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ARTICLE INFO ABSTRACT

Editor: J.P. Avouac Investigating the present-day pattern of strain accumulation along the Altyn Tagh fault (ATF) in northwestern
Tibet is critical for our broader understanding of deformation around large active strike-slip faults and the
associated seismic hazards. Previous geodetic and geological studies show an eastward decrease of slip rate along
the central-eastern ATF, but the spatial variation of the slip rates and the mechanism causing such variation are
uncertain. Additionally, interseismic deformation around the restraining bends along the ATF and its pattern of
termination towards its eastern end are also unclear. Here we derive surface velocities and strain rates around the
central-eastern ATF system using Sentinel-1 and GNSS velocities. We estimate fault parameters including slip rate
and locking depth for the ATF and other related active faults indicated by our strain rate maps using a Bayesian
inversion approach. Our results show shear strain is mainly concentrated on the ATF between 86°E and 95°E. The
strike-slip rate of the ATF remains constant at ~8 mm/yr between 86°E and 90.5°E, before decreasing gradually
to ~4.5 mm/yr between 90.5°E and 94°E due to the crustal shortening across the Qaidam basin. Shear strain on
the ATF is terminated in a horsetail structure at 95°E, where the strain is split into the motion along the Danghe
Nanshan fault, Yema River — Daxue Shan fault and north Altyn Tagh fault. Our strain rate fields show fault planes
are nearly vertical beneath the ATF, and there are obvious changes in the strike of the deep shearing part of the
fault beneath the Akato Tagh bend and Aksay bend. The Akato Tagh and Pingding Shan bends feature higher
peak strain rates and narrower width of the interseismic straining zone at the surface, compared to straight
sections like the Xorkoli segment. We observe long-wavelength uplift signals in the East Kunlun Shan range,
Altun Shan range, Qaidam basin, restraining bends along the ATF and the Qilian Shan — Nan Shan thrust belt. We
consider uplift of the latter is controlled by the thrust motion of the active faults within it, as almost all short-
ening within it occurs across the fault zones. Uplift around restraining bends along the ATF exhibits a larger rate
at their inside corners, which is evidence of potential vertical-axis rotation within the bends. Our results provide
a noteworthy example of how the strain is accumulated and terminated on a large-scale intra-plate strike-slip
fault.
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1. Introduction

The Altyn Tagh fault (ATF) is one of the largest strike-slip faults in
the world and acts as a major boundary between the Tibetan Plateau and
the Tarim Basin (Fig. 1a). Compared to other large-scale strike-slip faults
such as the San Andreas fault and the North Anatolian fault, where many
large-scale geodetic studies (e.g. Kaneko et al., 2013; X. Xu et al., 2021)
have already contributed to a comprehensive understanding of the
faults, previous geodetic studies about the ATF are mostly regional,
tightly constrained to subsegments of the fault using one to a few

Synthetic Aperture Radar (SAR) swaths only. In the following we
introduce several important questions about the active tectonics of the
ATF that have not been well answered by previous studies.

Firstly, how does the slip rate vary spatially along the ATF. Fault slip
rates are the key parameters when evaluating seismic potential and
assessing seismic risk of an area (e.g. Youngs and Coppersmith, 1985).
Both geological and geodetic results (e.g. Zhang et al., 2007; Li et al.,
2018) reveal that the slip rates on the ATF are not constant along strike
but show a significant eastward decrease. Due to the discontinuous
distribution of field surveys, low spatial resolution of Global Navigation
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Satellite System (GNSS) velocities and relatively small scale of previ-
ously published Interferometric Synthetic Aperture Radar (InSAR) re-
sults, we still lack a clear picture of the spatial variation of current slip
rates along the ATF.

The second question to address is how the transpressive strain is
accommodated within the ATF system. Oblique-slip faults, strain parti-
tioning (e.g. Panda et al., 2018) and distributed deformation within the
blocks (e.g. England and McKenzie, 1982) are three possibilities to
accommodate deformation in transpressive zones, each of them causing
a distinct surface velocity and strain rate pattern. Due to the sparse GNSS
data distribution along the ATF system, the strain pattern within it is still
poorly resolved. With new data from the Sentinel-1 radar satellite, we
can derive a high-resolution strain rate model (e.g. Wang et al., 2019)
and distinguish localized deformation related to active faults and
distributed deformation within blocks. Based on such a strain rate
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model, we can better understand the balance of on-fault and off-fault
deformation in zones of active mountain building around the ATF and
the potential seismic hazard for surrounding areas.

The third question relates to how the crust around fault bends along
the ATF deforms during the current interseismic period. Restraining or
releasing bends are widely distributed along strike-slip faults (Mann,
2007), and they have been identified as loci of both initiation and
termination for seismic ruptures (King and Nabelek, 1985), suggesting
they play important roles in controlling the size and extent of earth-
quakes and consequently the seismic hazard around strike-slip fault
zones. Four restraining bends and a relatively straight segment, called
the Xorkoli segment, can be found along the ATF (Fig. 1a & Sla). For
some restraining bends, previous studies have revealed their geometry,
topographic features, evolution mechanism, and role in historic earth-
quakes (Cowgill et al., 2004; Elliott et al., 2015; Shao et al., 2018) and

EY

42°N A

NGE Y {3
60°E  80°E 100°E 120°E
Elevation (m

0 2000 4000 6000

AN o 20+2 mmiyr

38°N -

36°N

84°E 86°E 88°E 90°E 92°E 94°E 96°E 98°E 100°E
1 1 1 1 1 1 1 1
357 Quaternary offset: GPS: InSAR: bl [
Xu et al., 2005 [0 Bendick et al., 2000 Elliott et al., 2008
30 O Cowgill, 2007 1 Wallace et al., 2004 <> Jolivet et al., 2008 -
O Zhang et al., 2007 [0 Zhang et al., 2007 Zhu et al., 2016
T o5 O Gold et al., 2009 [J Heetal., 2013 Liu et al., 2018 |
> Cowgill et al., 2009 Zheng et al., 2017 > Shenetal., 2019
IS O Gold et al., 2011 O Lietal, 2018 & Lietal., 2022
é 20 O Yang et al., 2023 -
Py % O VYanetal., 2024
@ 154 ‘ -
o2 ST
0 10 é ;r -
Ld
B A 1
5 e Bo § -
0 T T T T T T T 08 E O T
84 86 88 90 92 94 96 98 100
Longitude

