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Mountains in collisional orogens generally grow as crustal rocks are advected over low-angle thrust faults,
suggesting a close relationship between tectonic uplift and upper crustal shortening. For example, the Himalayas,
hosting large-scale thrust fault systems, undergoes ~15-20 mm/year shortening and concomitant ~5 mm/year
active uplift. However, geodetic observations reveal an active uplift of 1-2 mm/year across the East Kunlun Shan
mountain range, the northern margin of the Tibetan Plateau, where no active thrust fault has been identified.
This active uplift is too fast to be explained by the limited horizontal shortening of at most 1.0 + 0.2 mm/year.
After quantifying and correcting for contributions arising from erosion, (de)glaciation, and recent earthquakes,
the uplift rate across the East Kunlun Shan still amounts to 1.0 + 0.5 mm/year. Our simulations show that mantle
processes cannot explain the GPS-observed uplift. We find that lower crustal thickening, rather than upper
crustal shortening alone, drives the ongoing uplift across the East Kunlun Shan, hence challenging our current

views on mountain range dynamics.

1. Introduction

Whether the present-day 5-km-high Tibetan Plateau continues to rise
remains unknown (Kapp and DeCelles, 2019; Ding et al., 2022). The
Tibetan Plateau has been largely elevated by crustal shortening and
thickening and is continuously modified by surface processes and sub-
surface geodynamic processes (England and Houseman, 1988; Molnar
et al., 1993; Yin and Harrison, 2000; Tapponnier et al., 2001; Kapp and
DeCelles, 2019; Ding et al., 2022). However, crustal extension and
thinning have been ongoing since the middle Miocene (Armijo et al.,
1986; Blisniuk et al., 2001; Taylor et al., 2003; Shapiro et al., 2004;
Elliott et al., 2010; Styron et al., 2015; Wang and Shen, 2020), poten-
tially leading to ~1 km elevation drop (Molnar et al., 1993; Ge et al.,
2015) and ongoing subsidence (Wang and Barbot, 2023) in central Tibet
(Fig. 1). In adjacent regions, elevation gain might occur where crustal
thrust-wedges grow laterally and vertically along with oblique litho-
spheric mantle subduction (Tapponnier et al., 2001) or where influx of
lower crustal material thickens the crust (Clark et al., 2005; Royden
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et al., 2008). These inferences are mainly based on long-term fault slip
and topography and short-term physical properties of the Earth’s inte-
rior, as direct evidence from short-term active deformation are rare. To
gain more insights into the dynamics of plateau evolution, accurate
observations of active deformation are needed across specific tectonic
transition zones within the Tibetan Plateau (Kapp and DeCelles, 2019;
Ding et al., 2022), such as the ~5-km-elevation East Kunlun Shan (EKS)
mountain range (Fig. 1).

The EKS, stretching east to west for ~1000 km, divides the 4-5-km-
elevation Hoh Xil Basin and ~2.8-km-elevation Qaidam Basin which
were hypothesized to be a continuous topographic low referred to as the
Paleo-Qaidam basin (Yin et al., 2008; Kapp and DeCelles, 2019; Ding
et al., 2022). Paleozoic granitoids are extensively exposed on the EKS,
while the region to the south is covered by thick Triassic turbidites (e.g.,
Wu et al.,, 2019) and the Qaidam Basin to the north is covered by
Cenozoic sediments of about 10 km in thickness (e.g., Yin et al., 2008).
Along with these variations in topography and surface geology, there are
notable differences in lithospheric structure across the EKS. The crust is
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Fig. 1. Tectonic setting of the Tibetan Plateau and climate-tectonic system at the East Kunlun Shan. (a) Superimposed on the shaded-relief topography are crustal
motions (magenta vectors) with respect to the stable Eurasia (Wang and Shen, 2020), active strike-slip (black lines with red half arrows), normal (black lines with
squares), thrust faults (black and gray lines with triangles), suture zones (dashed cyan lines), and GPS-observed uplift across the East Kunlun Shan (this study),
Longmen Shan (Wang et al., 2021), and Himalayas (Fu and Freymueller, 2012). (b) Possible patterns of present-day tectonic uplift (red vectors are our new results;
black are the model-extrapolated (Wang and Barbot, 2023), which are built on limited campaign GPS measurements on the high plateau) along the N30°E-directed
X-X’ profile as shown in (a). (c) Schematic cross-section of the Tibetan Plateau along the N30°E-directed X-X’ profile. (d) Schematic diagram showing the key el-
ements of the climate-tectonic system: topography, major faults, glaciers, sediment, erosion, precipitation, groundwater, and a weaker lower crust beneath the

