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SUMMARY

We combine Global Positioning System (GPS) velocity field with Interferometric Synthetic
Aperture Radar (InSAR) results to study the interseismic deformation across the western Altyn
Tagh fault (ATF) at longitude 86° E. GPS and InSAR data are consistent after correcting for
the contribution from vertical deformation in the InSAR line-of-sight map. InSAR and GPS
data identify an area of ~2 mma~! sinistral shear and ~6 mma~' of NS shortening located
~150 km south of the ATF near the Manyi fault system. Excluding the data located in that
area, Bayesian inversion of a 2-D profile across the ATF indicate a locking depth of 14.8 +
3.5 km and a slip rate of 8.0 & 0.4 mma~', lying at the lower range of previously published
estimates. In addition, we find no significant offset between the fault at depth and the surface
fault trace and no asymmetry of the interseismic profile that implicitly reveal lateral variations
of the elastic strength across the ATF. Detailed analysis of InSAR profile across the fault show
no distinguishable surface creep along the western ATF. Our study highlights how different
data sets, data selection and model assumption might impact results on the ATF slip rate,
locking depth and rheological contrast across the fault.

Key words: Satellite geodesy; Asia; Continental tectonics: strike-slip and transform.

1. INTRODUCTION

The ~1600 km long Altyn Tagh fault (ATF) is one of the ma-
jor continental-scale faults in Asia, which separates the Tibetan
Plateau from the weakly deformed Tarim basin. The ATF defines
a major boundary accommodating the eastward motion of the Ti-
betan Plateau (e.g. Molnar & Tapponnier 1975; Fig. 1) and its slip
rate has been a matter of debate to discriminate among continental
deformation models (e.g. Bendick et al. 2000; Wright et al. 2004a;
Chevalier et al. 2011).

During the last 20 yr, Global Positioning System (GPS) mea-
surements have been used to estimate the slip rate of the ATF (e.g.
Bendick ez al. 2000; Shen et al. 2001; Wallace et al. 2004; Zhang
et al. 2004; Zhang et al. 2007; He et al. 2013; Li et al. 2018) with
estimates ranging from 8 to 10 mma~!. In addition, Interferometric
Synthetic Aperture Radar (InSAR) has provided constraints with
higher spatial resolution on the relative motion across the fault.
However, an inherent limitation of InNSAR measurement is that it
only provides the component in the satellite line of sight (LOS)
of the 3-D velocity field (e.g. Wright et al. 2004a; Elliott et al.
2008; Jolivet ef al. 2008; Zhu et al. 2016; Daout ef al. 2018; Liu
et al. 2018; Xu & Zhu 2019). Neglecting the vertical deformation
present in the LOS map may impact the fault slip rate estimates.
The relatively dense GPS sites across the western ATF (86° E; He et

al. 2013), together with InSAR measurements spanning the 2003—
2011 period (Daout et al. 2018), provides a chance to investigate
how potential vertical deformation in LOS may impact the fault slip
rate estimation, and to improve the robustness and accuracy of the
3-D crustal motion across the fault.

Aside the slip rate and locking depth estimates, asymmetry in the
interseismic strain across the ATF has been reported. It has been
interpreted as being induced either by a rigidity contrast within the
upper crust across the fault (e.g. Elliott er al. 2008; Jolivet et al.
2008), or a dislocation shift at depth relative to the surface fault
trace (e.g. Vernant 2015), implicitly implying a dip angle of 45° for
the ATF, a model at odds with geomorphic observation (e.g. Molnar
et al. 1987).

Recently, Xu & Zhu (2019) processed InSAR data spanning the
19962017 period across the western ATF (83° E-86° E; Fig. S1,
Supporting Information). They propose ~2.0 mma~' of surface
creep extending to 1.0-2.0 km depth along the 300-km-long fault
segment.

In this study, we take advantage of horizontal GPS velocity field
and InSAR results covering the same area across the ATF to re-
evaluate any potential technique and model biases. After a careful
analysis and data selection, we propose a robust estimate of the
slip rate, locking depth and asymmetry profile across the ATF. In
addition, we probe the presence of surface creep at the western ATF.
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Figure 1. Active tectonic map of the northwestern Tibetan Plateau and geodetic results. White triangles indicate the location of GPS sites, with site names
labelled (see He et al. [2013] for details). Black arrows show GPS velocities referenced to the AT15 site with error ellipses at the 67 per cent (1o) confidence
level. InSAR data are from Daout et al. (2018), here downsampled for clarity (see the main text). Black lines indicate crustal faults that are come from Seismic
Active Fault Survey Data Center (http://www.activefault-datacenter.cn/). The light blue focal mechanism solution (Global Centroid Moment Tensor, GCMT)
shows the 1997 M,, 7.5 Manyi earthquake, with red solid line represents the surface rupture (Funning ez al. 2007). White circles represent earthquakes with
magnitudes between 5 and 6 from 2009 to 2017 (U.S. Geological Survey, USGS). The red dashed line indicates the position of the velocity profile. Inset shows
the location of study area and InSAR frames. ATF: Altyn Tagh fault and KLF: Kunlun fault.