Fig. 1. (a) Tectonic map of the central-eastern Altyn Tagh fault (ATF) and its surrounding areas. Thick black lines represent the high-resolution fault traces of the
ATF and north Altyn Tagh fault (NATF) based on studies from Elliott et al. (2015), and thin black lines represent modified surface traces of other important active
faults based on Styron & Pagani (2020) and Q. Xu et al. (2021). Yellow triangles mark the centers of active restraining bends along the ATF. Blue and red polygons
represent the Sentinel-1 coverage of ascending and descending data, respectively. Black arrows are the GNSS horizontal velocities estimated in this study, and skyblue
arrows show modified GNSS velocities based on results from Li et al. (2018). GNSS vertical velocities estimated in this study are shown in Fig. S1. White circles denote
earthquakes with moment magnitudes M, < 6.0 from January 1976 to June 2022 based on data from the U.S. Geological Survey. Red focal mechanisms highlight
strong earthquakes with magnitudes larger than M, 6.0 based on the data from Global Centroid Moment Tensor Catalog (Dziewonski et al., 1981; Ekstrom et al.,
2012). Red star represents the 1932 Ms 7.6 Changma Earthquake (Du et al., 2020). ATF: Altyn Tagh fault; NATF: north Altyn Tagh fault; NATTF: north Altyn Tagh
thrust fault; KF: Kunlun fault; DNSF: Danghe Nanshan fault; YRDSF: Yema River — Daxue Shan fault; CMF: Changma fault; NQSF: north Qilian Shan fault; EKS: East
Kunlun Shan range; QNTB: Qilian Shan — Nan Shan thrust belt; STB: Sulamu Tagh bend; ATB: Akato Tagh bend; PDB: Pingding Shan bend; AB: Aksay bend. (b)
Previous published slip rates along the central-eastern ATF. The green horizontal line shows the lateral extent of measurement in Liu et al. (2018).
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suggested concentrated shortening within the inside corners
(Figure S1b) of the bends (Cowgill et al., 2004). However, the current
interseismic deformation around the bends has not been well studied
using geodetic data.

The fourth question concerns how the ATF terminates at its eastern
end. A previous study (Withers et al., 2023) showed that the termination
pattern of a transform fault depends on how such a fault is connected
with other plate boundaries. A “seamless” and continuous transition
zone will form if they are well-connected (e.g. the northern termination
of the Alpine fault), while a distributed transition zone will be observed
if they are “misaligned” (e.g. the southern termination of the San
Andreas fault). How intra-plate strike-slip faults (e.g. ATF) terminate has
not been systematically studied. Some hypotheses (e.g., Xu et al., 2005)
have been proposed to interpret the termination pattern of the eastern
ATF, but evidence from high-resolution geodetic data is still incomplete.

To address the above questions, we model the surface velocities and
strain rates for 1200 km of the central-eastern segments of the ATF using
Sentinel-1 InSAR rate maps and GNSS velocities. We also use our ve-
locity field to constrain the best fit values for strike-slip rate, locking
depth and fault location for the ATF and other important active faults
(indicated by our strain rate maps) following a Bayesian inversion
approach. We not only quantify the strain accumulation along the 1200-
km-long central-eastern ATF but also explore their implications for un-
derstanding the deformation around fault bends, mountain building and
pattern of fault termination.

2. Review of geological and geodetic slip rate estimates for the
ATF

Previous slip rates have been measured at different locations along
the central-eastern ATF using both geological methods (e.g. terrace
offsets and dating ages) and geodetic methods (e.g. GNSS and InSAR).
For the segment between 85°E and 91°E, some early geological results
estimated large slip rates of over 20 mm/yr (e.g. Mériaux et al., 2004),
but more recent geological results show slip rates of 6-15 mm/yr (e.g.
Cowgill, 2007; Cowgill et al., 2009; Gold et al., 2009; Gold et al., 2011)
(Fig. 1b), which is consistent with the results from InSAR (e.g. Elliott
et al., 2008; Zhu et al., 2016; Shen et al., 2019; Li et al., 2022) and GNSS
data (e.g. Bendick et al., 2000; Wallace et al., 2004; He et al., 2013;
Zheng et al., 2017; Li et al., 2018) (Fig. 1b).

How the slip rates change further east along the segment between
91°E and 95°E is less clear, and there are no geological estimates be-
tween 89°E and 94°E. Some geological results showed slip rates of ~10
mm/yr at ~94.5°E (11 + 3.5 mm/yr, Xu et al., 2005; 9.5 + 3.5 mm/yr,
Zhang et al., 2007) (Fig. 1b), which is supported by slip rates of ~9
mm/yr derived from InSAR (9 + 1 mm/yr, Jolivet et al., 2008) and
GNSS data (8.8 + 2.3 mm/yr, Zhang et al., 2007) at ~94°E (Fig. 1b),
suggesting that there might be no significant change of slip rates around
~94°E. Liu et al. (2020) suggested the slip rates decrease sharply from
~10 mm/yr to ~5 mm/yr between 94°E and 95°E by estimating the late
Quaternary slip rates on four sites near the Aksay Bend based on river
terraces, which supports the large fault slip rates observed near 94°E
(8.8 £ 2.3 mm/yr, Zhang et al., 2007; 9 + 1 mm/yr, Jolivet et al., 2008)
and the small fault slip rates around 95°E (4.5 = 0.9 mm/yr, Zheng
etal.,, 2017;5.1 + 0.6 mm/yr, Li et al., 2018) (Fig. 1b). However, results
of slip rates of 6.4 + 1.6 mm/yr for the segment between 91.5°E and
95°E from InSAR (Liu et al., 2018) (Fig. 1b) and profiles of fault-parallel
velocities at two sides of the ATF from GNSS data (Zhang et al., 2007)
indicate that the slip rates may begin to decrease further west than 94°E.