plateau subjected to lower crustal thickening.
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about 50 km thick (e.g., Karplus et al., 2011) and the lithosphere,
including the lower crust, is exceptionally strong on the Qaidam Basin
side (e.g., Jordan and Watts, 2005). In contrast, the region to the south
of the EKS has a 70 km thick crust and a weaker lower crust (e.g.,
Karplusetal., 2011; Ryder et al., 2011). The EKS perhaps began to rise in
the Oligocene (Yin et al., 2008; Kapp and DeCelles, 2019; Ding et al.,
2022) and then experienced significant uplift (Yin et al., 2008; Li et al.,
2021; Ding et al., 2022), possibly reaching an elevation of over 4 km
after the middle Miocene (Ding et al., 2022). However, whether the EKS
continues to rise has remained unknown (e.g., Wang and Barbot, 2023).
Its present-day tectonics is dominated by left-lateral strike-slip faulting
along the E-W striking East Kunlun fault (EKF) (Wang and Shen, 2020),
with a Holocene left-lateral slip rate of 12.1 + 2.6 mm/yr (Van der
Woerd et al., 1998). This Cenozoic fault activity is associated with
reactivation of a pre-existing weakness along the Triassic Kunlun suture
(e.g., Yin and Harrison, 2000). The onset time of this Cenozoic faulting
remains debated (Jolivet et al., 2003; Duvall et al., 2013), possibly, in
the late Oligocene or in the early Miocene (Duvall et al., 2013; Staisch
et al., 2020), coinciding with the end of appreciable north-south upper
crustal shortening in the Hoh Xil (Yin et al., 2008; Clark et al., 2010;
Staisch et al., 2016). Hence, the current regional tectonics may not allow
building major topography across the EKS.

This study aims to unravel the physical processes, both on the Earth’s
surface and within its interior, that drive the decadal-scale vertical
motion observed by Global Positioning System (GPS) measurements
across the EKS near 93.0°—95.5°E longitude. In Section 2, we present the
GPS-derived shortening and vertical rates across the EKS, highlighting
the presence of active uplift in the context of limited shortening rate.
Since vertical motions result from tectonic, geodynamic, and non-
tectonic processes, in Section 3 and 4, we quantify the perturbations
from recent earthquakes and surface processes, along with the contri-
butions from other tectonic and geodynamic sources. In Section 5, we
discuss the mechanisms potentially driving this active uplift. We find
that the EKS continues to rise with respect to the adjacent central Tibet
and Qaidam Basin, as a passive response to the northward transport of
the Tibetan lower-crustal material that is impeded by the mechanically
stronger Qaidam Basin.

2. Sharp uplift gradient across the East Kunlun Shan

Since 2007, we have collected continuous GPS measurements at 11
stations anchored into the bedrock outcrops across the EKS (Fig. 2 and
Fig. S1; Text S1). We process these GPS observations using GAMIT/
GLOBK (release 10.71) (Herring et al., 2017). Our GPS position time
series (Fig. S1) are expressed in the International Terrestrial Reference
Frame 2014 (ITRF2014) (Altamimi et al., 2016). We focus on the uplift
at the EKS and its surroundings with respect to the Qaidam Basin (Text
S2). We correct the GPS position time series for regional common mode
error (Text S3) and account for time-correlated noise when estimating
the 3D velocities at the GPS stations (Text S4).