2. GEODETIC DATA

2.1 GPS data

We used 17 GPS benchmarks crossing the western ATF (86° E;
Fig. 1). The first two-to-three campaigns of measurement were con-
ducted He ez al. (2013) between 2009 and 2013. In October 2017, we
conducted another campaign of measurements of the same bench-
marks. We used these three campaigns of data in this work. Pro-
cessing details are explained fully in He ez al. (2013). In this study,
velocity uncertainties are derived using the ‘realistic sigma’ algo-
rithm (Herring ef al. 2016) while simple least squares were used in
Li et al. (2018). More details are described in Supporting Text S1
and GPS position time-series are shown in Fig. S2 in the Supporting
Information.

2.2 InSAR data

InSAR data used in this study are from Daout et al. (2018). Four
Environmental Satellite (Envisat) descending tracks (T348, T119,
T391 and T162; Fig. S1, Supporting Information) covering the
northwestern Tibetan Plateau between 2003 and 2011 were pro-
cessed using the New Small Baselines Subset chain (Doin et al.
2011, 2015) based on the ROI_PAC software (Rosen et al. 2004).
During the processing, atmospheric delays, effects of hydrology
and permafrost seasonal changes in the high plateau and orbital
residuals were corrected. Fig. 1 shows the LOS rate map (T348 and
T119) across the western ATE, with warm colours represent motion
towards the satellite and cold colours away from the satellite, con-
sistent with the left-lateral motion across the ATF. InSAR points
are downsampled from the original data of Daout ef al. (2018) and
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drawn in a ‘low resolution’ for clarity, with a spatial sampling of
~2.8 km (Fig. 1). The downsampled data are used in our subse-
quent 2-D modelling to reduce computational burden. When using
the InSAR data to derive fault creep rate (Section 3.6), we instead
use the original undecimated data (T348, T119, T391 and T162),
which have a resolution of ~40 m.

3. GEODETIC DATA ANALYSES

3.1 GPS velocity field

We first compare the GPS velocity solution between 2009 and 2011
from He et al. (2013; Fig. 2a) with the results for the 2009-2017
period (Fig. 2b). In overall, the two velocity solutions show a good
agreement in magnitude and direction. Due to the limited cam-
paigns of measurement, it’s hard to assess the impact of seasonal
variations on GPS site velocity (Blewitt & Lavalée 2002). Nonethe-
less, in the Supporting Information (Text S2), we show that the sea-
sonal variations can affect GPS site velocity at a level of 1.5 mma
—1

To highlight the strain pattern across the ATF, the GPS velocities
(2009-2017) are transformed relative to the AT15 site, which is
located ~200 m south of the fault trace (Fig. 1). GPS velocities
show a clear decrease towards the fault and have opposite directions
across fault, consistent with the left-lateral motion along the ATF.
While gradual changes in site velocities are observed south of AT01,
a sharp change in velocities between AT01 and AT13 (40 km apart)
suggests the region probably accommodates most of the interseismic
strain.

For further analysis, GPS velocities are projected into their com-
ponents perpendicular and parallel to the fault (Fig. 3). The profile is
centred on the fault trace (86.1741° E, 37.5836° N) and normal to the
ATF (Fig. 1). The fault-perpendicular velocities show ~0.3 mma~!
shortening rate over a 250 km wide region (AT08—XJQM; Fig. 3a).
To the southern end of the profile, we find ~2 mma~! of sinistral
shear and ~6 mm a~' shortening between AT11 and AT10 (Fig. 3a),
~150 km away from the ATF. That area corresponding to the Manyi
fault system, which has been proposed to be a potential bound-
ary accommodating the relative motion of the Qaidam block to the
north and the West Qiangtang block to the south (e.g. Loveless
& Meade 2011; Wang et al. 2017). Previous elastic block models
predict shortening rates from 3 to 8 mma~!, an amount consistent
with the motion of AT11, AT09, J344 and AT10 with respect to the
sites located north of the North Manyi branch (Fig. 1). Moreover,
InSAR LOS velocities show a ~1-2 mma ~!' changes across the
western end of the North Manyi branch (Daout et a/ . 2018), which
may extend farther west and coincident with the Woniu Lake fault,
a secondary strike-slip fault of the Manyi system. Therefore, we
exclude GPS sites AT11, AT09, J344 and AT10 in our subsequent
modelling. The velocity for site AT07 is an obvious outlier when
compared to its neighboring sites AT06 and AT0S (Fig. 1). It is also
excluded from our model.

