the excess gravitational potential energy of the high plateau
(England and Houseman, 1988; Flesch et al., 2001; Liu and Yang,
2003). England and Molnar (1997) showed that the strain rate field
in the Tibetan Plateau and surrounding regions, derived from Qua-
ternary fault slip rates, is consistent with viscous spreading driven
by the gradient of gravitational potential energy.

Furthermore, lower crustal channel flow has been proposed to
explain the large variations of topographic gradients in this re-
gion, including the sharp topographic slope across the eastern
margin of the Tibetan Plateau and the gradational topography
across southeastern Tibetan Plateau (Bischoff and Flesch, 2018;
Clark and Royden, 2000). Some geophysical evidence has been re-
ported to support this model (e.g., Bai et al., 2010; Burchfiel et al.,
2008).

In the past decades extensive GPS measurements have been
taken in southeastern Tibetan Plateau (e.g., Gan et al, 2007;
Shen et al., 2005; Zhang et al., 2004; Zheng et al., 2017). These
results show southward motion of the crust from the high plateau,
with remarkable clockwise rotation around the eastern Himalayan
syntaxis (Fig. 1). Whereas these results are sometimes regarded as
indications of crustal extrusion from the Indian-Eurasian collision
zone, detailed strain analysis is needed to understand the style and
cause of crustal deformation.

In this paper, we first analyze the present-day strain rate field,
focusing on strain partitioning and transfer, in southeastern Ti-
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Fig. 1. Tectonic setting, topographic relief, GPS site velocities (red arrows, relative
to stable Eurasia plate. Data source: (Wang, 2009)), and historic seismicity of the
southeastern Tibetan Plateau. The black circles represent M > 5.0 earthquakes since
1900, and the focal mechanisms of strong earthquakes (M > 6.7) are shown; the
black dots represent historic events of M > 6.7 (source: Department of Earthquake
Disaster Prevention, State Seismological Bureau, 1995, and Department of Earth-
quake Disaster Prevention, China Earthquake Administration, 1999). BHB: the Bayan
Har block; EHS: Eastern Himalayan Syntaxis; MYB: the Myanmar-Yunnan block; QB:
the Qiangtang block; SYB: the Sichuan-Yunnan block. XSHF: Xianshuihe Fault, ANHF:
Anninghe Fault, ZMHF: Zemuhe Fault, XJF: Xiaojiang Fault, RRF: Red River Fault,
LMSF: Longmen Shan Fault, RLF: Ruili-Longling Fault. (For interpretation of the col-
ors in the figure(s), the reader is referred to the web version of this article.)

betan Plateau using the available GPS data. We then develop three-
dimensional visco-elastoplastic finite element models to investi-
gate the roles of tectonic extrusion and gravitational spreading
in the present-day crustal deformation in southeastern Tibetan
Plateau.

2. Tectonic background

Southeastern Tibetan Plateau is adjacent to the Yangtze craton
to its east, the Indian-Burma plate to its west, and overlaps with
the northern part of the Indochina block (Fig. 1). This part of the
Tibetan Plateau consists of five major blocks with different geologi-
cal structure and rheology, separated from each other by a complex
system of faults (Zhang et al., 2003).

2.1. Main tectonic blocks

The northern part of southeastern Tibetan Plateau consists of
the Bayan Har block and the eastern tip of the Qiangtang block.
Seismic results suggest low velocities and high attenuation in the
crust and upper mantle under both the Bayan Har and the Qiang-
tang blocks (Zhang et al., 2011). These two blocks in this region

are regarded as the path for the southeastward exit of crustal ma-
terial from the Indo-Eurasian collision zone.

Further south is the Myanmar-Yunnan block, which is located
south of the east Himalayan syntaxis and accounts for the north-
ern part of the Indochina block. Its western boundary is the Burma
range subduction zone. The oblique subduction causes dextral mo-
tion along the Sagaing Fault.