Small slip rates of ~4 mm/yr on the north Altyn Tagh fault (NATF)
between 95°E and 96°E have been reported by both geological (4.8 £ 1
mm/yr, Xu et al., 2005) and geodetic measurements (3.9 + 2.3 mm/yr,
Zhang et al., 2007; 5.1 + 0.6 mm/yr, Li et al., 2018) (Fig. 1b), and the
slip rates continue to decrease to ~1 mm/yr at ~98°E (1.3 + 1.1 mm/yr,
Lietal, 2018; 0.6 £+ 0.2 mm/yr, Yang et al., 2023) (Fig. 1b). The cause
for the decrease of slip rates on the NATF has not been well quantified in
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previous results, nor how slip is accommodated on other faults. A recent
geological study (Yan et al., 2024) shows the slip rate on the NATF at
96°E is 1.2 + 0.1 mm/yr (Fig. 1b), which is much lower than earlier
geological results (4.8 +£ 1 mm/yr, Xu et al., 2005; 7 + 2 mm/yr, Zhang
et al., 2007), suggesting there may be a big uncertainty in geological slip
rates.

3. Data and methods
3.1. GNSS data and processing

We collected raw GNSS data covering 1998-2021 from both the
CMONOC-I and CMONOC-II projects. We used GAMIT/GLOBK software
(Herring et al., 2018), version 10.7, to process our own GNSS network
solution with the strategy of Wang et al. (2022) and obtain the posi-
tioning time-series in the ITRF2014 reference frame (Altamimi et al.,
2016). Effects from major earthquakes during the timespan of our GNSS
data were removed following the strategy of Zheng et al. (2017), which
involves removing the coseismic offsets and the affected postseismic
data so as not to be modeling the postseismic deformation. We used the
Hector software (Bos et al., 2013) to model the positioning time series to
obtain 3D velocities at each GNSS station. We apply trigonometric
functions to fit the annual and semi-annual signals, which can improve
the reliability of the velocities, especially for the vertical component.
The horizontal velocities were then transformed into the Eurasia-fixed
reference frame according to the ITRF2014-Eurasia Euler vector (Alta-
mimi et al., 2017). Thus, we obtained our core GNSS velocity field with
78 CMONOC-I/II stations, including 8 continuous and 70 campaign
stations. Li et al. (2018) compiled a regional GNSS velocity field for the
ATF, and it includes a GNSS profile with 17 stations which are not
included in our CMONOC-I/II solution. We calculated a Euler vector
which best fits the velocity differences at the common stations between
our velocity field and Li et al. (2018)’s, and then applied this to convert
Li et al. (2018)’s velocities at the 17 stations into our CMONOC-1/1I
solution by rigid body rotation. Such conversion only results in
changes of less than 1 mm/yr relative to the velocities in Li et al. (2018).
Our resultant GNSS velocity field comprises 95 stations in total (Fig. 1a).

3.2. Sentinel-1 InSAR data and processing

We use the LiCSAR system (Lazecky et al., 2020) to derive interfer-
ogram networks, which are multi-looked by 20 in range and 4 in azi-
muth (~50 m), and then downsampled to 100 m resolution. We
processed 11 LiCSAR frames on 7 ascending tracks and 9 LiCSAR frames
on 6 descending tracks (Fig. S2). For each frame, we used ~170
acquisition epochs (Table S1 & S2) between October 2014 and July
2022. LiCSAR normally generates interferograms between each epoch
and four consecutive epochs both forwards and backwards in time by
default, but here we combined short baselines with 1-year to 7-year long
temporal summer-to-summer baselines in the network (Fig. S3 & S4),
which not only reduces potential phase biases related to relatively short
temporal baselines (e.g. Ansari et al., 2021), but also reduces the impact
of snow cover on capturing the deformation signals of the mountains in
winter. In total we used ~2000 interferograms in each frame (Table S1
& S2) after bad interferograms (e.g. those with swath discontinuities,
coregistration errors and missing bursts) were removed manually.

We carried out time-series analysis using LICSBAS (Morishita et al.,
2020), during which we first downsampled the resolution of all in-
terferograms to 1 km to reduce the computing demands, and then
removed estimates of the tropospheric phases for each epoch based on
the Generic Atmospheric Correction Online Service (GACOS) (Yu et al.,
2018). As the remaining interferograms may still have unwrapping er-
rors, we chose to reduce the impact of such errors by nullifying
(removing the values) all the displacements of interferograms associated
with an unclosed loop in the time series for each pixel (Figure S5). After
obtaining displacement time series of each pixel in a frame, the average



D. Wang et al.

linear velocities were calculated based on the standard approach in
LiCSBAS, which is similar to the NSBAS least-squares method (Doin
et al.,, 2011). During the velocity inversion, we do not consider the
impact of coseismic deformation from earthquakes that occur near the
ATF system during the acquisition period of InSAR data, as the earth-
quakes are small with magnitudes not larger than M,, 5.1 (Fig. 1a).
Additionally, we ignore postseismic deformation due to the absence of
significant historic strike-slip earthquakes over the last ~300 years
(Yuan et al., 2020).

Final line-of-sight (LOS) velocity uncertainties are calculated from
the standard deviation (STD) of 100 velocities based on resampled
datasets of displacement time series using the bootstrap method, and
yield estimates <1 mm/yr (Figure S6). We masked relatively unreliable
pixels using several noise evaluation indices such as the average
coherence and number of network gaps for each pixel (Morishita et al.,
2020) (Fig. S7). The seasonal signals in the time series (Figure S8) may
influence our estimation of velocities and their uncertainties. However,
as we used ~7-year-long networks to acquire the long-term velocities for
each pixel, the impacts from seasonal signals are normally minor. The
root mean square of residuals (resid_rms) in the linear velocity inversion
are predominately less than 1 mm/yr (Figure S7), suggesting our time
series fit a linear velocity fairly well. We obtained Eurasia plate motion

Plate motlon
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velocities at 1 km spacing (Fig. 2b) (Stephenson et al., 2022) in
ITRF2014 reference frame using the UNAVCO plate motion calculator
and removed them from the LiCSBAS velocities. Application of this
correction makes the strike-slip motion along the ATF clearer (Fig. 2c)
when compared to the original LOS velocities (Fig. 2a).