3.2 Alignment of GPS and InSAR

In order to investigate potential vertical deformation contribution
to the InNSAR LOS map, we compare the GPS horizontal velocities
with the LOS displacements from tracks 348 and 119 (Fig. 1). As
the GPS and InSAR data are referenced to different frames, the
first step is to remove the offset between different frames. For each
GPS site, we calculate the dispersion of the InSAR LOS values for
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pixels located within a circle radius of 1-10 km. We select three
GPS stations (AT13, AT14 and AT15), for which the dispersion of
the colocated LOS values is stable and small (root mean square
less than 0.4 mma~'; Fig. S3, Supporting Information) to align
the two data sets. Horizontal velocities of these three GPS sites
are projected onto the LOS according to local incidence angles
(LOSSPS \p3 = 0.48 mma~!, LOS%"S 114 = —0.06 mma~' and
LOSY?S x5 = 0 mma~'). Then we estimate a mean InSAR LOS
rate inside a circle with 1 km radius (LOS™SAR 113 = 1.89 mma~!,
LOS™MSAR 1y = 1.12 mma~' and LOS™AR \1 15 = 1.04 mma™").
Finally, the averaged value (1.21 mm a~!) of offsets between LOSSPS
and LOS™SAR s subtracted from all the InSAR observations.

The alignment of GPS and InSAR allows us to quantify the con-
tribution of vertical deformation to LOS under the assumption of
negligible relative vertical motion among the three reference GPS
sites. To verify the assumption, horizontal velocities of AT13, AT 14,
AT15 and AT12 are projected onto LOS and compared with InSAR
observations (Fig. S4, Supporting Information). The good consis-
tency between LOS projections and observations suggests no obvi-
ous relative vertical motion between AT13/AT14/AT15 and AT12,
the latter of which is located in the Tarim basin and is experiencing
minimal vertical motion (0 to —0.2 £ 1.04 mma~'; Liang et al.
2013). Therefore, the derived vertical motion in the following could
be simply regarded as referenced to the Tarim basin. Hereafter, un-
less otherwise specified, GPS and InSAR are in the same reference
frame, that is, INSAR refers to data after the reference frame trans-
lation described above. Other specific corrections for InNSAR data
are explained in the following and each figure caption.

3.3 Correction of the geodetic data for block rotation

The cross-fault GPS velocities are shown in Fig. 3(a). We note that
the fault-parallel component to north of the ATF shows a systematic
trend away from the fault. We suspect that this trend, which is seen
far away from the ATF, might be related to the block rotation on a
profile rather than a consequence of actual strain rate. In order to
test this hypothesis, we use the Euler poles from Wang ez al. (2017)
for the Tarim (longitude of 96.80 £ 0.21° E, latitude of 38.49 +
0.05° N and rotation rate of —0.689 & 0.009°Ma™") and West Qiang-
tang (longitude of 120.13 + 3.74° E, latitude of 11.49 & 5.20° N
and rotation rate of —0.167 & 0.028°Ma ") blocks to calculate the
fault-parallel and fault-perpendicular components induced by block
rotations (Fig. S5, Supporting Information). Results show that to the
south of the ATF, block rotation contributes ~0.3 mmyr~' to the
fault-parallel and ~0.1 mma~' to the fault-perpendicular velocities
along the ~160-km-long profile, which are negligible compared
with the GPS velocity uncertainty (0.4 mma~'). However, north of
the ATF, the rotating block results in ~1.3 mm a~! fault-parallel gra-
dient and <0.1 mm a~"! to the fault-perpendicular velocities over the
~100-km-long profile, which would bias the ATF slip rate estimate.
Consequently, we correct the block rotation for the GPS velocities
to the north of the fault and obtain a corrected fault-parallel velocity
profile (Fig. 3b).

3.4 Separation of vertical deformation in InSAR LOS
data

For the NEE strike-slip ATF, LOS displacement is more sensitive
to the vertical deformation than horizontal deformation (Wright et
al. 2004b). It is therefore critical to correct any potential vertical
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Figure 2. GPS velocities for sites across the western ATF from (a) 2009-2011 (He et al. 2013) and (b) 2009-2017. All GPS velocities are under a Tarim-fixed
reference frame, with uncertainties at the 67 per cent confidence level. Note that the 2009—2017 solution was the result of a new campaign of measurement
based on the 2009-2011 observations of He et al. (2013). See section 2.1 for details.

velocity in the InNSAR LOS. No leveling measurement has been im-
plemented across the western ATF, and only the descending InSAR
data are available for the moment. Thus, we quantify the vertical de-
formation from a direct comparison of GPS and InSAR. We first use
a 2-D model (presented in Section 3.5) to fit the fault-parallel GPS
velocities and obtain the optimal dislocation parameters (slip rate,
locking depth and dislocation location shift) of the ATF. Using the
obtained dislocation parameters, we then calculate the fault-parallel
velocities at each InSAR point. Finally, we project the fault-parallel
velocities onto the LOS and compare with the InSAR observations
(Fig. 4). Using this procedure, the differences between the predicted
LOS rates and the observations should be mainly related to verti-
cal motion. The vertical velocity map shows several regions with
notable uplift and one region with subsidence (Fig. 4c). The defor-
mation rates are larger than the LOS uncertainty (~1.0 mma~'),
suggesting the vertical deformation should be significant. Conse-
quently, InSAR points located in those regions are masked out in
the following 2-D models.