Our data, combined with published 2D horizontal velocities (Wang
and Shen, 2020), provide 3D present-day crustal deformation across the
EKS at a precision of a few tenths of millimeter per year. We inferred ~8
mm/yr left-lateral shear across the East Kunlun Fault (EKF) which was
essentially locked before the 2001 Mw7.8 Kokoxili earthquake (Liu
et al., 2019). The adjustment of the Earth’s crust and mantle following
the 2001 earthquake rupture generated an additional ~10 mm/yr
asymmetric left-lateral shear across the EKF during the 2007-2016
period (Liu et al., 2019). Also, GPS horizontal velocities indicate at most
~1.0 £ 0.2 mm/yr shortening rate smoothly varying across the EKF
before the 2001 event (Fig. 2b). However, the GPS vertical rates show a
~200-km-wide zone of asymmetric uplift and highlight a sharp gradient
of 1-2 mm/yr over ~50 km between the Qaidam Basin and the EKS
where the maximum vertical rate is observed (Fig. 2c).
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3. Modeling method

Vertical motions on the Earth’s surface are the Solid Earth’s response
to several processes, including tectonic, geodynamic, and surface pro-
cesses (e.g., Hammond et al., 2021). Here, we use geophysical models to
quantify 1) the interseismic deformation associated with fault slip, 2)
the postseismic deformation caused by recent large earthquakes, 3) the
solid Earth’s response to multi-time-scale surface mass redistribution
(mainly of climate-related origin), 4) the uplift caused by lower crustal
thickening, and 5) the uplift caused by mantle processes. We assess both
the model-predicted magnitude of vertical rates and their ability to
explain the GPS-observed uplift pattern, aiming to obtain reliable con-
straints on the actual vertical uplift rates driven by tectonic processes.

3.1. Modeling interseismic deformation caused by fault slip

We first evaluate the strain partitioning caused by strain accumula-
tion on the East Kunlun fault (EKF) (Fig. S5) and Ganzi-Yushu fault
(GYF) (Liu et al., 2019), using dislocation models in an elastic half space
(Okada, 1992). After correcting for the contributions from the EKF and
GYF, we attempt to explain the GPS-observed horizontal and vertical
rates using a simple ramp and flat décollement model based on elastic
dislocation theory (Okada, 1992). For simplicity, we consider two
representative ramp-flat thrust models, one dipping toward the north (e.
g., Shi et al., 2009; Wang et al., 2011) and the other toward south (e.g.,
Tapponnier et al., 2001); the shallower portion of fault ramp is assumed
to be locked; the reverse-slip rate on the ramp is determined by its dip to
keep consistent with the shortening on the flat décollement. We use a
grid-search approach to find the optimal locking depth, dip angle, slip
rate, width, and position of the surface trace of the ramp, minimizing the
misfit between the 3D GPS velocities and model prediction. In this
optimization, the 1-sigma uncertainties are amplified to 0.8 mm/yr for
the campaign GPS horizontal velocities (Wang and Shen, 2020).

3.2. Modeling postseismic transients

We evaluate how the postseismic transients following the 2001 Mw
7.8 Kokoxili earthquake (Ryder et al., 2011; Liu et al., 2019) affected our
GPS observations during the 2007-2016 period used in this study. For
that purpose, we use the earthquake rupture model (Fig. S6 and Text S5)
to drive afterslip (aseismic slip surrounding the rupture and on its
down-dip extension) and viscoelastic relaxation (stress adjustment to
earthquake-induced stress loading in the ductile lower crust and upper
mantle). We consider afterslip governed by rate-strengthening friction
(Barbot et al., 2009). To simulate viscoelastic relaxation, we use PyLith
(Aagaard et al., 2013) and considered a Burgers Body rheology which is
composed of a Maxwell element in series with a Kelvin element. For
simplicity, 1) the Kelvin (transient) viscosity is an order of magnitude
lower than the Maxwell (“steady-state”) viscosity; 2) we set the Maxwell
viscosity as 2-4 x 10'° Pa s for the lower crust to the south of the basin
margin (Wen et al., 2012; Liu et al., 2019; Zhao et al., 2021); 3) using a
grid-search approach that minimizes the misfit between the 3D GPS time
series and model predictions, we estimate the lateral contrast in the
lower crustal viscosity and the crust-to-mantle viscosity ratio.