3.3. Velocity field inversion and decomposition

We derived reference frame adjustment parameters for each frame
using VELMAP (Wang and Wright, 2012; Wang et al., 2019) (see Text
S1, Figure S9 — S12) to tie all the LOS velocity maps to the same Eurasian
reference system as the GNSS data. During the VELMAP inversion, we
solved for a first-order polynomial ramp related to reference frame
adjustment parameters (Fig. 2d) and a linear function of topography
accounting for the elevation-correlated atmospheric delay (Fig. 2e) for
each InSAR frame, and then removed them from original InSAR LOS
velocities to obtain the final mosaics of ascending and descending LOS
velocities (Fig. 3). The residuals between the final mosaics of LOS ve-
locities and the LOS velocity field models from VELMAP (Figure S13) do
not show significant long-wavelength biases (Figure S14).

We decomposed the final LOS velocity field accounting for the local
radar incidence and azimuth angle. We inverted for the east (V,) and
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vertical velocity (V,) (Fig. 4), as well as their associated uncertainties
(Figure S16), for each pixel based on a method (Weiss et al., 2020;
Watson et al.,, 2022) in which the solution of north velocities
(Figure S11a & S12a) from the VELMAP inversion was projected in local
LOS direction and subtracted from the original LOS velocities first. The
remaining LOS velocities were then assumed to contain negligible
long-wavelength northward component and were decomposed into V,
and V, using weighted least squares and the variance-covariance matrix

of data.

3.4. Strain rate calculation

To capture the sharpness of the strain field and localize the con-
centration of deformation better, we apply the method from Ou et al.
(2022), in which the horizontal strain rates are calculated based on the
median filtered east velocities at the InSAR resolution and interpolated
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of Fig. 1.

north velocities from GNSS (the north velocities from VELMAP in this
study). We tested the features of the strain rates observable with
different window sizes (Figure S18) and found that one of 60 x 60 km
extent can suppress the noise in the velocity field well, whilst at the same
time preserving the strain rates along the main fault, which is consistent
with previous tests (Ou et al., 2022). Moreover, the residuals between
the original east velocities and our preferred filtered east velocities do
not show significant tectonic signals (Figure S19), indicating the ma-
jority of tectonic motion has been retained within the results. We then
obtain our strain rate maps (Fig. 5) using the gradients of velocities (Text
S2 & Figure S20). To test the degree to which the selected smoothing
factor used during VELMAP inversion will affect our strain rate model,
we derive our strain rate models under three different smoothing factors
(Fig. S21) and the results show that the main features of our strain rate
model are insensitive to the tested range of smoothing factors used
during VELMAP inversion.

4. Results
4.1. Geodetic velocity fields

The high velocity gradients along the ATF are the main feature of the
LOS velocity fields (Fig. 3), seen more clearly in the East component
(Fig. 4a). The sharp change closely follows the mapped ATF, confirming
the dominant tectonic activity in the region is the left-lateral strike-slip
movement corresponding to the deep part (below the seismogenic
depth) of the ATF. The high velocity gradients along the ATF gradually
disappear east of 95°E in both the LOS velocity fields and East velocity
field.

The vertical velocities show long-wavelength uplifts of 1-3 mm/yr at
the East Kunlun Shan range, Altun Shan range, Qiadam basin, Qilian
Shan-Nan Shan thrust belt (QNTB) and active bends along the ATF
(Fig. 4b), which may be controlled by tectonic activity. For example, the
hypothesis that the Altun Shan range is a pop-up structure generated by
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extrusion of upper crustal material along the north Altyn Tagh thrust
fault and other secondary faults within the range (Wu et al., 2024)
provides a possible tectonic explanation for the widely distributed uplift
within the Altun Shan range. Areas of subsidence as recorded in the
vertical field are mostly short-wavelength signals. Such subsidence re-
gions are likely related to small earthquakes and non-tectonic reasons
such as permafrost (distributed along mountain tops) (Gruber, 2012)
(Fig. S22 & S23), hydrology and anthropogenic activity. Any remaining
phase bias (Ansari et al., 2021) also maps primarily into the vertical
velocities.

4.2. Strain rate fields

The second invariant of the strain rate tensor (Fig. 5a & S24) shows

high strain rates over 80 nst/yr are only localized on the ATF, indicating
that most of the crustal deformation in this region is concentrated on this
major fault. These high strain rates (over 80 nst/yr) correlate well with
the surface fault trace of the ATF. Because interseismic deformation
maps the motion of the deep part of the fault beneath the seismogenic
depth, this suggests that the fault planes of the ATF are near vertical.
High strain rates on the ATF show obvious trend changes when crossing
the Akato Tagh bend (Fig. 5b) and Aksay bend (Fig. 5c¢), indicating the
locations of the deeper parts of the ATF are influenced by the fault
bends. Narrower zones of high strain rates (over 150 nst/yr) are also
observed along the Akato Tagh bend and Pingding Shan bend (Fig. 5a, b
& f), suggesting shallow locking depths or shallow creep along the
bends; we test this later (Section 5). The masked strain rate maps
(Figure S24) also show an obvious change in the cross-fault extent of
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deformation along the ATF, from which we estimate the width of the
interseismic straining zone at the surface (Figure S26-S28). The surface
width of this straining zone may reflect the varying locking depth, width
of the shear zone at depth, or contributions from multiple faults; we
found the width becomes narrower along fault bends and shows an
obvious asymmetry at ~88°E (wider on the northern side) and 91.5°E
(wider on the southern side) (Figure S26-S28), which may be due to the
formation of fault branches near the ATF.

Two further important features can also be observed in the strain rate
fields. One is the relatively high strain rates over 20 nst/yr in the Qaidam
basin (Fig. 5a & S24), which do not show significant linear features and
are widely distributed inside the basin, suggesting the existence of
widely distributed crustal deformation across this area. Another is that

L i 1 " L Il L L
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high strain rates on the ATF decrease markedly and are split into three
parts at ~95°E (Fig. 5d), with most of the strain localized on the Danghe
Nanshan fault (DNSF) and Yema River-Daxue Shan fault (YRDSF) and
relatively low strain on the north ATF (NATF). The relatively high strain
rates of ~50 nst/yr on the YRDSF suddenly stop in the middle of the
QNTB, continued by relatively high strain rates of ~50 nst/yr on the
Changma fault (CMF).