In the central part of southeastern Tibetan Plateau is the
Sichuan-Yunnan block, bounded by the strike-slip Xianshuihe-
Xiaojiang fault system in the north and east, and the Red River
Fault in the southwest. Geophysical results, including high heat
flow, low resistivity, low velocity structure and seismic atten-
uation indicate a weak lower crust under this block. Shear-
wave splitting data show that the fast polarization directions
correlate well with the main strike-slip faults, topographic gra-
dient, and geodetic estimate of the crustal strain (Lev et al.,
2006), indicating vertically coherent south-southeastern motion
of the crust and mantle from the collision zone (Wang et al,
2008). However, this coherence disappears in southern Yunnan,
as the directions of fast polarization rotate nearly 90 degrees
to become roughly E-W oriented (Gahalaut and Gahalaut, 2007;
Ledn Soto et al., 2012), and the GPS velocity vectors fan out (Fig. 1).
The cause of this change remains uncertain.

The eastern side of southeastern Tibetan Plateau is bounded by
the South China block, which has been tectonically and seismically
stable with relatively low topographic relief (Burchfiel et al., 2008)
and high seismic velocity in the lithosphere (Shen et al., 2003).
This strong block has a significant influence on the Cenozoic de-
formation and strain distribution in southeastern Tibetan Plateau
(Yin, 2010).

2.2. Major active faults

The study area has a complex system of active faults. The Long-
men Shan Fault is the eastern boundary of the Tibetan Plateau.
The GPS data indicates ~3 mmy/a of convergence and ~1 mmy/a of
right-lateral slip along this fault (Burchfiel et al., 2008).

Major faults in southeastern Tibetan Plateau include the NW-SE
trending Xianshuihe Fault and the nearly NS-trending Anninghe-
Zemuhe-Xiaojiang faults (Fig. 1). These sinistral strike-slip fault
zones facilitate the eastward and southeastward motion of the
Tibetan crust (Wang et al., 1998). The Xianshuihe Fault is tec-
tonically active; both geological and GPS measurements indicate
15 £ 5 mm/a left-lateral slip on its northwestern segments and
5-9 mm/a on its southeastern segments (Allen et al., 1991; Gan
et al, 2007). Further south the Xianshuihe Fault connects with
the Anninghe Fault, where the slip rate, based on geological and
GPS data, is ~4.0 mm/a (Ran, 2008; Shen et al., 2005). Similar
rates are reported for the Zemuhe Fault further south. The Xiao-
jiang Fault defines the southern part of the eastern boundary of
the Sichuan-Yunnan block. The estimated late Quaternary strike-
slip rate is 14-22 mm/a (He and Oguchi, 2008), while the geodetic
slip rate is 7 + 2 mm/a (Shen et al., 2005).

The Red River Fault, separating the South China block from the
Indochina block, has long been recognized as a profound structure.
Some studies suggested more than 700 km left-lateral offset on
the Red River Fault during the Oligo-Miocene period (Leloup et al.,
1995), providing key evidence for the tectonic extrusion hypothe-
sis. However, some geological evidence used to infer such offsets
has been questioned (Searle, 2006). During Miocene-Pliocene, the
Red River Fault switched to right-lateral slip and the average slip
rates is ~1.1 mmy/a (Leloup et al, 2007; Shi et al., 2018a), with
moderate to low level of historical seismicity.

Within the Myanmar-Yunnan block is a system of NE-SW trend-
ing secondary faults, along which the present-day clockwise crustal
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rotation occurs (Shi et al., 2018b), as indicated by the GPS vectors
(Fig. 1).

3. Stain rates and strain partitioning

In this section, we use the available GPS data to analyze the
strain rates and strain partitioning in southeastern Tibetan Plateau.
Extensive GPS measurements in southeastern Tibetan Plateau have
been made in the last few decades (Gan et al., 2007; Wang, 2009).
An update of the velocity field was obtained by combining the
GPS data collected during 1991-2015 (Zheng et al., 2017), but
the data is influenced by the 2008 Wenchuan earthquake (Mw
7.9). For this study, we use the GPS velocities in southeastern Ti-
betan Plateau based on the measurements during 1999-2007 by
the Crustal Movement Observation Network of China (Wang, 2009)
(Fig. 1).

Because of the uneven coverage of the GPS stations, we used
the spherical wavelet-based multiscale approach (Tape et al., 2009)
to derive spatially continuous velocity and strain rate fields. This
method, based on weighted and damped least squares approach,
automatically matches the local station density through a user-
defined spherical grids of orders (q). Short-scale spherical wavelets
are used where stations are dense. This method reduces the un-
certainty from uniform interpolation algorithms. In this study, we
used allowable grids for orders of ¢ = 3-7, based on the GPS
station coverage. Because the spherical wavelets are analytically
differentiable, spatial gradient tensors such as strain rates, dilata-
tion rates, and rotation rates can be directly computed (Tape et al.,
2009).