Following the procedure of block rotation correction for GPS
site velocities, we correct the block rotation contributions from
InSAR data to the north of the ATF (Fig. 3b). Analyses of the

vertical deformation as well as its contribution to the fault parameter
inversions are presented in the discussion section.

3.5 2-D dislocation modelling

At this step, selected/corrected GPS and InSAR points (Sec-
tions 3.1, 3.3 and 3.4, Fig. 3b) are used for dislocation mod-
elling. The western ATF is modelled as a buried infinite screw
dislocation in an elastic half-space, where the left-lateral aseis-
mic slip occurs at a rate of /; below a locking depth of D.
A horizontal dislocation shift (d) from the fault trace is intro-
duced to account for the possible geodetic data asymmetry across
the fault. For a displacement V(x) at a perpendicular distance x
from the fault, V' (x) = (Vo/m) *arctan((x — d)/D) + a (Savage
& Burford 1973), a is a velocity constant over the studied area.
We use a Bayesian approach to derive the posterior probability
density function (PDF) of the model parameters (Minson et al.
2013; Nocquet 2018). The posterior PDF p(m|d) is defined as:
p(md) ~ p(m)exp[(d — ) C1(d — r)], where d and r are vec-
tors containing the observations and model predictions, C~! is the
inverse of the covariance matrix of the data and p(m) is the prior
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Figure 3. Geodetic profiles across the ATF. Top: circles and triangles are fault-parallel (NE positive) and fault-perpendicular (NW positive) components
respectively. Pink circles with red labels are GPS sites that are excluded from our 2-D modelling. Error bars show lo uncertainties. Bottom: fault-parallel
components of GPS velocities across the western ATF before (circles) and after (triangles) the correction for the contribution from the Tarim block rotation.
Dots show InSAR before (black) and after (red) masking out points in the localized uplift and subsidence regions. InSAR data have been aligned to the
GPS reference frame, then corrected for the contribution from the Tarim block rotation, and finally projected to the fault-parallel direction. The InSAR point
locations are shown in Fig. 1. Origin of x-axis corresponds to surface trace of the ATE.

PDF of the model parameters. We use uniform prior distributions
and construct the covariance matrix as diagonal matrix using the
GPS and InSAR data uncertainties. Results presented below are
derived from a total of 10 000 sampling from the Markov chain.
Inversion results using GPS only, InSAR only and both data are
shown in Table 1. The GPS only model shows a strike-slip rate of
8.6 + 0.8 mma~! and a locking depth of 22.0 & 7.1 km along
the western ATF (Fig. 5a). The InSAR only model shows a fault
slip rate and locking depth of 8.0 == 0.6 mma~' and 13.5 £ 4.1 km,
respectively (Fig. 5b). Joint inversion of GPS and InSAR data results
in smaller parameter uncertainties, with slip rate estimated at 8.0 £
0.4 mma~! and fault locking depth at 14.8 & 3.5 km (Fig. 5¢). Using
the optimal fault locking depth and dislocation offset (0.6 = 1.5 km
to the south), the dip angle of the ATF is estimated to be ~87°, which
agrees with fault structure from magnetotelluric data interpretations
(e.g. Zhang et al. 2015; Xiao et al. 2017). Because the GPS sites
are relatively sparsely distributed (0—25 km) in the near-field of the
fault, the improvement for GPS-InSAR inversion is significant with

respect to the GPS-only model. Our slip rate estimate shows overall
consistency with that found in previous studies (e.g. Elliott e al.
2008; He et al. 2013; Vernant 2015; Daout et al. 2018; Li et al.
2018; Table 2). Discrepancies among dislocation offsets and fault
locking depths are discussed below.

