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Abstract Characterizing the 700 km wide system of active faults on the Shan Plateau, southeast of the
eastern Himalayan syntaxis, is critical to understanding the geodynamics and seismic hazard of the large
region that straddles neighboring China, Myanmar, Thailand, Laos, and Vietnam. Here we evaluate the fault
styles and slip rates over multi-timescales, reanalyze previously published short-term Global Positioning
System (GPS) velocities, and evaluate slip-rate gradients to interpret the regional kinematics and
geodynamics that drive the crustal motion. Relative to the Sunda plate, GPS velocities across the Shan Plateau
define a broad arcuate tongue-like crustal motion with a progressively northwestward increase in sinistral
shear over a distance of ~700 km followed by a decrease over the final ~100 km to the syntaxis. The
cumulative GPS slip rate across the entire sinistral-slip fault system on the Shan Plateau is ~12 mm/year. Our
observations of the fault geometry, slip rates, and arcuate southwesterly directed tongue-like patterns of GPS
velocities across the region suggest that the fault kinematics is characterized by a regional southwestward
distributed shear across the Shan Plateau, compared to more block-like rotation and indentation north of
the Red River fault. The fault geometry, kinematics, and regional GPS velocities are difficult to reconcile
with regional bookshelf faulting between the Red River and Sagaing faults or localized lower crustal channel
flows beneath this region. The crustal motion and fault kinematics can be driven by a combination of basal
traction of a clockwise, southwestward asthenospheric flow around the eastern Himalayan syntaxis and
gravitation or shear-driven indentation from north of the Shan Plateau.

1. Introduction

The region southeast of the eastern Himalayan syntaxis (EHS), including the Shan Plateau, has developed one
of the most complex active fault systems within and around the Tibetan Plateau (Shi et al., 2014; Taylor & Yin,
2009). The Shan Plateau between the Red River and Sagaing faults contains two sets of active strike-slip faults
(Figure 1). The dominant set consists of the NE-trending, arcuate sinistral-slip faults that occupy an area of
700-by-400 km and straddle neighboring regions of China, Myanmar, Laos, Thailand, and Vietnam. In general,
these sinistral-slip faults are longer, wider than the subordinate set of NW- to nearly N-trending dextral-slip
faults (Figure 1). The dextral-slip faults dominate the areas adjacent to the Sagaing and Red River faults,
suggesting some relationship to these boundary faults.

At least some of these strike-slip faults have a complex kinematic history associated with the tectonic
evolution of the India-Asia collision, including a reversal of the sense of slip on the Red River fault
sometime between ~17 and ~5 Ma (Lacassin et al., 1997, 1998; Tapponnier et al, 1982, 1986).
Constraints on the timing of this tectonic reversal are poor but critical for assessing regional seismic
hazard, fault kinematics, and geodynamics, because the timing of the reversal, together with the largest
geomorphic/geologic offsets, is commonly used to derive average slip rates (Lacassin et al.,, 1998; Wang
et al, 2014).

The dynamic mechanisms that drive the crustal/lithospheric deformation and associated fault motions on the
Shan Plateau are largely debated. Proposed geodynamic mechanisms include crustal shear-driven regional
bookshelf faulting and lower crustal or asthenospheric flow and related deformation of overlying crust.
The regional bookshelf faulting model (Lacassin et al., 1998; Leloup et al., 1995; Tapponnier et al., 2001)

SHI ET AL.

2502


http://orcid.org/0000-0003-0636-5708
http://orcid.org/0000-0001-6798-2721
http://orcid.org/0000-0002-7311-2447
http://orcid.org/0000-0002-3736-5025
http://orcid.org/0000-0003-1875-3652
http://orcid.org/0000-0001-7108-6452
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9356
http://dx.doi.org/10.1002/2017JB015206
http://dx.doi.org/10.1002/2017JB015206
http://dx.doi.org/10.1002/2017JB015206
http://dx.doi.org/10.1002/2017JB015206
http://dx.doi.org/10.1002/2017JB015206
mailto:xshi@ntu.edu.sg
https://doi.org/10.1002/2017JB015206
https://doi.org/10.1002/2017JB015206

~1
AGU

100 . .
e Journal of Geophysical Research: Solid Earth 10.1002/2017JB015206

1

thrust fault
dextral fault f = Jers Event year |
sinistral fault 3 4 ¥ M=27)
z rupture P ~ QO Historical
% country border/ y ¢ & Instrumental
96° E 100° E 104° E
Fault Names WDF: Wanding F. MLF: MenglianF. ~ WHF: Wan Ha F. MCF: Mae ChanF.
DYF: Dayingjiang F. NTHF: Nantinghe F.  LCF: Lancang F. MXF: Mengxing F.  MHF: Muang Houn F.
RLF: Ruili F. LSF: LashioF. JHF: Jinghong F.  NMF: Nam Ma F. DBPF: Dien Bien Phu F.