We first calculated the horizontal velocity field in southeastern
Tibetan Plateau. The magnitude of horizontal velocity is the highest
around the Tibetan Plateau and gradually decreases southeastward
(Fig. 2a).

Shear strain is concentrated along the Xianshuihe-Anninghe-
Xiaojiang fault system (Fig. 2b). This is consistent with the high
slip rates on these boundary faults. The highly concentrated shear
strain along strike-slip faults is an essential feature of the tec-
tonic extrusion model (Avouac and Tapponnier, 1993; Tapponnier
et al, 1982). However, the localized shear strain does not ex-
tend to the Red River Fault and beyond, as would be expected
in the extrusion model. Instead, the shear strain terminates in
southern Yunnan and transfers to crustal contraction in Myan-
mar and extension in Yunnan. Some elevated shear strain is found
in northern Myanmar-Yunnan block, associated with the system
of subparallel NE-SW trending strike-slip faults, which accom-
modates the clockwise crustal rotation (Fig. 2a). On the other
hand, the Longmen Shan Fault shows relative low shear strain,
owing to the crust motion roughly perpendicular to the fault
strike. This is consistent with the high-angle thrusting in south-
ern Longmen Shan Fault as shown by the 2008 Wenchuan and
2013 Lushan earthquakes (Xu et al, 2013; Zhang et al, 2010).
The Red River Fault also has a low shear strain, consistent with
its low strike-slip rate and sparse seismicity (Shi et al., 2018a;
Yin et al., 2018).

Near the southern end of the Xianshuihe-Anninghe-Xiaojiang
fault system, the high shear strain ends and transfers to contrac-
tion and dilatation (Fig. 2c). Dilatation in southern Yunnan is part
of the overall extension in the Sichuan-Yunnan block (SYB), as in-
dicated by the fan-shaped divergence of crustal motion (Fig. 2a).
Further to the west, this crustal motion is resisted by the MYB,
explaining the compressive strain there (Fig. 2c). Another re-
gion of high compressive strain is along the southern segment
of the Longmen Shan Fault (Fig. 2c), indicating significant conver-
gence between the eastern Tibetan Plateau and the strong Sichuan
Basin (Burchfiel et al., 2008). Consistent with extrusion along the
Xianshuihe-Anninghe-Xiaojiang fault system is the high rotational

rate (Fig. 2d). The rigid crustal blocks have to rotate as the strike of
the fault system, hence the crustal motion along it, changes from
NW-SE in the north to nearly N-S in the south.

These results of strain rates show that crustal extrusion along
major strike-slip faults ends in southern Yunnan and transfers to
crustal contraction and dilatation.

4. The finite element model

We developed three-dimensional visco-elastoplastic finite ele-
ment models to explore the relative roles of gravitational buoyancy
force and the lateral driving force from the Indo-Asian collision
in causing the observed present-day crustal deformation in south-
eastern Tibetan Plateau (Fig. 3). The model incorporates the topo-
graphic relief, faults bounding the major blocks (represented by a
10-km thick weak zone), and the first-order variation of physical
property between the strong South China block and the rest of the
blocks in the study region. To minimize artificial boundary effects,
the model domain spans a large region (Fig. 3), and the bottom of
the model domain is at 90 km depth. The model is composed of
eight-node hexahedral elements, consists of 14,691 elements with
22,540 active nodes.

We first use separated models to illustrate the effects of grav-
itational spreading and tectonic extrusion. To simulate the strain
rates caused by gravitational spreading, we assume the general-
ized Maxwell viscoelastic rheology (the Prony series) for the model
domain. The model includes a stiffer South China block, whose ef-
fective viscosity is taken to be 4 x 102! Pas for the upper crust
and 8 x 10%2 Pas for the lower crust and upper mantle. For the
rest of the region, we used 8 x 1020 Pas for the upper crust and
4 % 10?2 Pas for the rest of the lithosphere (Flesch et al., 2001;
Shi and Cao, 2008). The Young’s modulus and Poisson’s ratio used
in the model are 8.0 x 10'° Pa and 0.26, respectively; the den-
sity of the crust and upper mantle are taken to be 2800 and 3300
kgm~3, respectively. The lateral boundaries are fixed in the normal
direction. The top surface is free; the bottom is free-slip in the hor-
izontal direction and fixed in the vertical direction. We hereafter
refer to this model as the reference model.