3.6 Deriving surface creep rate along the western ATF

We calculate the ‘surface creep rate’ using InSAR LOS data (T348,
T119, T391 and T162; Fig. S1, Supporting Information) with both
‘short profile’ and ‘long profile’ methods. In the short profile
method, the LOS velocities are taken in small boxes crossing the
fault (2 km normal each side of the fault and 2 km along the strike).
For each profile, we do a linear regression to fit a straight line at
each side of the fault, then calculate the modelled velocity at the
points closest to the fault (x = 0.5 km). The ‘surface creep rate’
is estimated by differencing the modelled fault-parallel velocities.
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Figure 4. Data, model prediction and residuals. (a) Observed GPS and InSAR data. Both data sets have been corrected for the contribution from the Tarim
block rotation and are in the same reference frame. (b) Best model predictions for LOS and horizontal GPS. (c) Residuals (observation-model) GPS and LOS
maps. Rectangles outline the area of localized subsidence (cold colour) and uplift regions (warm colour) excluded in our 2-D model.

Table 1. Inversion results of different models.

Dislocation shift to

Slip rate (mma~") Locking depth (km) South (km) Rigidity ratio Model Data source
8.6+ 0.8 22.0+7.1 0.1+23 — Without rigidity GPS
81+13 21.7+£72 02+24 0.50 +0.10 With rigidity

8.0 £ 0.6 13.5+4.1 2.1+24 — Without rigidity InSAR
7.8+0.4 13.9+3.6 20+24 0.47 +£0.02 With rigidity

8.0+ 0.4 148 £3.5 0.6+ 1.5 — Without rigidity GPS + InSAR
7.6+ 0.4 152+3.6 0.6+£1.5 0.48 £0.02 With rigidity

If the fault segment is creeping, the LOS data should show a step
across the fault and thus the ‘surface creep rate’ would be larger than

0. Alternatively, the LOS data would be a smoothed curve across
the fault and the ‘surface creep rate’ should be around 0 within the
confidence level.

In the long profile method, cross-fault points are taken in boxes
of 100 km normal either side of the fault and 2 km along strike.
By adding a second term (V. /m) * arctan(d,/x) to the 2-D model
in Section 3.5, surface creep rate (V.) and creep depth (d.) are
estimated simultaneously.

Fig. 6 shows the creep rate estimation results (Fig. S6, Support-
ing Information shows examples of velocity profile fitting). Despite
fluctuations in ‘surface creep rate’ (< 0.5 mma~!) along the fault
distance, no obvious LOS rate step is identified across the fault,
implying tight or fully fault locking at shallow depth. The discrep-
ancies between our results and that of Xu & Zhu (2019) might
indicate slip motion along the ATF is variable in both time and
space domain. This topic is beyond the scope of this study hence
not discussed here.
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Figure 5. Observed and modelled fault-parallel velocities across the western ATF.

Red triangles and light blue diamonds with 1o uncertainty error bars show

the fault-parallel velocity component of the GPS and InSAR respectively. Thick blue solid lines represent best model, without rigidity contrast for (a) GPS
data only, (b) InSAR data only and (c) joint inversion of GPS and InSAR. Thick magenta solid lines represent best-fitting curves with the rigidity parameter
considered. Thin dotted lines outline 95 per cent confidence levels. The velocity of each InSAR data point is calculated using the median rates and their standard
deviation of all the pixels (grey dots) within a 4-km-wide bin along the profile. InSAR data here have been corrected both the contribution of block rotation and
localized vertical deformation. The bottom panels show posterior marginal PDFs using GPS data only (black histogram), InSAR data only (red histogram) and
GPS + InSAR data (blue histogram). The first two subplots are for a model without rigidity parameter. The three subplots on the right correspond to the model
with the rigidity parameter estimated. SP and LD are short for slip rate and locking depth, respectively. Rigid is for the rigidity parameter (see the main text).

4. DISCUSSION

4.1 Factors impacting the ATF slip rate estimate

Our slip rate estimate of the western ATF (86° E) overlaps with the
range proposed in previous studies, summarized in Table 2. Here,
we emphasize several factors that might impact the slip rate estima-
tion and provide some explanations to the discrepancies found with
respect to previous studies. A first factor is the selection of geodetic
points. If the southernmost GPS sites (AT 11, AT09, J344 and AT10;

Fig. 1), which are located in the region of transpressive deformation
near the Manyi fault system, are included in the 2-D model, the
fault slip rate appears to be overestimated by 35 per cent (10.8 &
1.3 mma™!, Fig. S7a, Supporting Information). A second factors is
the impact of possible remaining uplift/subsidence signal in InSAR
used for modelling. To investigate this point, we perform an inver-
sion without masking out the InSAR data located in the localized
uplift and subsidence regions. The results infer a fault slip rate of
7.5 4 0.9 mma~! only slightly lower than our estimates, but a fault
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Table 2. Summary of previous studies crossing the western ATF (86° E).