SGF: Sagaing F.; RRF: Red River F.; ATF: Altyn Tagh F.; KLF: Kunlun F.; XSF: Xianshuihe F.; IBR: Indo-Burma Range
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Figure 1. The Shan Plateau, southeast of the eastern Himalayan syntaxis (EHS), has a complex fault system associated with high seismicity (Dziewonski et al., 1981;
Ekstrom et al., 2012; Gu, Lin, Shi, & Li, 1983; Gu, Lin, Shi, & Wu, 1983). (a) The location of the Shan Plateau region within the tectonic context of SE Asia. (b) Active faults
and earthquakes on the Shan Plateau. The fault traces are modified from Wang et al. (2014). Surface rupture distribution of earthquakes and their moment

magnitudes are derived from (Chen & Wu, 1989; Ji et al,, 2017; Pacheco & Sykes, 1992; Tun et al,, 2014; Yu et al,, 1991; Zhang & Liu, 1978). Note how the sinistral-slip

faults curve in arcs around the EHS and how the nodal planes of the earthquakes rotate with them. Dextral-slip faults generally are parallel and close to the Red River
and Sagaing faults and are radial to the EHS.
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argues that the faults are driven by large-scale simple shear of the block between the dextral-slip Red River
and Sagaing faults (Figure 1), perhaps as a consequence of southeastward block extrusion of crustal material
(Tapponnier et al., 1982) due to the indenting of the India into Asia. Dynamic flow models interpret the upper-
crustal deformation and associated fault development as due to various types of flow around the EHS. These
flow models include deep crustal flow induced by crustal thickening (Clark & Royden, 2000; Shen et al., 2005),
gravitational spreading flow (Copley, 2008; Copley & McKenzie, 2007), or asthenospheric flow because of the
retreat of, and/or corner flow around the Sunda/Burma slab (Li et al., 2008; Sternai et al., 2014; Wang et al.,
2013). Basal traction due to deep flow processes can explain the geometry of faults and clockwise rotation
of some crustal blocks around the EHS that have been previously observed (e.g., Wang et al., 1998; Wang
& Burchfiel, 1997).

To a large degree, discriminating between and quantifying these geodynamic models is difficult because the
rates and patterns of fault slip and timing of the initiation of the faults on the Shan Plateau are poorly con-
strained. Million-year-scale rates determined from offsets of major rivers, ridges, and plutons (Lacassin
et al,, 1998; Wang et al., 2014) rely on the poorly known age of the slip-reversal event. Millennial slip rates,
based largely on thermo-luminescence ages of displaced young alluvial fans and terraces, exist for only
the Dayingjiang (Chang et al,, 2011), Ruili (Huang et al,, 2010), and Wanding (Chang et al., 2012) faults
(Figure 1). On decadal timescales, geodetic slip rates have been proposed for the Nantinghe and Lancang
faults (Shen et al., 2005; Wang, Wang, et al., 2008). However, these estimates oversimplified the fault geome-
try and consider neither nearby active faults nor likely postseismic effects of the recent 1988 M ~ 7.6 and
M ~ 7.2 Lancang-Gengma earthquakes (Chen & Wu, 1989).

Here we first evaluate and summarize the millennial-to-modern activities of the sinistral-slip faults. We then
examine the spatial pattern of the Global Positioning System (GPS) velocity field and constrain the total geo-
detic strain rate across the entire sinistral-slip fault system by reanalyzing previously compiled GPS data.
Following this, we compare the geodetic velocity field relative to the Sunda plate (Kreemer et al., 2014) with
the velocity field generated by our reestimated million-year-scale fault activity. Finally, we utilize our key
observations of fault geometry, long- and short-term slip rates, and their spatial patterns (i.e., curvature
and rate gradients) to evaluate the fault kinematics and existing geodynamic models.

2. Millennial-Scale and Modern Activity of the Sinistral-Slip Faults

Although cumulative offsets up to tens of kilometers along the faults on the Shan Plateau (Lacassin et al.,
1998; Wang et al., 2014) suggest that they have been active over millions of years, questions exist whether
they remain active (Burchfiel & Chen, 2012), and if so, whether their rates have changed. In this section, we
combine evidence from historic and instrumental seismicity, paleoseismic trench studies, and morphotec-
tonic interpretations of small-to-moderate-scale fault offsets (1-1,000 m) to assess the fault activities on
different timescales.

2.1. Historic and Instrumental Seismicity

Numerous damaging earthquakes have occurred during the historic and instrumental periods on both the
sinistral- and dextral-slip faults throughout the Shan Plateau region (Figure 1), suggesting that many (if not
all) of these faults are active today. Examples of recent significant earthquakes on the sinistral-slip faults, from
northwest to southeast, include the 2011 M,, 5.5 (Ekstrom et al., 2012) Yingjiang earthquake on the
Dayingjiang fault (Fang et al., 2011; Lei et al., 2012), the 1976 M,, 6.7 and 6.6 earthquake sequence on the
Longling-Ruili or nearby sinistral-slip faults (Dziewonski et al., 1981; Gu, Lin, Shi, & Wu, 1983; Guo et al.,
2002; Zuo et al, 1996), the 1950 M ~ 7 Daluo earthquake close to the central Jinghong fault near
China/Myanmar border (Gu, Lin, Shi, & Li, 1983), the 2011 M,, 6.8 Tarlay earthquake at the western end of
the Nam Ma fault (Tun et al., 2014), the 2014 M,, 6.1 Mae Lao earthquake on the Mae Lao fault (~30 km south
of the Mae Chan fault) in northern Thailand (Pananont et al., 2017), and two moderate historic earthquakes
along the Muang Houn fault zone in northern Laos (Pailoplee et al., 2013) (Figure 1 and Table 1). Moderate
earthquakes that have occurred on the dextral-slip faults on the Shan Plateau include the 2014 M,, 5.7 and
5.9 earthquakes north of the Dayingjiang fault (Figure 1) (Ekstrém et al., 2012; Yang et al., 2016), the 1988
M,, 7.0 Lancang-Gengma earthquake (Chen & Wu, 1989), the 1995 M,, 6.8 Menglian earthquake along a
nearly NW-trending dextral-slip fault to the south of the Menglian fault (Ji et al.,, 2017), and the 2014 M,,
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6.0 Jinggu earthquake along a dextral-slip fault to the east of the Lancang fault (Ekstrém et al,, 2012; Xu et al.,
2015). In addition, small earthquakes (local magnitudes down to 3) in southwestern Yunnan area, recorded in
the China Seismic Network Earthquake Catalog since 1970 (http://www.csndmc.ac.cn/data/dir/china/main)
demonstrate widespread small and shallow earthquakes across the entire Shan Plateau fault system.
Although only a few of these events have documented surface rupture (the 1988, 1995, and 2011 earth-
quakes in Figure 1), their fault plane solutions and intensity distributions match well the strikes of geomor-
phically mapped active faults.