3.3. Modeling elastic and viscous uplift caused by climate-related surface
processes

Following the approach tested for the New Zealand’s Southern Alps
(Liu et al., 2024), we use elastic and viscoelastic load deformation
models to evaluate the solid Earth’s response to multi-time-scale surface
processes that result in mass redistribution on the Earth’s surface (Text
S7-S8). In all the load deformation models, the elastic and density
structure of the Earth model above 80 km depth are derived from the
regional seismic velocity model (Karplus et al., 2011) and follow the
PREM model (Dziewonski and Anderson, 1981) below.
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Fig. 2. Areal strain rate and horizontal and vertical GPS velocities across the East Kunlun Shan. (a) GPS-derived contraction and expansion strain rates (background
color) and principal strain rates (red vectors) (Wang and Shen, 2020). Also shown are active strike-slip (black lines), normal (black lines with squares), and thrust
faults (black lines with triangles), focal mechanisms for the M > 4 events during 1976-2021 (beach balls; https://www.globalemt.org/), the surface trace of the 2001
Mw?7.8 Kokoxili earthquake (brown line), and locations of GPS stations (open circles and squares). (b) Horizontal GPS velocities before the 2001 event in the N8°E
direction (with 1-sigma error bars) within a ~300-km-wide swath (cyan rectangle in (a)) from our Xidatan continuous and CMONOC (Wang and Shen, 2020) GPS
networks. Solid black line shows interpolated shortening rate (Shen et al., 2015), with the 1-sigma uncertainties in gray shade, along the center of the swath. (c)
Vertical GPS rates (blue symbols with 1-sigma uncertainties) at our Xidatan GPS stations. Gray dots show the perturbation during 2007-2016 from models of
postseismic deformation following the 2001 Mw?7.8 Kokoxili event.
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We evaluate the solid Earth’s elastic response to present-day glacier
retreat and hydrological loading, based on elastic loading theory
(Farrell, 1972; Chen et al., 2017a), with ~1-km spatial resolution
(Fig. S10).

We evaluate the (de)glaciation-induced viscoelastic deformation—-
glacial isostatic adjustment (GIA)—using an approach based on spher-
ical harmonics and viscoelastic Load Love numbers (Spada et al., 2011;
Melini et al., 2022). The earth structure has 5 major layers: an effectively
elastic lid, the lower crust plus the lithospheric upper mantle above 200
km depth, 470-km-thick deep upper mantle (200-410 km depth) and
transition zone (410-670 km depth), 2231-km-thick lower mantle, and
the fluid core. About the elastic lid, we consider two representative
elastic shell thicknesses, 20 and 50 km, bracketing the plausible range
found by gravity data for Northern Tibet (Jordan and Watts, 2005). This
elastic thickness reflects the long-term response to topographic loading
and should be lower than the apparent elastic thickness for
decadal-centennial-millennial-scale (un)loading (Watts et al., 2013; Lau
et al., 2021). To mimic the elastic behavior at the relevant time scale
using viscoelastic rheology, the elastic lid was set to have an effective
viscosity of 1 x 10°° Pa s. We consider a Burgers rheology for the
topmost viscoelastic layer(s) beneath the elastic lid when modeling the
GIA associated with the Little Ice Age (LIA), unless otherwise specified
(Fig. S11-S20). However, we used a simple Maxwell rheology to model
the Last Glacial Period (LGP) GIA, as the steady-state rheology governs
the ongoing uplift driven by (de)glaciation about 10 kyr ago
(Fig. S21-S24). All the details are presented in Text S9.