Dislocation shift to

Slip rate (mma~") Locking depth (km) South (km) Data source Reference
9.0°2/ 140 14.5 13.0 GPS (2009-2011) He et al. (2013)
8.6732/ 142 1457145/, 155 125135/, 75 GPS (2009-2011) Vernant (2015)
8.14+0.7 13 + 4 ~20* GPS (2009-2011) Zheng et al.
(2017)
10.57/410 17.6 %/, 49 0 GPS (2009-2011)InSAR (2003-2011) ~ Daout et al.
(2018)
85+ 1.0 213+ 98 0 GPS (2009-2017) Li et al. (2018)
8.0+0.4 14.8 + 3.5 0.6+1.5 GPS (2009-2017)InSAR (2003-2011)  This study

*This value is only an approximate estimate.
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Figure 6. Creep rate calculation results along the western ATE. The upper panel shows LOS step results, from the ‘short profile’ method (see the main text),
overlapping on DEM. The lower panel shows LOS step results as a function of longitude. Circle colours are for different InSAR tracks. Triangles and circles
correspond to the ‘short profile’ and ‘long profile’ methods, respectively (see explanations in the main text). Error bars show 3o (99 per cent confidence level)

uncertainties.

locking depth of 7.6 £ 6.7 km (Fig. S7b, Supporting Information),
about halfthe locking depth found for our preferred model (Fig. 5c).
Such a model also finds a dislocation offset of 5.8 km northwards of
the fault, contradictory to what is expected for a more rigid Tarim
basin and high dip angle of the ATF (e.g. Zhang et al. 2015; Xiao
etal. 2017).

Secondary faults, not accounted for in our modelling might also
impact slip rate estimates. We focus here on the North Altyn fault
(Fig. 1), which was identified as a left-lateral transpressive fault
with predominant strike-slip motion (e.g. Cowgill et al. 2000). The
North Altyn fault is oblique to the ATF at longitude 86° E and then
runs 30 km away and parallel to the ATF. We simulate the LOS
velocity field caused by two strike-slip faults, similar to the ATF
and North Altyn faults geometry. We adopt a far-field loading rate
of 10 mma~! and partition the slip between the two faults (Fig. S8,
Supporting Information). Because the short separation distance
between the two faults, results show that the deformation fields
are similar (LOS differences are less than 1 mma~!), preventing
to evaluate a potential slip partitioning between the two faults. We
note an LOS velocity gradient across the North Altyn fault, but the
sense of LOS change would imply right-lateral motion for the North
Altyn fault (Supporting Text S3). Deployment of dense GPS sites
and decomposition of INSAR LOS from ascending and descending
orbits would help determine the slip rate along the North Altyn
fault.

In summary, our tests highlight that slip rate estimates for the ATF
are sensitive at 2 mma~' level to the selection of data. Locking depth
estimates are even more sensitive and change by as much as 50 per
cent.

4.2 Origin of interseismic strain asymmetry across the
western ATF

Asymmetric interseismic strain across strike-slip faults, such as
the San Andreas Fault (e.g. Savage et al. 2004; Fialko 2006) and
the North Anatolian Fault (e.g. Meade et al. 2002), has been re-
ported. It is generally interpreted as induced by lateral changes
of the elastic thickness (e.g. Chéry 2008), lateral variations in the
elastic strength across the fault (Le Pichon et al. 2005), or a shift
in the position of dislocation at depth relative to the fault trace
(Vernant 2015).

Across the eastern segment of ATF (94° E), asymmetric pat-
terns of InSAR velocities are proposed to reflect the effects of a
rigidity decrease from Tarim to Qaidam and a southward offset of
5-7 km from the northern ATF to the southern ATF (Zhang et al.
2004; Jolivet et al. 2008). This interpretation seems to not appli-
cable across the western ATF (85° E, ~150 km west of our GPS
profile). InSAR velocities show a sense of asymmetry ~10 km to
the north of the fault (Elliott ez al. 2008), opposite to what would
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be expected for a more rigid Tarim Basin or dislocation shift to the
south.

Across the ATF at 86° E, previous studies using GPS implicitly
suggest asymmetric strain pattern, illustrated by the dislocation
shifts of ~13-20 km, depending on different modeling strategies,
to the south of the fault (Vernant 2015; Zheng et al. 2017). On the
basis of the GPS phase observations of He ez al. (2013), by adding a
new campaign of measurement, our result shows a dislocation shift
of 0.6 £ 1.5 km to the south (Fig. 5 and Table 2). In order to identify
the factors contributing to the asymmetry velocity pattern across the
ATF, we performed several tests. First, we use the GPS velocities
in the 2009-2013 period, defined as Model-A. Second, the GPS
velocities are the same with Model-A, but the two points (AT09
and AT10) at southern end of the profile are removed. This model
is named as Model-B. Third, we use GPS velocities in the 2009—
2017 period (points at the southern end of the profile are removed,
other sites are the same with Model-B) but do not correct the block
rotation contribution. This model is named as Model-C. Finally,
GPS points are the same with Model-C but contributions from
block rotation are corrected, defined as Model-D. The dislocation
offsets (to the south) obtained by Model-A, -B, -C and -D are 14.5 +

5.0,10.9 £5.9,5.2 + 5.8 and 1.3 & 5.3 km, respectively (Fig. S9,
Supporting Information). These tests suggest that differences in
the selection of GPS stations (Section 3.1) and model assumption
(Section 3.3) could lead to different results related to the question
of whether the strain distribution is symmetrical across the fault.