The dilatation rate map (Fig. 5e) indicates most areas eitherside of
the ATF are experiencing contraction, and by masking all rates over —25
nst/yr (Figure S25), we can see that regions of high contraction are
focused on the Qaidam Basin and the active fault zones in the QNTB,
especially the DNSF and CMF. Short-wavelength extension signals in our
dilatation map for the western portion of the ATF are potentially
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Fig. 6. Fault-perpendicular profiles of fault-parallel velocities with modeling results. The locations of the profiles are shown in Fig. 4a. Blue and gray points represent
fault-parallel velocities used and omitted in modeling, respectively. Red points are binned average values for every 2 km along the profile. Red (blue) solid lines are
the maximum a posteriori probability (MAP) solutions for each profile from Bayesian inversion without (with) creep components. The bottom of each plot is the
second invariant strain rates (Fig. 5a) for each profile based on the same color bar used in Fig. 5a. The average and average + 1 ¢ of strain rates based on every 2-km-
long bin along the profile are also showed in the plots. Vertical black dashed lines indicate the locations of mapped fault traces. Vertical red dashed lines show the
MAP fault locations based on Bayesian inversion without creep components. Green diamonds are GNSS velocities and their uncertainties projected to the fault-
parallel directions. Black (blue) texts are the MAP solutions and uncertainties from Bayesian inversion without (with) creep components. The uncertainties are
calculated using the 2.5th and 97.5th percentiles of the recorded valid models for each parameter. If the MAP solution is less than the 2.5th percentile, a value of zero
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are the bottom depth [km] and top depth [km] of shallow creep, respectively. 1 is the horizontal offset [km] of creep location due to the dip angle of the fault.
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artefacts due to the low sensitivity in our north component of the ve-
locity field which may underestimate the northward compression on the
ATF.

5. Analysis of fault kinematic parameters

We extracted 15 fault-perpendicular profiles (260 km long and 50
km wide) of fault-parallel velocities (Fig. 4a) and modeled them using a
simple elastic dislocation model (Savage and Burford, 1973) defined by
the following equations:

—L
Vpara(X) = (;) arctan (x )

Where Vjqq(x) is the horizontal velocities parallel to the fault, x is the
perpendicular distance from the fault, S, D, L and a are the slip rate,

)+a (@)

88°E 90°E
1 1
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locking depth, fault location and scalar offset, respectively, which are
unknown parameters we wanted to solve for.

For two velocity profiles (D-D’ & E-E’) which may include creeping
signals indicated by high strain rate, we chose additional terms in the
original dislocation model and also modeled the velocity profile using
the following equation (Qiao and Zhou, 2021):

Voara(X) = (;) arctan (x ; L) - (%) arctan (xd_;l) 4 G) arctan (x(; l)

+a
2

where c is the shallow creep rate, d; and d; are the bottom depth and top
depth of shallow creep, respectively and [ is the horizontal offset of
shallow creep due to the dip angle of the fault.
To avoid the influence of nearby active faults, we studied the ve-
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Fig. 7. (a) Comparison of fault surface traces with our MAP estimates of fault locations from Bayesian inversion. (b) Spatial variation of slip rates and shallow creep
rates derived from the Bayesian inversion. (c) Spatial variation of our modeled locking depths and creep depths. Red, orange, purple, blue, and green colors are used
to represent our estimates on the ATF, NATF, DNSF, YRDSF, and CMF, respectively, from Bayesian inversion without creep components. The brown diamonds in (b)
and (c) represent our additional estimates of slip rates and locking depths, respectively, on the ATF from Bayesian inversion with creep components. Black circles in
(b) are our modeled creep rates from Bayesian inversion with creep components. Black triangles and inverted triangles in (c) correspond to bottom and top depths of
creep, respectively, from Bayesian inversion with creep components. Abbreviations are explained in the caption of Fig. 1. The method for estimating uncertainties is

described in the caption of Fig. 6.
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locities and strain rates in the profiles and then masked some parts of the
velocity profiles when we found there was a sudden change in velocity
pattern or a sudden increasing of strain rates far away from the main
fault traces (Fig. 6). The masked velocity profiles were used to find the
best-fitting model parameters based on a Bayesian approach (Watson
et al., 2022), which uses an affine-invariant ensemble Markov Chain
Monte Carlo sampler (Goodman and Weare, 2010) to explore parameter
space and estimate both the maximum a posteriori probability (MAP)
solution and corresponding parameter uncertainties. Uniform prior for
all model parameters was assumed in the modeling, and for velocity
profiles without creeping signals, we used limits of 0 < S < 20 (mm/yr),
0 <D <50 (km), —20 < L < 20 (km) and —10 < a < 10 (mm/yr) for the
parameters. For profile DD’ and EE’ where the strain rate maps (Fig. 5a,
b & f) suggest there are potential creeping signals, we used additional
limits of 0 < ¢ <10 (mm/yr), 0 < dp < 20 (km), 0 <d; <5 (km) and —10
<1< 10 (km) for related parameters. We used 400 walkers (or chains) in
the modeling, and for each walker we generated 500 iterations and then
removed the first 20% of iterations as burn in (the initialization phase
before the stabilization phase in parameter convergence), which means
that the total number of valid models is 160,000 and the total number of
iterations in the modeling is 200,000. During the modeling, we use a
further variance-covariance matrix to account for the spatial correlation
of noise so that the misfit of model solutions is better weighted (Hussain
et al., 2016; Watson et al., 2022) (Text S3).

The modeling results and their uncertainties for each profile are
shown in Fig. 6, and the marginal probability distribution of each profile
can be found in Figures S29 — S45. Overall, because of the high sensi-
tivity of InSAR to eastward motion and the low level of noise in our
average velocities from a long time series of observation dates, the
strike-slip rates are well constrained in our results. We see that the
strike-slip motion on the ATF is relatively stable between 86°E and
90.5°E (Fig. 7), with consistent MAP strike-slip rates of ~8 mm/yr.
Between 90.5°E and 94°E, the ATF slip rate shows a gradual decrease of
~3 mm/yr, and then, east of 94°E, the strike-slip motion of 4.3 (3.8-6.0)
mm/yr on the ATF which at ~95°E transfers to strike-slip motion of 1.9
(1.5-4.2) mm/yr along DNSF, 2.4 (1.9-6.9) mm/yr along the YRDSF and
0.9 (0.6-4.4) mm/yr along the NATF. The CMF also shows a strike-slip
motion of 1.6 (1.3-2.8) mm/yr. We find MAP estimates for locking
depth across most profiles are 15 + 5 km, which is consistent with the
estimation in most previous studies (e.g., Liu et al., 2018). For profiles
such as KK’ and LL’, the strike-slip motion on the NATF is very weak
compared to the noise in the velocities, resulting in a small locking depth
with a large uncertainty.