The model simulates crustal deformation by solving the general
equation of force balance,

Uy pgi= (1)

where ojj is the stress tensor (i, j =1,2,3), p is the density and
g is the gravitational acceleration.

In viscoelasticity, stress relates to strain rate and depends on
the stress-strain history, so a hereditary integral is used,

t t
A
0=2/G(t—r)d—edt—i-l/l((t—'c)d—dr (2)
dt dt
0 0

where o is the Cauchy stress, e is deviatoric strain, A is volumetric
strain, T is past time, and I is the identity tensor. G(t) and K (t) are
the Prony series shear and bulk-relaxation modulus, respectively:

ng
t
G(t) =Goo + ZGiexp<—r—G>
i

i=1

ng t
K({t) =Ky + Kiexp| ——
() = Koo ;‘ p( f,-")

where r,.G is the relaxation time for each Prony component G and
depends on viscosity. G; is the shear modulus of the ith Prony
unit whereas G is the long-term modulus (t = c0), and ng is the
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Fig. 2. Surface velocity and horizontal strain rate fields in southeastern Tibetan Plateau. The black lines are boundaries of tectonic blocks. The abbreviations for blocks and
faults are explained in Fig. 1. (a) GPS velocity field (arrows). The background color contours show the magnitude of the horizontal velocity. (b) The maximum shear strain
rate; (c) Dilatation strain rate, negative for compressive; (d) Magnitude of rotational strain rate.
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Fig. 3. Three-dimensional visco-elastoplastic finite element model of southeastern Tibetan Plateau. The black lines represent the major faults included in the model; the

abbreviations are explained in Fig. 1.

number of Prony terms. Similar behavior can be defined for bulk
relaxation modulus K(t) with a separate set of ng values of Prony
terms.

When we simulate tectonic extrusion as suggested in the ana-
logue plasticine model by Tapponnier et al. (1982), we assume
elastoplastic rheology for the model. Different plastic yielding
strength are assigned to the South China block (2.0 x 107 Pa)
and the other blocks (1.5 x 107 Pa), and a lower value for the
fault zones (5.0 x 108 Pa). The plasticity is expressed as the Bilin-
ear Kinematic Hardening Plasticity model (Luo and Liu, 2010), in
which the stress-strain ratio follows Young’s modulus before the
yielding point. In these models, we imposed a velocity bound-
ary (20 mm/a) on the northern and northwestern sides of the
model domain, based on the GPS data, to simulate the lateral tec-
tonic force that drives tectonic extrusion. The eastern boundary is
a pulley-like boundary, simulating obstruction by the South China
block; the bottom is free-slip in the horizontal direction and fixed
in the vertical direction, and the other sides are free.

All modeling was conducted using the ANSYS® finite element
software. ANSYS® employs the Newton-Raphson approach to solve
nonlinear problems. In this method, a load is subdivided into a se-
ries of increments applied over several steps. Prior to each solution,
the out-of-balance load vector is evaluated. If the convergence cri-
teria are not satisfied, the load vector is reevaluated, the stiffness
matrix updated, and a new solution is obtained until convergence
is reached.

5. Model results
5.1. The effects of gravitational spreading

Fig. 4 shows the results of crustal motion driven by gravita-
tional spreading. In this reference model, all sides of the model
domain are fixed, so the crustal deformation is entirely caused by
topographic loading in the study area. The predicted surface mo-
tion is close to the GPS velocity field. The residual velocity vectors
are mostly <5 mmy/a (Fig. 4b). The directional difference between
the GPS and the predicted velocities are mostly <15°. Misfits are
mainly found in two regions; both can be attributed to the fixed
boundary conditions of this model. One is the northwestern cor-
ner of the study area, where the SE motion of the Tibetan crust

into the study region is not included in the model. Another is near
the southwestern side of the study area, where the fixed bound-
ary does not help reproducing the clockwise rotation of the GPS
velocity vectors.