2.2, Millennial Fault Activities Inferred From Paleoseismology

Fault ruptures and associated paleoearthquakes found in trench-exposed and radiocarbon-dated stratigra-
phy, along/across the fault zones on the Shan Plateau, demonstrate that faults from the entire Shan
Plateau region have been active on millennial to centennial timescales. Here we summarize published paleo-
seismic studies along all sinistral-slip faults in this region (see summary in Table 1). In the northern-central
part of the Shan Plateau, He et al. (2014) show that the northeastern section of the Ruili fault had an earth-
quake 1150 + 30 years before present (B.P.). Four earthquakes occurred on the central Menglian fault, at
~12,970 years B.P., 4,130 years B.P., between 3,510 and 2,490 years B.P., and between 1,860 and 1,090 years
B.P (He et al., 2015). At least five earthquakes occurred along the northeastern Nantinghe fault since the Late
Pleistocene, at >40,980 years B.P., 40,450-39,170 years B.P., 30,425-7,395 years B.P., 5,485-1,150 years B.P.,
and 630-515 years B.P. (Sun et al,, 2017). In the southeastern part of the Shan Plateau, several studies reveal
that the central Mae Chan fault had one earthquake at ~500 Common Era at a site 20 km east of Mae Chan
(Penth, 2006) and at least two earthquakes in the last 9,000 years (Weldon et al.,, 2016). Along the Xaignabouli
fault zone, a branch of the central Dien Bien Phu faults in western Laos, three earthquakes occurred at ~3,000,
2,000, and 1,000 years ago (Nualkhao et al.,, 2016), dated by optically stimulated luminescence (Aitken, 1998)
of fault-rupture related sediments.

2.3. Millennial Fault Activities Inferred From Moderate Fault Offsets

Morphotectonic mapping along all sinistral-slip faults on the Shan Plateau also show clear signs of millennial-
scale fault activities. For commonly observed average slip rates of a few mm/year, strike-slip faults will accrue
offsets from meters to thousands of meters, over 10°-10° years. Therefore, a range of offsets across geo-
morphic markers (e.g., streams, ridges, terraces, and alluvial fans) of different ages are good indicators that
they were active over thousands to millions of years. Previous studies have already shown a range of offsets
(several to thousands of meters) accumulated along the faults near the northwestern (Chang et al,, 2011,
2012; He et al., 2014; Huang et al., 2010; Shi, 2014) and southeastern (Lai et al., 2012; Nualkhao et al.,, 2016;
Weldon et al., 2016; Wood, 2001; Zuchiewicz et al., 2004) parts of the Shan Plateau.

For several faults (i.e., the Jinghong, Wan Ha, and Meng Xing faults; Figure 2) in the central Shan Plateau that
lack existing studies, we have mapped and present their small-to-moderate offsets that reflect the faults’ mil-
lennial activities using 30 and 5 m resolution digital elevation models produced from the Shutter Radar
Topography Mission data and from optical imagery of the Advanced Land Observation Satellite, respectively.
We delineate active fault traces by recognition of linear, continuous geomorphic features with narrow valleys,
linear ridges, and systematic offsets of geomorphic markers (streams, ridges, terraces, and alluvial fans) along
the traces, and systematic topographic changes in slope across the linear traces. Our measurements based on
the Shutter Radar Topography Mission and Advanced Land Observation Satellite digital elevation models
demonstrate that these faults in the central section of the Shan Plateau produce sharp and accumulated
offsets across streams and river terraces, ranging between ~80 and ~1,300 m (Figure 2 and Table 1). The reso-
lution of our imagery precludes systematically mapping meter-scale offsets.