We test models with or without creep components for profile DD’ and
EE’ (Text S4, Figure S46), and the results show that both models can fit
the input velocities similarly well. For profile DD’, confirmation of
shallow creep is difficult due to missing data around the surface fault
trace, while for profile EE’, the results show adding a creep component
to the model can better fit the high strain rates (>200 nst/yr) and nar-
row width of high straining zone.

We also test the block rotation effects within the Tarim basin on our
slip rate inversion (Text S5, Figure S47-S50), and the results show these
effects are limited and the difference in MAP slip rates can be less than 1
mm/yr. Given the uncertainties within our data, we consider block
rotation effects to be negligible.

6. Discussion
6.1. Strain features around active restraining bends

By resolving the location of the peak strain rates along the ATF, we
found the trend of peak strain rates (see blue squares and numbers in
Fig. 8a) changes from ~N70°E to ~N83°E when crossing the Akato Tagh
bend, and similar trend changes can also be observed when crossing the
Aksay bend. A trend (or strike) change of ~13° of the deep shearing part
of the fault beneath the Akato Tagh bend is much smaller than the trend
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change of ~20° seen in the fault surface trace (Elliott et al., 2015), which
may be related to the different dipping angles of faults at two sides of the
bend as our peak strain rate traces (Fig. 5b & 8a) shows that the deeper
extent of the fault zone is shifting to the south in the west of the Akato
Tagh bend and shifting to north in the east. Studies from Cowgill et al.
(2004) suggest that the Akato Tagh bend should undergo vertical-axis
rotation if the shortening across the bend is mainly focused in the two
inside corners. Profiles of vertical velocities across the Akato Tagh bend
show that uplift rate is ~0.5 mm/yr averaged around the bend and
becomes larger to over 1 mm/yr at the inside corner of the bend
(Fig. 8e). This suggests the largest shortening happens within the inside
corners of the bend, which is consistent with the hypothesis of
vertical-axis rotation. In addition, we observe a smaller strike change in
the deep shearing part of the fault compared to the fault surface traces.
This suggests the vertical-axis rotation is driven by the shearing part in
the deep crust. A special feature of Akato Tagh bend is the relatively high
strain rates at the southern side of the bend (Fig. 5b, 8a & S24), sug-
gesting active branches (e.g. the Baiganghu fault (Liu et al., 2017)) may
form in the southern borderland of this restraining bend. The trace of
peak strain rates around the Aksay bend (Fig. 5¢c & 8a) indicates that the
underlying fault plane might pass through the middle of this bend,
which is consistent with the results from magnetotelluric data (Xiao
et al., 2017).

All the major restraining bends show higher peak strain rates and a
narrower width (~20 km) of the interseismic straining zone at the sur-
face (Fig. 8b & c), especially the Akato Tagh bend and Pingding Shan
bend, along which the magnitudes of peak strain rates are near double
that of the straight segments such as the Xorkoli segment (Fig. 8b). These
strain concentrations and high velocity gradients leave open the possi-
bility of shallow creep along these sections based on our modeling, but
large uncertainties cannot make this definitive without further work
(Text S4). Shallow creep near fault discontinuities like pull-apart basins
or fault bends have been observed along several large-scale strike-slip
faults, such as the Haiyuan fault (Jolivet et al., 2013) and the Xianshuihe
fault (Qiao and Zhou, 2021), and the creep sections are normally
accompanied by a strong micro- and moderate seismic activity (Jolivet
et al., 2013). The ATF may show similar patterns, as the majority of
recent earthquakes occur near the Akato Tagh bend and Pingding Shan
bend, while the Xorkoli segment remains relatively silent (Fig. 1a).
Previous studies have shown that historic seismic ruptures found on the
Xorkoli segment can been halted by the restraining bends along the ATF
(Elliott et al., 2015; Shao et al., 2018); shallow creep may relieve some of
the tectonic strain aseismically (Harris, 2017), although the current
creeping rates may also have been influenced by recent earthquakes
near to the bends. We note, however, the continuity and relative
smoothness of the deep shear zone means that through-going ruptures
cannot be ruled out. Supershear ruptures have been observed on several
large-scale strike-slip faults, and studies show that they are more likely
to occur on faults with simple geometry (Bruhat et al., 2016). We
consider the straight fault segment with a continuous and relatively
straight fault plane in the deep crust between the Pingding Shan bend
and Aksay bend may have the potential to generate supershear earth-
quakes along the central ATF, an area with over 300 years absence of a
historic earthquake (Yuan et al., 2020).

All the restraining bends are uplifting in their borderland except for
some short-wavelength subsidences related to permafrost or landslides
(Fig. 8d). The uplift rate becomes larger at the inside corner of the bends
(Fig. 8e-g), suggesting there is strong compression near these restraining
bends causing regional crustal shortening. This strong compression may
result in earthquakes with both strike-slip and thrust components, such
as the 1993 Mw 6.2 earthquake (Fig. 1a).

6.2. Evidence supporting eastward gradual decrease in slip rate and slip
partitioning

In the pattern of slip rates proposed by Liu et al. (2020) based on
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study of Late Quaternary offsets, a constant long-term slip rate of ~10
mm/yr is thought to exist between 86°E and 94°E, with this decreasing
sharply to ~5 mm/yr at 95°E. Such a pattern is consistent with high slip
rates found near 94°E in several studies (e.g. Zhang et al., 2007; Jolivet
et al., 2008) (Fig. 9), but a lack of change in slip rate between 86°E and
94°E would not be consistent with the crustal shortening in the Qaidam
basin indicated by other research (e.g. Zhou et al., 2006; Yin, et al.,
2008; Guo et al., 2017) and also the high seismicity inside the Qaidam
basin. Another pattern proposed by Li et al. (2018) based on elastic
block modeling of GNSS data considers the slip rate decreasing gradually
from 11 mm/yr to 6.2 mm/yr between 85°E to 94°E and then more
sharply reducing between 94°E and 95.5°E. This pattern gives a rela-
tively low slip rate at 94°E and supports a decrease of fault slip rates to
the west of 94°E, but due to the low spatial resolution of GNSS data,
greater detail of the spatial variation of slip rates could not be revealed.
In this study, we are able to determine the spatial variation of slip rates
between 86°E to 95°E for the ATF (Fig. 9). Our slip rate estimates are
stable at ~8 mm/yr between 86°E and 90.5°E, then gradually decrease
to ~4.5 mm/yr at 94°E. Our derived slip rates are approximately con-
stant between 94°E and 95°E, rather than decreasing sharply.