This reference model of gravitational spreading can be im-
proved by including other factors. First, as a first-order approxima-
tion, we included the major boundary faults (as 10-km wide weak
zones with half of the viscosity value as the surrounding crust)
in the model. Their main effects are to increase the southward
crustal motion because of the approximately north-south strikes
of these faults and the topographic gradients in this direction. This
improves fitting to the GPS data, mainly near the faults and in the
southern part of the study area.

The fixed boundary condition (zero velocity) imposed on all
sides of the model domain is clearly an oversimplification. Replac-
ing it with a free boundary on the southwestern side (roughly
south of 25°N), where southwestward crustal motion may be fa-
cilitated by the subduction zone further to the west (Gahalaut and
Gahalaut, 2007), significantly improves the fitting by allowing the
clockwise rotation in the western Yunnan region as observed in
the GPS data (Fig. S1).

The simplification of faults in the model also contributes to the
misfit. The kinematic analysis by Shi et al. (2018a, 2018b) sug-
gests that the clockwise rotation of the Myanmar-Yunnan region is
closely associated with a fan-shaped system of sinistral strike-slip
faults. We tested this by including the simplified NE-trending Ruili-
Longling Fault in the model, and found slightly enhanced clockwise
rotations in this region that improve fitting to the GPS velocity
field. Further improvement is gained by assuming a weaker lower
crust in the northwestern part of the Sichuan-Yunnan block (Fig.
S2), where low seismic velocity and low electrical resistivity are
reported.

Fig. 5 shows the results of the preferred model that includes
all the aforementioned improvements. The misfits of surface ve-
locity are reduced (cf. Fig. 4b), especially in the Myanmar-Yunnan
region (Fig. 5a), and the predicted strain rate pattern (Fig. 5b) is
generally comparable with that derived from the GPS data (Fig. 2).
These results indicate that the observed present-day crustal mo-
tion in southeastern Tibetan Plateau can be largely explained by
gravitational spreading.



6 Y. Li et al. / Earth and Planetary Science Letters 523 (2019) 115708

32°N

30°N

28°N

26'N

24°N

22°N

10 mm/a
—> Predicted
— GPS |
— Elevation 2 (\ (@)
20°N T T T T
98°E 100°E 102°E 104°E

32°N '
/Y
X
QF
30°N QB i
P
28°N i
|
26°N A i
\ A S
S
24N 4 ™ "
22°N A i
10mm/a
—>  Residual > (°)
Angle differenced /s 10 13 26 25 3‘0 (b)
20°N . k . w

98°E 100°E 102°E 104°E

Fig. 4. (a) Comparison of the GPS velocities with the predicted surface velocity by the reference model of gravitational spreading. Blue lines are topographic contours. (b) The
residuals of the magnitude and direction (shown in color of each arrow) between the predicted and the GPS velocities.

5.2. The tectonic extrusion model

We then explored whether or not the observed present-day
crustal deformation in southeastern Tibetan Plateau can be alterna-
tively explained by tectonic extrusion of lithospheric blocks along
major strike-slip faults. To simulate tectonic extrusion, the model
assumes a flat lithosphere with major strike-slip faults in this re-
gion, and the key model parameters were discussed in section 4.
The lateral driving force from the Indo-Asian collision is simulated
by imposing a 20 mm/a velocity on the northern and northwest-
ern edges of the model domain (Fig. 6a). The model starts with
arbitrary initial stress (zero MPa). After being loaded for about 50
Ka, the model reaches a quasi-steady state. Further loading is ac-
commodated by steady-state plastic creeping along the faults, with
nearly constant stresses and strain rates in the model.

The results show improved fitting of the surface crustal velocity
to the GPS data in the northwestern part of the study area (Fig. 6a)
relative to the gravitational spreading model, largely because of the
imposed boundary velocity in this case. The fit in the rest part
of the region, however, is poor. In the tectonic extrusion model,
lithospheric blocks move coherently along strike-slip faults, hence
the rather uniform southward crustal motion in the model. The
model does not reproduce the intra-block strain or the clockwise
crustal rotation in the Myanmar-Yunnan region (Fig. 6a).

To explore the effects of the boundary conditions on the model
results, we replaced the free-sliding (pulley-like elements) bound-
aries on the eastern side with a free boundary (Fig. S3) or with a
velocity boundary based on the GPS data in the boundary regions
(Fig. S4). The effects are insignificant. This is because the extrusion
model assumes sliding of rigid lithospheric blocks along strike-slip

faults; hence crustal motion is largely controlled by the orienta-
tion and strength of these faults, and not sensitive to the far-field
boundary conditions.