Collectively, our summary of previous paleoseismological and geomorphic studies on many of the sinistral-
slip faults, and our new work on several additional faults on the central part of the Shan Plateau, suggests that
all these faults were active on millennial timescales. Together with previous inference of their activities on
million-year timescale (Lacassin et al., 1998; Wang et al., 2014) and our review of historic and instrumental
seismicity of these Shan Plateau faults, we therefore suggest that all sinistral-slip faults included in Figure 1
on the Shan Plateau have been active since their initiation of sinistral slip, which provides an important con-
straint on the fault kinematics and regional geodynamics.
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Figure 2. The range of small to large offsets along the sinistral-slip faults on the central Shan Plateau indicates continuous activity during the Quaternary. (a) Fault
offsets of streams and alluvial fans near Gelanghe town along the northeastern section of the Jinghong fault. (b) Stream offsets near Wan Ha village, Myanmar,
along the southwestern section of the Wan Ha fault. (c) Stream offsets at a site ~5 km northeast of Bok Hsopnam village, Myanmar, along the northeastern section of

the Meng Xing fault. The blue lines in all three maps show the tributary network of the Mekong River.
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Figure 3. GPS velocity vectors relative to the Sunda reference frame (Kreemer et al., 2014) with fault traces in this region.

Fault names in Figure 1. Note that the velocity vectors rotate around the EHS and are parallel to the sinistral-slip faults.
The dashed box-bounded red and black arrows show GPS data plotted in velocity profiles on Figure 4.

3. GPS Velocity Field

3.1. GPS Data Analysis

To best constrain the current velocity field, we chose 47 campaign-mode and 10 continuous GPS stations
within two swaths, one across the central sinistral-slip fault system and the other across a domain of dextral

faults (Figure 3). The GPS data in southwestern China, northern Laos, and Vietnam come from three studies
(Liang et al., 2013; Nguyen et al., 2013; Shen et al,, 2005). Additional GPS data are from northern Myanmar
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Maurin et al. (2010) and northern Thailand (Simons et al., 2007). All velocity vectors have been reprojected by
Kreemer et al. (2014) from ITRF2008 to the Sunda reference frame. We chose to use the Sunda reference
frame, as the Shan Plateau itself is within the Sunda plate. The GPS vectors relative to the Sunda block are
similar in orientation and magnitude to those relative to the South China block (Shen et al., 2005), which
has very limited motion relative to the Sunda plate.

Most campaign-mode GPS stations have at least five observational campaigns over >10 years and the con-
tinuous stations in China and Laos span 2010-2013 (Table 1 in Liang et al., 2013). The campaign stations in
northern Myanmar and northern Vietnam were measured during 2005-2008 (Maurin et al,, 2010) and
2002-2012 (Nguyen et al., 2013), respectively. To compare the decadal-scale to million-year-scale slip rates
on the sinistral faults, we projected the horizontal GPS velocity vectors onto the average strike (240°N) of
the sinistral-slip fault system along a profile perpendicular to the faults.

3.2. Spatial Pattern of GPS Velocities and Total Geodetic Slip Rate Across the Shan Plateau

Two important spatial patterns can be observed in the regional-scale GPS velocities. First, the GPS vectors
show a clockwise rotation around the EHS (Figure 3), as has been noted in previous studies (e.g., Shen et al.,
2005). This rotation smoothly continues across the Red River fault, without a measurable change in their
vector directions or magnitudes, suggesting little motion along the Red River fault. Second, most of the
GPS velocities north of the Red River fault show only small variations in both E-W and N-S directions, suggest-
ing block-like motion. In contrast, the GPS velocities southwest of the Red River fault show large systematic
variations, suggesting distributed motion.

GPS velocity profiles show a clear tongue-like pattern in the GPS rates across the Shan Plateau (Figure 4).
Along Profile A across the sinistral-slip faults, the velocities relative to the Sunda plate are relatively low
and flat for a distance of ~200 km (between stations LALB and NNKI) away from the Dien Bien Phu fault zone,
the southeastern margin of the sinistral-slip system. The velocities then progressively increase northwest-
ward from near the Dien Bien Phu fault, followed by a velocity decrease in the last 100 km of the profile
(Figure 4). Although the GPS velocities at the northernmost sites MOGA and NAMT may be affected by the
elastic deformation associated with the Sagaing faults, our first-order calculation based on an elastic disloca-
tion model (Savage & Burford, 1973) suggests that strain accumulation across the Sagaing faults has a minor
effect (<1 mm/year; Figure S1) at MOGA and NAMT sites, compared to the magnitude of the apparent velo-
city reversal (>5 mm/year) found in Profile A.

GPS velocities along Profile B, which crosses several sinistral-slip and the main group of dextral-slip faults and
ends about 200 km from the Sagaing faults, show a similar velocity variation to Profile A. Therefore, we infer
that the gradual increase followed by a reversal of velocity gradient is an important aspect of the kinematics
of the Shan Plateau region and provides an important clue to geodynamics. The fact that Profile B largely
crosses a domain of dextral-slip faults but still shows the same pattern in rate, rate gradient and curvature
as Profile A across the sinistral-slip faults suggests both types of faults accommodate the same strain.

From both GPS profiles, we constrain the cumulative sinistral-slip rate across the entire sinistral-slip fault sys-
tem, from the Dien Bien Phu to the Dayingjiang faults, as ~12 mm/year (Figure 4). This rate, when divided by
14, the total number of major sinistral faults across the system, yields an average slip rate of ~1 mm/year for
individual faults within the Shan Plateau region. Because average slip rate is within one-sigma uncertainties
of individual campaign GPS velocities (as large as 1.5 mm/year), it is impossible to determine individual fault
slip rates from the current GPS data alone. Nonetheless, the cumulative slip rate and the relative gradients are
robust across the Shan Plateau region.