The Load Love numbers for incompressible and self-gravitating Earth
model were computed in the center of mass of the solid Earth frame up to
a maximum spherical harmonic degree of 2000/1000 for the LIA/LGP
GIA. The truncated harmonic degree of 2000 guarantees enough preci-
sion for modeling near-field viscous deformation. For modeling LGP
GIA, after harmonic degree of 1000, the viscous part of Load Love
number converges to zero, and only the elastic part is left.

For simplicity, (de)glaciation is assumed to occur synchronously
across all the glaciers; inter-decadal (millennial) glaciation fluctuations
during the LIA (LGP), even though they had occurred, are not consid-
ered, because they are relatively smaller than the main trend(s).

We use a similar assumption while assessing the ongoing vertical
motion associated with viscoelastic rebound in response to erosion
(Fig. S26) and sedimentation (Fig. S25). The impacts from spatial-
temporal variation of erosion and sedimentation are summarized in
Text S10.

3.4. Modeling uplift caused by lower crustal thickening

We use the 2D finite element model ADELI (Hassani et al., 1997) to
simulate the vertical deformation near the EKS induced by lower crustal
thickening driven by the topographic and far-field loading. Because our
GPS profile extends above the middle of the low seismic velocity zone
(perhaps mechanically weaker) in the lower crust which extends over
800 km from longitude 92°E-101°E (Li et al., 2014), 2D models are
acceptable. Our 2D model represents a 1000-km long and N-S trending
transect across the EKS. The model geometry (Fig. S27) mimics the
first-order variations of topography across the EKS, with 2 km topog-
raphy on the 500-km-long left portion that is compensated by a crustal
root. This length scale is set to avoid spurious deformation near the EKS
arising from boundary conditions. Our 2D model is divided into four
sub-domains: upper crust, upper mantle, and lower crust beneath the
basin and plateau interior.

We use elasto-visco-plastic rheology to simulate the brittle and
ductile behavior of the lithosphere, with the failure criterion determined
by the Drucker-Prager model (internal friction angle is 15° and the
cohesion is 107 Pa). Rocks deform elastically, brittlely, or ductily,
depending on the local deviatoric stresses, pressure, and temperature.
The temperature field approximates the geotherm of Northern Tibet
(Jiang et al., 2019): 0 °C temperature and 50 x 1072 Wm™ heat flow on
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the surface, 20 x 10~ Wm? heat flow at the bottom of lithospheric
mantle (~130 km depth). We consider an upper crust with quartz
rheology (Carter and Tsenn, 1987) and lower crust with lateral variation
in strength by assigning a mafic granulite rheology (Wang et al., 2012)
for the plateau side and dry diabase rheology (Mackwell et al., 1998) for
the basin side. To confirm the need for lateral variation in lower crustal
strength, we also test a case with the same rheology for the lower crust
beneath both the plateau and the basin. For simplicity, the upper mantle
is assumed to have Maxwell viscosity of 1 x 10?° Pa s, which inhibits
convection in the mantle. Also, our model allows for upper crust and
mantle decoupling, which is required to explain the GPS-derived uplift.
The bottom of our model experiences lithostatic pressure. The right-side
boundary is fixed in the horizontal direction but has free slip in the
vertical direction. The left side of the lower crust is subjected to hori-
zontal velocity loading of 5, 10, and 15 mm/yr (Fig. S27). We first run
our simulation without velocity loading from 0 to 1.0 Ma (the time step
is ~1 year), until the velocity essentially remains steady, to deal with the
incomplete force balance associated with the lateral density variation.
Then, the velocity loading gradually increases to the full 5, 10, and 15
mm/yr in about 0.5 Ma, and the 5, 10, and 15 mm/yr loading continues
for about 0.4 Ma. The choice of a timescale of 0.4 Ma is based on two
criteria: (1) the model-predicted vertical rate becomes stable for a few
tens of millennia, (2) large finite strain (permanent bulking of the crust
of the plateau) does not occur.