To further test how rigidity contrast within the upper crust across
the ATF impacts our results, we invert the geodetic data again for slip
rate, locking depth and a rigidity ratio K according to the equations
(e.g. Jolivet et al. 2008):

0
arctan

T
2(1 = K)V, (x -
———arctan

+a, ifx>d
V (x)=

d>+a, ifx <d
T

where K is the asymmetry coefficient, ranging from 0 to 1. This
coefficient represents the rigidity ratio between the upper crust on
each side of the fault. A value of K = 0.5 indicates no rigidity
contrast between two sides of the fault.

The rigidity contrast between the northern Tibetan Plateau and
the southern Tarim basin is estimated to be 0.50 £ 0.10, 0.47 £ 0.02
and 0.48 £ 0.02 from inversions of GPS, InSAR and GPS + InSAR,
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respectively (Fig. 5). These results indicate that a rigidity contrast
is not required by the geodetic data and that an upper bound of it is
11 per cent for a more rigid Tarim basin compared to the northern
Tibetan Plateau. Including a rigidity parameter in the GPS-InSAR
inversion leads to values for fault slip rate (7.7 & 0.4 mma™"),
fault locking depth (15.2 4 3.6 km) and dislocation offset (0.6 £+
1.5 km) that are consistent with our preferred, simpler model results
(Section 3.5).

4.3 Vertical deformation in the northwestern Tibetan
Plateau

After correcting for reference frame, for effect of block rotation and
for the LOS prediction of our best model for the ATE, the residual
InSAR LOS map highlights several regions with unmodelled signal,
likely due to vertical deformation (Fig. 4c). Four of them that are
covered by GPS sites, allowing to check potential signal consistency
for the two data sets. Fig. 7 shows the residual InSAR LOS map,
together with the residual GPS velocity field corrected using our
2-D best model for the ATFE.

Zone R-1 shows positive 1-2.5 mm yr*1 LOS rate, consistent
with uplift over a 40 x 40 km? area. Here, residual GPS velocities
at sites J344 and AT11 with respect to AT10 and AT09 indicates
shortening of ~3-4 mmyr~! in a roughly NS direction (Fig. 7).
The consistency between uplift and shortening seen in our GPS
data suggests that this signal is true and has a tectonic origin.

North of R-1 and north of the Woniu Lake fault and North Manyi
branch, negative 1-2 mmyr~' LOS rate are found in region R-2.
GPS velocities of ATO8 and AT07 show a relative extension rate
of ~4 mma~!, that would be consistent with subsidence. However,
ATO07 is clearly an outlier with respect to its nearest neighbours AT08
and AT06 and the overall GPS velocity field from the ATF to AT0S
(Fig. 1), preventing clear conclusion to be drawn here. At a larger
scale, the consistent motion and strain seen for the subset of sites
(J344, AT11, AT09 and AT10) with respect to all (except AT07)
GPS sites north of latitude 35.8° N, are consistent with a major
tectonic boundary accommodating up to 6 mma~' of shortening
and ~2 mma~! of left-lateral shear. It is further consistent with the
prediction of kinematic models at the scale of the Tibetan Plateau
(Loveless & Meade 2011; Wang et al. 2017).

Partly adjacent and south of the ATF, a wide area noted R-3 shows
positive 1-2.5 mma~! LOS rates, consistent with uplift. Although
only minor crustal shortening (<1 mma~') and shear deformation
(~0.2 mma~!) rates are observed in our GPS velocities (AT04—
ATO1) across this region, the vertical motion is consistent with that
produced by interseismic strain across the Qiman-Kunlun thrusts,
in which the Qiman thrust dips to south and is located to the north
of the Qiman Shan, and the north dipping Kunlun Shan thrust is
located to the south of the Eastern Kunlun Shan.

Finally, positive 1-2 mma~' LOS rates, consistent with uplift
region, is observed north of the ATF, south of the Cherchen fault
(Fig. 7,R-4). Our GPS ATF-perpendicular velocities show a roughly
~0.3mma~! contraction rate between AT 12 and 1405/JB46/XJQM,
a magnitude that could partially account for the uplift rate. The flat-
ramp model proposed by Daout et al. (2018) predicts ~0.7 mma™!
crustal shortening between ATF and the Cherchen fault also could
not fully explain the localized vertical motion.