4, Long-Term Fault Slip Rates

Long-term fault offsets across each major sinistral-slip fault on the Shan Plateau have been estimated, and
the total across the entire system is 110-130 km (Lacassin et al.,, 1998; Wang et al., 2014). To calculate the slip
rates, the sinistral-slip faults are assumed to initiate concurrently with the slip reversal (from sinistral to
dextral) of the Red River fault (Leloup et al.,, 1993). However, estimates of the timing of the slip reversal
remain uncertain.

Leloup et al. (1993) proposed that the slip reversal occurred at ~5 Ma. This age is estimated from the onset
time of the normal faulting in the Dali area (Figure 1) that was interpreted to be kinematically associated
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Figure 4. GPS velocity profiles across the Shan Plateau. (a and b) The spatial pattern of GPS velocities projected onto the
average strike of the sinistral fault system, along Profiles A and B, respectively. Note that GPS velocities progressively
increase toward the EHS but then decrease slightly at the northwestern end of each profile, and that while the Profile B
domain is dominated by dextral-slip faults, it shows the same velocity pattern as Profile A. Shear directions are consistently
parallel to the sinistral-slip faults and orthogonal to the dextral-slip faults. Also shown in (b) is the modeled surface velocity
field, which is consistent with the GPS data and calculated based on (1) a simple elastic dislocation model (Savage &
Burford, 1973), assuming a range of locking depths of 10-30 km and, and (2) geological slip rates (marked in black squares)
obtained from observed maximum kilometer-scale channel/ridge offsets (Wang et al., 2014) divided by proposed onset
time of faulting at ~5 (Leloup et al., 1993), 8, 10, or 13 Ma (Li et al,, 2013; Wang et al., 2001). Fault names in Figure 1.

with the start of the dextral slip of the Red River fault. In this case, division of the total estimated sinistral
offsets of 110-130 km (Wang et al,, 2014) by this age yields a million-year-averaged cumulative slip rate of
~24 + 2 mm/year (Figure 4a and Table 1), across the entire sinistral-slip fault system; this rate is double the
cumulative geodetic rate (Figure 4a).

More recent studies suggest an earlier onset of the normal faulting in the region, between 8 and 13 Ma. Lines
of evidence for the earlier onset include basal ages (~8 Ma) of extensional subbasins related to strike-slip
faulting in the northern Dali basin (Li et al., 2013) (Figure 1), and the onset of rapid bedrock cooling at
~13 Ma inferred to be induced by normal faulting and exhumation (Cao et al., 2011) near the northwestern
Red River fault zone (Figure 1). Following the same assumptions of previous studies (Lacassin et al., 1998;
Leloup et al., 1993; Wang et al., 2014), these observations suggest that the current sinistral faults on the
Shan Plateau started concurrently with the normal faulting in Dali area at 8 or 13 Ma. Dividing these ages from
the total estimated sinistral offsets (110-130 km) (Wang et al., 2014) provides a long-term cumulative slip rate
across the entire fault system of 8-16 mm/year (Figure 4a and Table 1). It is important to note that the long-
term rate is indistinguishable from the rate derived from the GPS geodetic rates, if the faults initiated at
~10 Ma (Figure 4a).

5. Comparison of Gradient Patterns Between Geological and Geodetic
Velocity Field

We can use individual estimates of fault slip rate to generate cumulative geologic velocity field across
the fault system, using an elastic dislocation model (Savage & Burford, 1973) that assumes a locking depth
of either 10 or 30 km (Figure 4a), to compare to the geodetic velocity field. Our results show that the
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modeled velocity fields for the different locking depths are similar within the uncertainties (up to 1.5 mm/
year) of the GPS measurements. The differences in the velocity fields, under assumptions of different
ages for the fault initiation (e.g., at 5, 8, 10, and 13 Ma), exist mainly in the magnitude of the modeled velocity
field (Figure 4a). The best fit appears for fault initiation at ~10 Ma. The velocity field with fault initiation at
~5 Ma doubles the geodetic rate. Subtle variations in slope can be observed between the modeled and geo-
detic velocity profiles, suggesting variations in fault slip rates. Discrepancies in the region south of the
Nantinghe fault might be associated with the postseismic deformation following the M,, 7.0 Lancang-
Gengma earthquake of 1988 (Figure 1) (Chen & Wu, 1989).

Importantly, no matter when the faults initiated, and whether rates on individual faults vary on million-year
timescales, the spatial pattern of the derived velocities from multimillion slip rates (i.e., progressively north-
westward increase across the entire set of sinistral-slip faults) is consistent with that observed in the GPS data
(Figure 4a). Such consistency suggests that the same geodynamic processes have been driving the fault kine-
matics since the initiation of the sinistral-slip faulting.

6. Discussion

All regional geodynamic models must explain the arcuate geometry of sinistral-slip faults, their spacing, and
spatial distribution in slip sense, the fact that the dextral-slip faults accommodate the same shear as the
sinistral-slip faults, and the curved tongue-like deformation field defined by the active faults, GPS velocities,
and geological slip gradients (Figure 4) observed in this study. We now use these observations to discuss
kinematics and geodynamic models for this region.