The resulting strain rate pattern (Fig. 6b) differs significantly
from that derived from the GPS data (Fig. 2b). The predicted high
shear strain in the northwestern part of the model domain results
from the imposed velocity boundary condition. The shear strain is
localized along the main strike-slip faults, as expected, but it dies
out in the southern part of the model domain, because the crust
moves as rigid blocks with little internal deformation (Fig. 6b). Re-
ducing the yielding strength of the fault zones causes higher strain
concentration along the faults, but the spatial pattern of strain
rates remains the same. We have explored the model parameters
and found that it is difficult for the tectonic extrusion model to ex-
plain the present-day crustal deformation in southeastern Tibetan
Plateau.

5.3. Results of a combined model

We have shown that the model of gravitational spreading could
explain most of the GPS data in southeastern Tibetan Plateau ex-
cept in the northwestern part of the study area, where the misfit
is significantly reduced in the tectonic extrusion model. We con-
structed a model that includes lateral boundary-push in the tec-
tonic extrusion model (Fig. 6) to the optimal gravitational spread-
ing model (Fig. 5). The results are better fits to the GPS data
than either the gravitational spreading model or the tectonic extru-
sion model alone. The combined model captures the main features
of the GPS velocity field, including the clockwise rotation in the
Myanmar-Yunnan region (Fig. 7a). Adding the velocity boundary
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condition on the northwestern corner of the study area, gener-
ally regarded as the pathway for the eastward extrusion of Tibetan
Plateau, significantly improve fitting to the GPS velocity in this
area. The shear strain rates predicted by this optimal model also
compare well with those derived from the GPS data, which are
highly localized along the Xianshuihe-Xiaojiang fault system but
gradually terminate in southern Yunnan (Fig. 7b).

6. Discussion

We have analyzed the available GPS data for present-day crustal
deformation in southeastern Tibetan Plateau, and explored the
causes of the observed crustal deformation in finite element geo-
dynamic models. The results are helpful for understanding the
crustal kinematics and dynamics in this region.

6.1. Strain partitioning and transfer

The GPS site velocities in southeastern Tibetan Plateau, with
its impressive clockwise rotation around the eastern Himalayan
syntaxis (Fig. 1), are often used to show the extrusion, or out-
ward flow, of the Tibetan crust from the Indo-Asian collision zone.
The GPS velocity vectors, however, change with the chosen refer-
ence frame. Analysis of strain rates, which are determined by the
distribution and gradients of the velocity field and independent
of its reference frame, is needed to understand crustal deforma-
tion measured by the GPS data. Using the wavelet-based multi-
ple scale method (Tape et al., 2009), we analyzed strain rates in

southeastern Tibetan Plateau. This method is based on the GPS
velocity and makes no assumptions of the actual faults. The re-
sults show highly localized shear strain along the major strike-slip
faults, especially the Xianshuihe-Anninghe-Xiaojiang fault system
(Fig. 2b). This is consistent with the tectonic extrusion model that
predicts rigid lithospheric blocks moving away from the Indo-
Asian collision zone along the system of strike-slip faults within
and around the Tibetan Plateau (Avouac and Tapponnier, 1993;
Tapponnier et al., 1982). However, our results suggest that such
tectonic extrusion is largely limited within the Tibetan Plateau. The
localized shear strain does not extend to the Red River Fault and
beyond; it essentially ends in southern Yunnan and transfers to
crustal contraction and extension (Fig. 2c).

Our results of strain rates are consistent with previous stud-
ies of geological and contemporary geodetic slip rates along the
major faults in this region, including high slip rates (5-20 mm/a)
along the Xianshuihe-Anninghe-Xiaojiang fault system and low
slip rate (2-5 mm/a) on the Red River Fault (Wang et al., 1998;
Zheng et al., 2017). These results are also consistent with seismic-
ity in southeastern Tibetan Plateau. In the past ~500 years, clus-
ters of large earthquakes (M > 6.5) occurred along the Xianshuihe-
Anninghe-Xiaojiang fault system, but earthquakes on the Red River
Fault has been minimal (Yin et al., 2018), especially on the mid-
dle segment that shows lower shear strain rate and high dilatation
rate. The high contraction rate along the Longmen Shan Fault zone
is consistent with strong crustal compression there and the high-
angle thrust faulting demonstrated by the 2008 Mw 7.8 Wenchuan
earthquake (Burchfiel et al., 2008).
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6.2. The cause of the present-day crustal deformation