Taken together, these results suggest that, although the interseis-
mic strain rate appears to be dominated by locking along the ATE,
there are secondary contributions of additional active faults. A simi-
lar observation has been made by Wright et al. (2004a) for instance

for an LOS profile across the ATF ~500 km west of our study.
These results call for denser GPS velocity fields, multiple InSAR
observations and detailed field investigations to better delineate the
complex crustal deformation in the northwestern Tibetan Plateau.

5. CONCLUSIONS

We combine interseismic InSAR data with GPS velocity data across
the western ATF (86° E). The geodetic data are consistent after
masking out the (InSAR) points located in regions with vertical
deformation. Careful selection of the geodetic data and removal of
the block rotation contributions from the fault-parallel velocities
enable us to robustly estimate the slip rate and locking depth of the
western ATF using a simple 2-D elastic dislocation model. A best
fit is obtained with a left-lateral strike-slip rate of 8.0 & 0.4 mma~!
and locking depth of 14.8 £ 3.5 km.

Different from previous studies that implicitly imply a asymmet-
ric GPS velocity pattern, our results indicate no significant asym-
metric interseismic velocities across the western ATF. A detailed
analysis of InSAR data across the western ATF (83° E-86° E)
shows no obvious surface creep implying that the fault is locked all
from the surface to the base of the brittle crust.

Our results also show several regions with apparent vertical defor-
mation. GPS velocities indicate overall shortening and extensional
crustal deformation in regions of uplift and subsidence, respectively.
While further analysis is required to confirm the robustness of up-
lift and subsiding signals in InSAR data, their origin in terms of
tectonics processes might deserve attention in future.
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SUPPORTING INFORMATION

Supplementary data are available at G.JI online.

Figure S1: InSAR and GPS data across the western ATE. All ele-
ments are the same as in Fig. 1.

Figure S2: GPS position time-series.

Figure S3: Standard deviations (represented by error bar length) of
InSAR data, near the GPS sites, within a radius from 1 to 10 km.
Note that, for each radius bin, the y-axis of each point has been
shifted to 0, so as to highlight its standard deviation. Three GPS
stations (AT13, AT14 and AT15, located on the north of the fault),
at where the dispersion of the colocated InNSAR LOS values is stable
and small (RMS < 0.4 mma~!), are chosen as reference sites to
align GPS and InSAR.

Figure S4: Comparison between observed InSAR LOS values
(aligned to the GPS reference frame) as a function of observed
GPS horizontal velocities projected to LOS. Error bars represent
1o uncertainties. Dotted line shows the 1:1 line. The four points are
distributed around the 1:1 line, implying no obvious relative vertical
deformation exist between AT13/AT14/AT15 and AT12.

Figure S5: Fault-parallel and fault-perpendicular components from
block rotation. The 0 point on the x-axis represents ATF (a) and (b)
are the forward model results in the south of the ATF; (c¢) and (d)
are the results in the north of the ATFE.

Figure S6: Examples show LOS velocities across the ATF (black
points) and curve fitting (red lines) using ‘short profile’ (left-hand
panel) and ‘long profile’ (right-hand panel). Profile locations are
shown in Fig. S1 in the Supporting Information. Note that the InNSAR
data here have been corrected for the contribution from the Tarim
block rotation.

Figure S7: Observed and modelled fault-parallel velocities across
the western ATF when all GPS and InSAR data are included in

the model. GPS stations are shown in Figs 1 and 3 (upper panel),
exclude stations 1035, 1412 and J343. InSAR data are shown in
Fig. 4(a) and are identical to the black dots in Fig. 3 (lower panel).
The GPS and InSAR data did not corrected for the contribution from
the Tarim block rotation, but are in the same reference frame. Red
and blue diamonds with 1o uncertainty error bars show the fault-
parallel velocity component of the GPS and InSAR respectively.
Black solid lines represent best fitting curves for (a) GPS data only,
(b) InSAR data only. The velocity of each InSAR data point is
calculated using the median rates and their standard deviation of
all the pixels (gray dots) within a 4-km-wide bin along the profile.
The parameters of the best-fitting results are show in each subgraph.
Note that positive d means dislocation shift to the north.

Figure S8: Different fault slip models and LOS residuals. The upper
two panels show two kinds of models. The lower panels show the
LOS differences of these two models in different cases; labels in
each panel show the slip rates and fault locking depths.

Figure S9: Inversion results using the GPS velocity solution of He
et al. (2013) and this study. Note the difference of GPS data points
in each subpanel.

Figure S10: GPS time-series of the XJQM station and velocity esti-
mate. The upper panel shows the full time-series. The middle panel
shows two campaigns, and the lower panel shows three campaigns.
Figure S11: LOS observations (red points) as a function of eleva-
tion. Red points in the left-hand panels show InSAR observations,
and black points represent the elevation.
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