6.1. Fault Kinematics

Based on our and Wu et al. (2015)'s observations, the Shan Plateau and adjacent regions may be simplified
into six domains characterized by groups of similar fault geometry and structural styles. From north to south,
these zones (Figure 5a) include (1) the southern part of the Chuan-Dian (Sichuan-Yunnan) block (Xu et al.,
2003) that contains mainly the S- and SE-trending sinistral-slip faults (Zone A); (2) the domain that contains
the arcuate north-south-trending dextral-slip faults, immediately to the southeast of the EHS and bounded
by the Sagaing fault, Dayingjiang fault, and a boundary that separates the dextral- and sinistral-slip faults
(the thick black dashed line in Figure 5a, referred as “D-to-S boundary”) (Zone B); (3) the arcuate sinistral-slip
faults from the Nantinghe to the Dayingjiang faults (Zone C); (4) the NE-trending sinistral-slip faults between
the Nantinghe and Dien Bien Phu faults (Zone D); (5) the NNW-trending dextral-slip faults between Zone C
and the Sagaing fault (Zone E); and (6) the SE-trending dextral-slip faults bounded by the Red River,
Lancang, Nantinghe, and Dien Bien Phu faults (Zone F).

Based on fault styles of these domains, the present-day fault network of the Shan Plateau may be simplified
as subfaulted blocks of different sizes (Figure 5b), developed from preexisting structures (Lacassin et al.,, 1997,
1998). It is important to notice that the fault network shows a radial pattern around the EHS (Figures 5b and
6a). That is, 11 out of 14 of major sinistral-slip faults on the Shan Plateau follow concentric curves around one
single pole in the EHS (Figure 6a); and the dextral-slip faults trend approximately perpendicularly to those
concentric curves. Both the sinistral- and dextral-slip faults accommodate the same strain as demonstrated
by the GPS velocity profiles (Figures 3 and 4).

These faulted domains show different kinematics. Zone A of the Chuan-Dian block demonstrates a block-like
large-scale rotation and indentation into the Red River fault (Figure 5c), as reflected by small variations of GPS
velocities within the block (Figure 3) and argued in previous studies (Su et al., 2011; Wang et al., 1998). Zone B
is mainly characterized by a large clockwise rotation around a pole anchored near the EHS (Molnar & Lyon-
Caen, 1989). Zones C to F are consistent with a differential shear (Figure 5d) from the relative large
(~12 mm/year) differential slip between the Dayingjiang and Dien Bien Phu faults (Figure 1), as demonstrated
by the GPS velocity patterns (Figure 4). Importantly, regional tongue-like curved shear exerting on preexisting
structures (Figure 5d) can drive both the sinistral- and dextral-slip faults observed on the Shan Plateau. The
shear-driven rotations of the fault-bounded microblocks can also explain the nearly E-W extension at the ter-
minations of the sinistral-slip faults and on the sides of the N- to NW-trending dextral-slip faults (Wang &
Burchfiel, 1997; Wang, Wan, et al., 2008).
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Figure 5. The fault domains and kinematics around the Shan Plateau. (a) Six domains with different fault styles. The thick
dashed black line here and also in panel (c) shows the “D-to-S boundary” discussed in the text. (b) Simplified present-day
radial pattern of the fault network and preexisting fault structures in the region. (c and d) The domains characterized

by block-like rotation and by regional distributed shear, respectively. Note how both the sinistral- and dextral-slip faults can
be explained by the distributed shear relating to the curved tongue-like velocity pattern.

6.2. Implications for Regional Geodynamics

The geodynamic mechanisms that drive the crustal motion and associated fault movement around the Shan
Plateau region are debated. The controversy is mainly whether the forces are from the shallow crust or
deeper in the lithosphere or below. Proposed shallow forces include the horizontal shearing force sourced
from the indenting of the India into Eurasia (e.g., Tapponnier et al, 1982) and the gravitational potential
energy-induced spreading (e.g., Copley, 2008; England & Molnar, 1997; Molnar & Lyon-Caen, 1988). Deep
forces may come from basal traction by flows in the deep crust (Clark et al., 2005; Clark & Royden, 2000;
Royden et al.,, 1997) or asthenosphere (Li et al., 2008; Sternai et al, 2014; Wang et al,, 2013). Here we
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Figure 6. The curved faults around the EHS and proposed geodynamic models for the complex fault systems on the Shan
Plateau. (a) Map showing all arcuate sinistral-slip faults except the Wanding and Dien Bien Phu faults follows cocentric
curves (red dashed lines) around a pole near the EHS. Note also that the dextral-slip faults are nearly orthogonal to the
arcuate concentric curves. The two yellow-shaded areas show the approximate locations of two low-velocity zones that
have been interpreted as crustal channel flows (Bao et al., 2015), also refer to panel (c). (b) Regional bookshelf faulting
between the Red River and Sagaing faults. (c) The localized deep crustal channel flow model. Note that such a model will
develop a dextral-slip fault in parallel with the NE-tending sinstral-slip faults, which contradicts observations of the con-
sistent fault slip sense in this region. (d) The tongue-like asthenospheric flow model. The black arrows show the change in
velocities within the flow zone. The pink and green shaded areas show where the flow may drive the crustal motion in
corresponding areas in Figure 5c.

attempt to evaluate these mechanisms based on our key observations on the fault geometry, kinematics, and
GPS velocities.