3.5. Modeling uplift caused by mantle processes

We evaluate how present-day thermal buoyancy in the upper mantle
modulates the present-day deformation using ASPECT (Advanced Solver
for Planetary Evolution, Convection, and Tectonics) (Kronbichler et al.,
2012; Heister et al., 2017; Liu and King, 2019; Euen et al., 2023). The
driving force of deformation is the buoyancy resulting from density
perturbations (6p, in which p is density) due to thermal expansion (5p =
-a x p x 81, in which thermal expansivity, a, is 2 x 10> K ! and 57 is the
temperature perturbation). In our simulations, the evolution of topog-
raphy at spatial scale of 10s-100 s km is influenced by crustal and lith-
ospheric density and thickness variations (e.g., Flament et al., 2013).
Since the 3D crustal and lithospheric structure of the entire Tibetan
Plateau is still not well constrained, for simplicity, we consider 2D
models (1000 km long and ~500 km wide) with topography that mimics
the cross-section of the EKS. To ensure consistency with Section 3.4, we
consider the same rheological layering for the crust. To include
upper-mantle processes, we consider a composite rheology for dry
olivine, for which the effective viscosity (Hagfigs / (g +1a)) is the
harmonic average of viscosity from diffusion creep (174) and disloca-
tion creep (14). The background temperature (T) increases from 273 K
on the Earth’s surface to 1600 K at the lithosphere-asthenosphere
boundary and increases adiabatically by ~0.5 K/km below. The tem-
perature perturbations (67) are converted from the anomaly in shear
wave velocity (§InV; in Fig. S28, in which V; is the shear wave velocity)
(Chen et al., 2017b), according to the scaling law (6T = — (¢ /a)8lnVs, in
which a is 2.5 x 107 and ¢ is 0.05 for the upper mantle above 300 km
depth), as proposed by Liu and King (2022). Based on these settings, the
effective viscosity (Fig. S29) is on the order of 10'°-10%° pa s, about 1-2
orders of magnitude lower than the background mantle viscosity, for the
uppermost mantle at a depth of 70-120 km where about 3 %—5 %
decrease in shear wave velocity was found (Chen et al., 2017b). The
bottom of the model is fixed, the left and right boundaries are allowed to
have tangential motions, and the top surface is a free surface. We use the
“single Advection and iterated Stokes” scheme to solve the partial dif-
ferential equations governing the deformation. We choose the
model-predicted uplift within 20 thousand years to approximate the
present-day uplift (Text S11 and Fig. S30-S31).
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4. Contributions from earthquakes and surface processes

4.1. Postseismic transients of the 2001 MW 7.8 kokoxili earthquake

We use the three-dimensional GPS position time series in the time
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period 2007-2016 to constrain the postseismic deformation model that
combines afterslip and viscoelastic relaxation (Fig. 3). The viscoelastic
relaxation models consistently predict near-field uplift and subsidence at
the GPS stations north and south of the eastern part of the 2001 rupture
pattern for afterslip

(Fig. 3c), respectively, opposite to the uplift
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(Fig. 3d). These patterns are not well supported by GPS measurements
which show that the uplift increases from about 20 km north of the EKF,
not at the location of the 2001 rupture (Fig. 1a and Fig. 2¢). In the best-
fit viscoelastic relaxation model, the upper mantle (Maxwell viscosity
greater than 5 x 10'° Pa s) is found to be stiffer than the lower crust