Our results also illustrate how slip rates transfer and decrease east of
95°E (Fig. 9). Previous geodetic slip rates on the eastern part of the ATF
are mostly from GNSS and because of the low spatial resolution of such
data, the big assumption implicit in these results is that the strain is
mainly accumulated along the northern ATF (NATF). Based on this
assumption, 4-5 mm/yr slip rates were reported at 95°E to 96°E (Zhang
et al., 2007; Zheng et al., 2017; Li et al., 2018). From our strain rate and
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modeling results, we suggest the GNSS velocities fail to correctly iden-
tify the location of the sources of the strain and instead overestimate the
slip rates on the NATF. Our modeling results show the slip rate on the
NATF at 96°E is only ~1 mm/yr and most strike-slip motion on the ATF
has by this longitude transferred instead onto the DNSF and YRDSF
(Fig. 9), with a rate of 1.9 (1.5-4.2) mm/yr and 2.4 (1.9-6.9) mm/yr,
respectively. A slip rate of 0.9 (0.6-4.4) mm/yr on the NATF at 96°E is
consistent with recent geological estimates of 1.2 + 0.1 mm/yr
measured by high-resolution topographic data and optically stimulated
luminescence dating methods (Yan et al., 2024) (Fig. 9). The slip rate of
2.4 (1.9-6.9) mm/yr we found for the YRDSF is also consistent with
results from Luo et al. (2015) based on offsets of river risers and gullies,
which show the slip rate on this fault since the late Pleistocene is 2.8 +
0.3 mm/yr. For the eastern end of the NATF at 98°E, we estimated a slip
rate of 0.6 (0.4-3.1) mm/yr, which is consistent with the slip rates of 0.6
+ 0.2 derived from Quaternary offset dating (Yang et al., 2023) (Fig. 9),
suggesting that the strike-slip motion on the NATF may extend to a more
eastern location. We find a strike-slip rate of 1.6 (1.3-2.8) mm/yr on the
CMF, which produced the 1932 Ms 7.6 Changma earthquake (Fig. 1a);
this rate is lower than the 4 mm/yr estimated from previous geological
data (Du et al., 2020).

6.3. Interpretation of spatial variation of fault slip rates, mountain
building and fault termination

We extract fault-parallel velocities of InNSAR and GNSS in a Eurasia
reference frame based on two 100-km-wide fault-parallel swath profiles
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Fig. 9. Spatial distribution of slip rates along the central-eastern Altyn Tagh fault

system estimated here and compared to previous published studies. The red,

orange, purple, blue, and green diamonds (filled with the same color) are our modeled slip rates on the ATF, NATF, DNSF, YRDSF, and CMF, respectively, from
Bayesian inversion without creep components. The brown diamonds represent our additional estimates of slip rates on the ATF from Bayesian inversion with creep
components. The pink, yellow, purple, light blue, and green shaded bands represent a possible pattern of the spatial variation and extent of the strike-slip motion on
the ATF, NATF, DNSF, YRDSF, and CMF, respectively, based on our MAP slip rate estimates (the width is illustrative rather than representing the true uncertainty).
Blue dashed line represents a slip rate of zero. Black triangles show the locations of active bends based on the given longitudes along the horizontal axis. Abbre-

viations are explained in the caption of Fig. 1.
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on either side of the ATF (Fig. 10a & b). In the northern profile (PP’),
velocities are relatively stable with values of ~4 + 1 mm/yr between
86°E and 94°E and decrease slowly to ~2 mm/yr from 94°E to 98°E. The
southern profile (QQ’) shows stable fault-parallel velocities of ~10 + 1
mm/yr between 86°E to 90.5°E, and an upper-bound difference of ~8
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mm/yr for the northern and southern profiles between 86°E and 90.5°E
is consistent with our stable slip rate estimates of ~8 mm/yr along this
section of ATF. East of 90.5°E, the fault-parallel velocities in the
southern profile decrease to ~8 + 1 mm/yr when crossing the Qaidam
basin, combined with regional uplift observed inside the basin (Fig. 4b &
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Fig. 10. Interpretation of the spatial variation of slip rates along the central-eastern Altyn Tagh fault system. (a) Spatial variation of our modeled slip rates [mm/yr].
Black dashed lines represent the fault locations indicated by the strain rate fields. Blue points show the centers of the fault based on our Bayesian inversion (without
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creep rates based on Bayesian inversion with creep components, with the creep rates shown in the brackets. The bottom-left corner are fault-perpendicular velocity
profiles (from west to east) for the DNSF, YRDSF and CMF based on their strikes, and their locations have been shown using purple rectangles in (a). The size of the
purple rectangles are 60 km x 30 km. (b) Fault-parallel velocity profiles for the ATF based on an average strike of N70°E. The locations of the profiles have been
shown using black rectangles in (a). Black lines are binned average values and values with a difference of 1o to the averages for every ~1.2 km along the profiles.
Green and blue diamonds are horizontal GNSS velocities within each profile projected to the fault-parallel direction. Black dashed lines are locations of the DNSF,
YRDSF and CMF. Approximate longitudes for the velocities are shown using red numbers at the bottom of the plot. (c) Vertical velocities for profile QQ’ in (a). Black
lines are binned average values and values with a difference of 1o to the averages for every ~1.2 km along the profiles. Red diamonds are vertical GNSS velocities
within the profile. Abbreviations are explained in the caption of Fig. 1.
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10c), suggesting crustal shortening is happening across the Qaidam
basin. This is consistent with previous geological results based on
seismic sections (Zhou et al., 2006; Yin, et al., 2008) showing that the
Qaidam basin has experienced continuous compression and shortening
since the early Cenozoic when the ATF was formed by the India-Asia
collision. The present shortening rate of the Qaidam basin in the ATF
fault-parallel direction is estimated to be ~2.5 + 1 mm/yr from our
results, which is very close to the average shortening rate since 2.8 Ma
measured from cross-section restoration (Zhou et al., 2006; Guo et al.,
2017). The shortening of the Qaidam basin provides a good explanation
for a decrease of ~3 mm/yr in our slip rate estimates on the ATF be-
tween the Pingding Shan bend and Aksay bend.