6.2.1. Regional Bookshelf Faulting Between the Sagaing and Red River Faults

The first model we evaluate is regional bookshelf faulting (Figure 6b) due to horizontal dextral shear gener-
ated by dextral-slip on the Red River and Sagaing faults that bound the northern corner of the Sunda plate
(Figure 1) (Lacassin et al., 1997; Leloup et al., 1995; Tapponnier et al., 2001). This model can explain the sense
of shear of the sinistral faults and the boundary dextral faults but cannot explain several of our observations.
First, this model may generate a curved northwestward regional velocity pattern, but this contradicts to our
observation of the asymmetric tongue-like GPS velocity pattern toward to the southwest, which also requires
a switch in slip sense from dextral- to sinistral-slip northwest of the Dayingjiang fault. Second, the distinct
arcuate shape of the sinistral-slip faults and the curved GPS velocity field across the Red River fault
(Figure 3) are difficult to reconcile with regional bookshelf faulting. Finally, this model requires a rapid
slip along the Red River fault. Although the Red River fault was a large crustal-scale plate-boundary fault
in the geologic past, it has a very low dextral slip rate along its central section over decadal (1-2 mm/
year) (Shen et al, 2005; Wang, Wang, et al., 2008) and millennial and million-year (1-5 mm/year)
(Replumaz et al, 2001; Schoenbohm et al., 2006; Weldon et al., 1994) timescales. This observation
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suggests that this fault cannot play a significant role in providing the needed horizontal simple shear.
Thus, the regional bookshelf faulting model is difficult to explain the crustal motion in the Shan
Plateau region.

6.2.2. Crustal Shearing Between the Northern Sagaing and Xiaojiang Faults

A variation of the regional bookshelf faulting model could be driven by crustal shearing between north-
ern Sagaing fault and the Xiaojiang fault (Figure 5c). The curved, tongue-like pattern of GPS velocities
across northern Sagaing-Xiaojiang fault observed previously (Copley, 2008) may generate southwestward
differential shear across the Shan Plateau and hence fault kinematics consistent with our observations
(Figure 5d). In this case, indention of the Chuan-Dian block into the central Red River fault can also
explain its southwestward deflection, as argued in previous studies (Schoenbohm et al, 2006; Wang
et al., 1998).

Such shearing forces may partly relate to the far-field indenting of India into Eurasia (e.g., Tapponnier et al.,
1982), the gravitational spreading (e.g., Copley, 2008; England & Molnar, 1997; Molnar & Lyon-Caen, 1988)
because of the crustal thickening and uplift of the Tibetan Plateau, and the trench rollback along many of
the subduction zones in Southeast Asia (e.g., Hall & Morley, 2004; Royden et al., 2008). To what degree each
of these processes contributes to the crustal deformation in the study region requires future acquisition of
more geological data and numerical modeling to test.

6.2.3. Localized Crustal Channel Flow

Widespread deep crustal flow has been proposed to explain the >1,000 km long southeastward topographic
gradient (Figure 1a) from the flat plateau surface (~4,500 m in elevation) northeast of the EHS to the coast of
the southwest part of the South China Sea (Clark et al., 2005; Clark & Royden, 2000). However, recent studies
show that crustal flow may be localized (Yao et al., 2010), rather than widespread, along two parallel channels
at depth of ~21 km beneath southeast of the EHS region (Bao et al., 2015) (Figures 6a and 6c¢). If localized crus-
tal channel flow exists beneath this region, we would expect to see dextral-slip faults on one side, and
sinistral-slip faults on the other side of a flow channel. Thus, some NE-trending dextral-slip faults (dashed line
in Figure 6¢) would develop in parallel with the NE-trending sinistral-slip faults in central Shan Plateau. This
contradicts our observation that the NE-trending faults starting from the Dayingjiang fault to the southeast
(Figure 1) are all sinistral.

One may argue that a two-channel crustal flow model may also explain the sinistral-slip fault kinematics,
if the faults in the central part of the Shan Plateau are inactive and simply entrained within the channel of
flowing crust. However, our summary of the fault activities of the sinistral-slip faults near the margin
(Table 1) and new observations of such activities in the central part of the Shan Plateau (Figure 2) suggest
that all the major faults are active since their initiation of sinistral-slip faulting. The activities of these faults
mean that they cannot be zero-slip-rate free boundaries, against the entrainment of the central Shan
Plateau within a flow zone. Therefore, our observations of the southwestward tongue-like crustal motion
and fault slip behaviors on the Shan Plateau cannot be reconciled with a localized channel flow model.
However, our observations cannot be used to rule out the existence of crustal flow beneath this region;
if localized lower crustal flow does exist, other processes dominate the fault kinematics on the
Shan Plateau.

6.2.4. Asthenospheric Flow Around the EHS

The model of asthenospheric flow around the EHS has previously been proposed to explain the dynamics in
this region (Li et al,, 2008; Wang et al.,, 2013). This asthenospheric flow is likely associated with the retreat of
the Sunda subduction zone or by corner flow around the Sunda slab (Li et al., 2008; Wang et al., 2013). The
exact origin of the asthenospheric flow, whether it results from local mantle dynamics (e.g., collision-
subduction processes, Sternai et al. (2014) or larger-scale mantle convection (e.g., Becker & Faccenna,
2011), is beyond the scope of this study.