40°N
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40°N

35°N

40°N

35°N

Fig. 4. Present-day vertical motion in response to surface processes. (a) Present hydrological loading by soil moisture and groundwater. (b) Present deglaciation and
lake loading. (c) (De)glaciation since the Little Ice Age. (d) Late Pleistocene (de)glaciation. (e) Quaternary sedimentation. (f) Erosion (wind erosion is not considered).
(d) to (f) show the maximum vertical motion from the models in which the elastic lid is 20 km thick and upper mantle viscosity is 5 x 10%° pa s, and, with mantle
Pa s, the model-predicted vertical motions become even more subtle. Insets in (c) to (f) show the representative loading history (Red and blue
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beneath the plateau (Maxwell viscosity of 2 x 10'°Pa s), and the limited
GPS data on the basin side cannot well resolve the viscosity contrast
between the lower crust and upper mantle beneath the basin (Fig. 3a,
Fig. 3c). For the time period 2007-2016, viscoelastic relaxation explains
60 %—80 % of the GPS-observed postseismic horizontal deformation in
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the near field south of the 2001 rupture (Fig. 3c), and afterslip explains
the remaining 20 %—40 % (Fig. 3d). By increasing the contribution from
afterslip, the combined model can reproduce a uplift of 1 mm/yr
southward across the 2001 rutpure at the locations of the campaign GPS
stations but cannot reproduce the observed uplift pattern at our Xidatan
GPS stations. The best-fit combined model shows an uplift gradient of
<0.5 mm/yr across the southern Qaidam basin margin during the
2007-2016 GPS observation time window (Fig. 2c and Fig. 3e).

4.2. Elastic and viscous uplift caused by climate-related surface process

Northern Tibet experiences increased precipitation due to global
warming (Zhang et al., 2017), which after accounting for evapotrans-
piration still exerts extra mass load to the solid Earth, causing subsidence
that mimics tectonic deformation (Fu and Freymueller, 2012). The
elastic rebound due to subsurface hydrological loading, as constrained
by the 0.5° x 0.5° resolution WaterGAP groundwater model (Doll et al.,
2014) and Climate Prediction Center soil moisture data (Fan and van
den Dool, 2004), is 0.1-0.2 mm/yr subsidence around the EKS over the
time period 2000-2016 (Fig. 4a). The 0.125° x 0.125° resolution Land
Surface Discharge Model, which reflects the terrestrial water (snow,
rivers, lakes, and soil moisture) loading (Dill and Dobslaw, 2013), pre-
dicts subsidence below 0.05 mm/yr (Fig. S10). Despite variations in
accuracy and resolution among the available hydrological data and
models (Fig. S10; see Text S7), it is likely that the hydrological loading
produces 0.1-0.2 mm/yr elastic subsidence across the EKS (Fig. 4a).

Northern Tibet has mid-sized melting glaciers (Hugonnet et al.,
2021) and rising lakes (Zhang et al., 2017), which also drive vertical
motions in this region. We consider the elastic response of the crust to
current glacier retreat, which is ~0.2 m/yr of reduction in thickness
over the last two decades on the EKS (Hugonnet et al., 2021). The
model-predicted elastic uplift is locally 0.1-0.2 mm/yr around the
modern glaciers on the EKS (Fig. 4b). Thus, the unloading uplift caused
by the current glacier retreat is negligible at most GPS stations, except
for ~0.1 mm/yr at 4 stations located within 10 km of the glaciers. We
also consider the elastic deformation caused by rising lake loading (e.g.,
the Kusai Lake, ~100 km west of our GPS profile) (Zhang et al., 2017).
The model-predicted vertical motion at our GPS stations is negligible,
even if the lakes are rising at a maximum rate of ~0.5 m/yr (Zhang et al.,
2017).