Unlike the Qaidam basin where the fault-parallel velocities decrease
linearly in the southern profile, the velocities in the Qilian Shan-Nan
Shan thrust belt (QNTB) are more likely decreasing step-like and are
dominated by the DNSF and CMF. From 60-km-long fault-perpendicular
profiles of fault-perpendicular velocities across the DNSF, YRDSF and
CMF (Fig. 10a), we find the total convergent rates of these fault zones
are ~1.5 + 0.2 mm/yr, ~1.2 + 0.3 mm/yr, ~2.2 + 0.7 mm/yr,
respectively. Assuming the strike direction of the DNSF and CMF is ~
N120°E, we estimate a total decrease of ~5.1 (4.0-8.0) mm/yr in fault-
parallel velocities (parallel to ATF) when moving across these two fault
zones, which is very close to the total shortening of ~5 + 1 mm/yr in the
QNTB we found in the southern profile (Fig. 10b), suggesting most of
shortening in the QNTB is happening in active fault zones and controls
the regional uplift (Fig. 10c). Q. Xu et al. (2021) also estimated the
shorting rates for the DNSF, YRDSF and CMF (or Western Qilian Shan in
their paper) on timescales of 10*-10° years, and their results are ~1.25
+ 0.25 mm/yr, ~2.2 + 0.2 mm/yr and ~1.6 & 0.2 mm/yr, respectively.
They estimated a relatively larger shortening rate on the YRDSF because
they assume all the strike-slip motion west of the fault is transferred into
thrust motion east of it, while our velocity field shows only part of the
strike-slip motion has transferred into thrust motion and then all the
motion on this fault is transferred into the oblique-slip motion on the
CMF at ~97°E.

Based on our results, we suggest the ATF terminates in a horsetail
structure east of ~95°E, and this structure mainly consists of three
faults, comprising the DNSF, YRDSF and NATF. Both the DNSF and
YRDSEF are interpreted as strike-slip faults with reverse component, and
they extend eastward and finally die out in the QNTB. The eastern
termination of the ATF is similar to the eastern termination of the North
Anatolian fault system (Giirboga, 2016), which also terminates in a
horsetail structure. Such a terminal pattern is different from the previous
termination pattern proposed by Xu et al. (2005), in which the ATF
terminates by three triple junctions along the NATF. This termination of
the ATF is also different from the Haiyuan fault, another intra-plate
strike-slip fault at the northern edge of the Tibetan plateau, which ter-
minates by a “seamless” transition zone at its eastern end, with
strike-slip movement on the fault being transformed to the thrusting
movement on the Liupanshan fault (Li et al., 2017).

6.4. Asymmetric strain

Asymmetric deformation along the ATF has been observed by several
previous studies (Jolivet et al., 2008; Ge et al., 2022), and this is nor-
mally explained by contrasting rheological structure or different mate-
rial stiffness eitherside of the fault. From our velocity and strain rate
profiles across the Altun Shan range and the eastern Kunlun Shan (Fig. 6)
we do not find an obvious asymmetric pattern in the data. Significant
asymmetric deformation can be noticed in profiles across the Tarim
basin, Altun Shan range and Qaidam basin (Profiles GG’ & HH’ in
Fig. 6), but because significant shortening is happening within the
Qaidam basin, the asymmetric pattern in the velocity profiles is more
likely controlled by the secondary faults within the Qaidam basin. Jolivet
et al. (2008) observed significant asymmetric strain in a velocity profile
at ~94°E and suggested it may be caused by the different rigidity of the
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crust in two sides of the fault. However, based on our velocity profiles
close to ~94°E (Profiles II’ & JJ’ in Fig. 6), we do not observe significant
asymmetric pattern across the fault, and we also estimated a much
smaller slip rate compared with results from Jolivet et al. (2008).

7. Conclusion

We have mapped the strain accumulation along the central-eastern
Altyn Tagh Fault (ATF) using a high-resolution velocity field derived
from Sentinel-1 InSAR and GNSS data from which we have evaluated
fault parameters such as slip rate and locking depth using a Bayesian
inversion approach. Our results show that the strain is mainly focused on
the ATF in northwestern Tibet, suggesting it can act as the north
boundary of the Tibet deformation. The ATF shows constant strike-slip
rates of ~8 mm/yr between 86°E and 90.5°E, before decreasing grad-
ually to ~4.5 mm/yr between 90.5°E and 94°E due to the crustal
shortening of ~2.5 + 1 mm/yr across the Qaidam basin. The ATF ter-
minates in a horsetail structure at 95°E, with strain split into motion
along the Danghe Nanshan fault (DNSF), Yema River — Daxue Shan fault
(YRDSF) and north ATF (NATF). The DNSF and YRDSF accommodate
most of the strain and are interpreted as oblique-slip faults with strike-
slip components of 1.9 (1.5-4.2) mm/yr and 2.4 (1.9-6.9) mm/yr,
respectively, while the NATF accommodates little of the strain with a
strike-slip rate of 0.9 (0.6-4.4) mm/yr at ~96°E and 0.6 (0.4-3.1) mm/
yr at ~98°E. Strain accumulation along the YRDSF suddenly stops in the
middle of the Qilian Shan-Nan Shan thrust belt (QNTB) and is carried
instead along the Changma fault (CMF), which is an oblique-slip fault
with strike-slip components of 1.6 (1.3-2.8) mm/yr. The QNTB is in a
transpressional environment, and almost all of the shortening inside it is
happening across the fault zones. The fault planes beneath the ATF are
near vertical with a strike change of ~13° within the deep shearing part
of the fault beneath the Akato Tagh bend and Aksay bend. Obvious
higher strain rates and narrower width of the interseismic straining zone
at the surface along the Akato Tagh bend and Pingding Shan bend are
observed in our results. The thrust motion of the active faults may
control the uplift in the QNTB as obvious shortening across the active
fault zones have been observed in our results. Relative larger uplift rates
at the inside corners of the restraining bends provides important
geodetic evidence for potential vertical-axis rotation within the bends.
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