Previous observations and interpretations that support this flow model include the following: (1) the crustal
thickness of the Shan Plateau region is less than 40 km (Bao et al., 2015), and the lithosphere is around 80 km
or less (Pasyanos et al.,, 2014), which may facilitate coherent lithospheric deformation. (2) Southeastern
Tibetan crust is thought to be coupled to the mantle lithosphere, and thus, movement of the entire crust
is likely the same as the uppermost mantle; this inference is supported by the mechanical coupling across
the upper and lower crust (Copley et al., 2011) and by the similarity of the surface deformation field and seis-
mic anisotropy, which is mainly in the asthenosphere (below 80 km depth), inferred from shear wave splitting
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observations (Huang et al,, 2015; Wang et al., 2013). (3) Recent 3-D thermo-mechanical numerical models invol-
ving processes of continental collision, oceanic subduction, and slab retreat support the role of asthenospheric
flow in driving the surface strain, subhorizontal and upward vertical motion around EHS region (Sternai et al.,,
2014; Sternai et al,, 2016). (4) Recent analog models also suggest that the shear traction of the tongue-flow act-
ing at the base of flow zones (e.g., Yin & Taylor, 2011) may drive development of non-Andersonian conjugate
dextral- and sinistral-slip faults, observed on the Shan Plateau and in the Chuan-Dian block (Figures 1 and
5a) (Su et al,, 2011). (5) A portion of the Mid-Miocene and Quaternary igneous rocks in southwest Yunnan
and Myanmar may source from the asthenosphere (e.g., Lee et al,, 2016). These findings suggest that the rigidity
of the upper crust does not significantly filter the forcing from lower, more ductile layers.

The asthenospheric flow model can explain many aspects of our observations. First, the tongue-like pattern of
subsurface flow velocities would produce a gradual increase in horizontal velocities toward the center of the
flow zone (Figure 6d). Basal traction from the asthenospheric flow would drive the observed tongue-shaped
crustal motion and surface velocity field across both sinistral- and dextral-slip faults on the Shan Plateau
(Figure 4). Second, the curved velocity field may cause the southwestward differential shear in the region
and consequent faulting along preexisting structures (Figure 5d), and thus can explain the arcuate fault lines
and GPS velocities relative to the Sunda plate (Figure 3) that follow concentric curves around a pole near the
EHS (Figure 6a). Third, the model is consistent with our observation of comparable magnitudes (~10 mm/year)
and style of geodetic deformation across the Red River fault that suggest the same geodynamic process across
this fault and its little role in the current deformation. This observation suggests a nearly complete transfer of
surface strain from the deformation between the EHS and Xiaojiang fault system, north of the Red River fault,
to the broad region characterized by the diffuse deformation among quasi-parallel sinistral faults on the Shan
Plateau region. Fourth, the southwestward deflection of the central Red River fault, and the westward deflection
of the central Sagaing fault and the Indo-Burma Range (Figure 1), is also consistent with the proposed flow.

It is important to note that, deep forces such as basal traction of asthenospheric flow and from the shallow
crustal-shearing induced by indentation of the India into Eurasia plates, the gravitational spreading and
far-field trench rollback are not mutually exclusive. The contribution of these different geodynamic processes
to crustal motion largely depends on the relative movement of the asthenosphere and the crust, and thus the
relative magnitude of various driving forces, as well as the crustal heterogeneities. Therefore, the dominant
control of different mechanisms for driving the crustal motion across the Shan Plateau region may vary in
time and space. In fact, previous studies show that the fault kinematics in eastern Tibet may relate to a
change in the predominant geodynamics of this region during the Middle to Late Miocene (Wang et al.,,
2012), when the faults around the Shan Plateau region experienced a switch in slip sense. Such a change pos-
sibly relates to the fast buckling and deformation of the Indian Ocean lithosphere during this time period
(e.g., Molnar et al., 1993). Future data and models are necessary to test and quantify the spatio-temporal
changes in roles of different forces in driving crustal motion around the EHS region.

7. Conclusions

We use the kinematics, GPS velocity field, and slip rate gradients of the fault systems on the Shan Plateau
over multiple timescales to interpret the kinematics and geodynamics of this region. From our new analysis
of previously published GPS data, we observe a curved, southwestward, tongue-like crustal motion that
shows a progressively northwestward increase in GPS velocities for an ~700 km long distance then a
decrease over the final ~100 km to the syntaxis. We constrain the total geodetic slip rates across the sinis-
tral fault system to ~12 mm/year and an average slip rate of ~1 mm/year for individual faults. The total
geodetic slip rate is the same as the cumulative geologic rate averaged over ~10 Ma. Based on the defor-
mation field defined by the active faults, the tongue-like pattern of GPS velocities, and geological slip gra-
dients, the fault kinematics is characterized by a regional southwestward differential shear, compared to
more block-like rotation and indentation north of the Red River fault. Our observations of the fault slip
and GPS velocities are difficult to reconcile with previously proposed regional bookshelf faulting between
the Sagaing and Red River faults and localized deep crustal flow beneath the region. The regional geody-
namics appears to be driven by crustal shearing that relates to indenting of the India into Eurasia plates
and gravitational spreading to the north and by deep traction due to southwestward directed, clockwise,
asthenospheric flow around EHS.
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