Crustal deformation in southeastern Tibetan Plateau has been
attributed to gravitational spreading (England and Houseman,
1988), lower crustal flow (Bischoff and Flesch, 2018; Clark and
Royden, 2000), and tectonic extrusion (Tapponnier et al., 1982). We
developed a set of simple forward models to investigate the basic
roles of these mechanisms. Our results suggest that present-day
crustal deformation in southeastern Tibetan Plateau can be largely
explained by gravitational spreading. Similar conclusion has been
reached by England and Molnar (1997) based on Quaternary fault
slip rates in the Tibetan Plateau and surrounding regions, and by
Flesch et al. (2001), Liu and Yang (2003), and Yang and Liu (2013)
based on large-scale geodynamic modeling.

The dominant role of gravitational spreading in the present-day
crustal deformation can be seen directly from the directions of the
GPS velocity vectors (relative to stable Eurasia plate), which are ap-
proximately parallel to the topographic gradients (i.e., orthogonal
to the topographic contours as shown in Fig. 4a). More supporting
evidence includes the principal compressive stress axes, obtained
from in-situ stress measurements and focal mechanism solutions,
which are subparallel to the topographic gradient (Hu et al., 2017).

The lower crust flow model is similar to the gravitational
spreading model when the pressure gradient that drives the low
crustal flow arises from the topographic gradient. Some geophysi-

cal results suggest the existence of partial melt and low viscosity in
the mid-lower crust under the Sichuan-Yunnan region (Bao et al.,
2015; Liu et al.,, 2014). Our models do not directly test the chan-
nel flow model, but we found slight improvement of fitting to the
GPS velocities when a low-viscosity lower crust is included in our
geodynamic model (Fig. S2).

Our optimal model requires imposing southeastward velocities
on the northwestern corner of the model domain (Fig. 7), which
may represent outward gravitational spreading of the Tibetan
Plateau, or the lateral tectonic driving force from the Indo-Asian
collision as depicted in the tectonic extrusion model (Tapponnier
et al,, 1982). However, we have found that this lateral push alone
cannot explain the observed present-day crustal deformation in
southeastern Tibetan Plateau, because sliding of nearly rigid litho-
spheric blocks along the strike-slip fault cannot explain the inter-
nal strain in each block as shown by the GPS data.

Of course, some blame can be placed on the oversimplifica-
tion of the fault systems in our model. Many secondary faults are
not included, especially the fan-shaped distribution of a system of
sinistral faults in Myanmar-Yunnan region (Shi et al., 2018b), which
could improve the model fitting by producing distributed clockwise
rotation in this region.

Whereas the overall fitting may be further improved by in-
cluding more complexities, such as secondary faults and lateral
variations of lithospheric viscosity, in the model, the purpose of
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our geodynamic models is not to fit the details of observations
but to illustrate the fundamental physics controlling the crustal
deformation. That the overall strain rates pattern can be largely
explained by the simple model of gravitational spreading indi-
cates the dominant role of gravitational potential energy in driving
the present-day crustal deformation, and the termination of fault-
localized shear strain in southern Yunnan means that significant
tectonic extrusion does not extend beyond the margin of the Ti-
betan Plateau.

6.3. Tectonic implications

It is well known that the Indo-Eurasian continental collision in
the past ~50 Ma has raised the Himalayan Tibetan Plateau, but
its impact on other part of Asian continent has been less clear. The
viscous thin-sheet model (England and McKenzie, 1982), which ap-
proximates the Asian continent as a viscous thin sheet and simu-
lates the collisional process in continuum mechanics, suggests that
the collision and the resulting crustal shortening are largely ac-
commodated by crustal thickening (England and Houseman, 1988).
In this case, the tectonic impact of the Indo-Eurasian collision
would be largely limited to the Himalayan-Tibetan Plateau and
surrounding regions. On the other hand, the tectonic extrusion
(escaping) model predicts the Indo-Eurasian collision to cause
large-scale eastward and southeastward translation of lithospheric
blocks along major strike-slip faults (Tapponnier et al., 1982). In
this model, the Indo-Eurasian collision would control Cenozoic tec-
tonics in much of Central and East Asia. Large offsets and high

slip rates on the strike-slip faults within and around the Tibetan
Plateau, as well as highly localized strain on these faults, provide
the major evidence for the tectonic extrusion model (Avouac and
Tapponnier, 1993; Tapponnier and Molnar, 1977).

Southeastern Tibetan Plateau is the main exit for the extruding
lithospheric blocks in the tectonic extrusion model (Tapponnier et
al., 1982), hence an important place to test the competing mod-
els. Our strain rate analysis shows highly localized shear strain
along the Xianshuihe-Anninghe-Xiaojiang fault system, which is
consistent with the tectonic extrusion model. However, such fault-
localized shear strain ends in southern Yunnan and transfers to
crustal compression in Myanmar and extension in Yunnan. In other
words, tectonic extrusion along the strike-slip faults is largely
limited within the Tibetan Plateau. Similar conclusion has been
reached by studies of strain rates in northeastern Tibetan Plateau,
where strain localization along the major strike-slip faults ends
and transfers to crustal compression and thickening near the east-
ern margin of the Tibetan Plateau (Li et al., 2018). Such strain
transfer near the margins of the Tibetan Plateau provides the dy-
namic link between tectonic extrusion and crustal thickening and
uplift in the Tibetan tectonics that has not been well established
in previous models.

The results of terminating crustal extrusion near the margin
of southeastern Tibetan Plateau are consistent with the decreas-
ing slip rates along the Xianshuihe-Anninghe-Xiaojiang fault sys-
tem (Zheng et al., 2017) and the minimal slip rates on the Red
River Fault (Gan et al., 2007). They are also consistent with the
geological reconstruction of crustal deformation that suggests lim-
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ited extrusion in this region in the past 5 Ma (Replumaz and
Tapponnier, 2003). These results, however, do not say anything
directly about whether or not large-scale tectonic extrusion oc-
curred in the geological past, because GPS data reflect only the
present-day crustal deformation and much of the GPS-measured
strain is elastic (Yang and Liu, 2010). Most extrusion models sug-
gest that large amount extrusion in this region occurred during
15-30 Ma (Replumaz and Tapponnier, 2003), although some of the
geological evidence used to infer such tectonic extrusion has been
questioned (Searle, 2006). On the other hand, our geodynamic
modeling suggests that present-day crustal deformation in south-
eastern Tibetan Plateau, including the localized shearing along the
strike-slip faults, are mainly driven by the gravitational spreading
of the uplifted Tibetan Plateau. Similar conclusions have reached
by previous continental scale dynamic models (Flesch et al., 2001;
Kong et al., 1997). Hence different factors, such as the change of
tectonic boundary conditions, are needed to explain why the large
scale tectonic extrusion does not occur today. Alternatively, the ge-
ological evidence for the large scale tectonic extrusion may also
need reexamination.

7. Conclusions

We analyzed the strain rates field in southeastern Tibetan
Plateau, and used three-dimensional finite element models to ex-
plore the causes of the observed crustal deformation. Major con-
clusions we may draw from this work including the following.

1) The GPS data show highly localized shear strain along the
sinistral Xianshuihe-Anninghe-Xiaojiang fault system, consistent
with tectonic extrusion along these faults. However, such tectonic
extrusion ends in southern Yunnan and transfers to crustal ex-
tension and contraction. Thus the present-day tectonic extrusion
along large-scale strike-slip faults occurs mainly within the Tibetan
Plateau and transfers to crustal compression, and in some places
extension, near the plateau’s margins.

2) The present-day crustal deformation in southeastern Tibetan
Plateau can be largely explained by gravitational spreading. South-
eastward crustal motion around the eastern Himalayan syntaxis,
either from gravitational spreading of the Tibetan Plateau or from
collision-induced lateral tectonic driving force, is needed to ex-
plain the strain rates in the northwestern part of the study area,
and rheological weak fault zones are needed to account for the
localized shear strain. On the other hand, edge-push alone, as
depicted in the tectonic extrusion model, cannot explain the ob-
served strain rate partitioning and strain transfer in southeastern
Tibetan Plateau.
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