During the Little Ice Age (LIA, 13th-19th century), modern glaciers
advanced by <1 km and thickened by a few tens of meters before
shrinking subsequently (Liu et al., 2006; Owen, 2009; Xu and Yi, 2014;
Yan et al., 2020; Lee et al., 2021). The adjustment of the Earth’s crust
and mantle to this ice mass variation causes enduring time-dependent
deformation, possibly lasting for at least decades (GIA, glacial isostatic
adjustment). We evaluate ongoing uplift caused by GIA since the LIA,
based on the published (de)glaciation histories (Fig. 4c) and rheological
structures (see Text S9). Our preferred rheological structure has
steady-state viscosity of 2-10 x 10'° Pa s for the lower crust and lith-
ospheric mantle, based on decadal-scale interseismic (Ge et al., 2022)
and postseismic deformation (Ryder et al., 2011; Liu et al., 2019). We set
the (de)glaciation histories based on two criteria: half of the LIA ice gain
was lost after the LIA, as in the Himalayas case (Lee et al., 2021); and the
post-LIA thinning rate before 2000 CE is half of the current glacier
retreat, given the accelerated melting since 2000 CE (Hugonnet et al.,
2021). Our models suggest isolated patches of ongoing uplift below 0.3
mm/yr around the major modern glaciers (Fig. 4c and Fig. S11-S20). To
reproduce our GPS-observed uplift, we need either unrealistically large
post-LIA ice thinning over 100 m (a value that only applies to a few spots
in the Himalayas (Lee et al., 2021), which had more intense (de)glaci-
ation than the much drier EKS region (Yan et al., 2020; Hugonnet et al.,
2021)) or unlikely low effective viscosity (10'® Pa s) at the centennial
timescale (Fig. S11-520).

Glacial cycles occurred during the Late Pleistocene (Liu et al., 2006;
Owen, 2009), with either one major glacial-deglacial cycle or,
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alternatively, three shorter cycles during the last glacial period pre-
ceding the warm Holocene (Inset in Fig. 4d). Glaciers on the EKS during
the Last Glacial Maximum (LGM, about 20 kyr BP) were less extensive
than those on the Tanggula Shan (Fig. 4d) and Himalayas (Yan et al.,
2018). They were probably ~3-5 times broader and <400 m thicker
than the present ones (Yan et al., 2018). Based on these (de)glaciation
histories, the GIA models give ongoing subsidence below 0.3 mm/yr at
the GPS stations south of the EKS (i.e., far-field subsidence caused by
deglaciation along the Himalayas and in Tanggula Shan). The GIA
models give negligible uplift across the southern basin margin (Fig. 4d
and Fig. S21-S24), irrespective of the tested upper mantle viscosity
(10'°-10%! Pa s). To reproduce our GPS-observed uplift, we need either
over 1 km post-LGM ice thinning on the EKS or an extensive thick ice cap
fully covering the EKS, both conflicting with the field evidence (Liu
et al., 2006; Owen, 2009) and simulated glaciation scenarios (Yan et al.,
2018).

Quaternary sedimentation in the Qaidam Basin, ~0.2-0.5 mm/yr
averaged over the last ~0.2 Ma (Meétivier et al., 1999), might induce
~0.1-0.3 mm/yr ongoing subsidence in the basin (no compaction is
considered), while causing negligible ongoing uplift below +0.1 mm/yr
across the EKS (Fig. 4e and Fig. S25). Erosion, like any surface mass
removal process, causes the solid Earth to rebound where focused
erosion has been operating (Fig. 4f). Considering a present-day fluvial
erosion rate of <0.5 mm/yr on the EKS (Fig. S9) and 3-10 times faster
during the pre-Holocene deglaciation period, plausible erosion-induced
present-day uplift is less than +0.2 mm/yr around the EKS and the uplift
is <0.1 mm/yr from the basin margin to the EKS (Fig. 4f and Fig. S26).

4.3. Comparison with GPS-observed uplift

In summary, the combined effects of postseismic deformation and
vertical motion caused by the isostatic response to erosion, sedimenta-
tion, hydrological loading, and (de)deglaciation account for only
0.3-0.5 mm/yr ongoing uplift of the EKS relative to the Qaidam Basin,
<40 % of the GPS-observed uplift (Fig. 3, Fig. 4, Fig. 5). Above all, the
combined model-predicted ongoing uplift is localized about the small
modern glaciers on the EKS, which does not fit the GPS-observed sharp
gradient across the basin margin and long-wavelength asymmetry
(Fig. 2¢).

5. Discussion
5.1. The origin of the East Kunlun Shan uplift

Our continuous GPS measurements highlight ongoing uplift relative
to the Qaidam Basin. The uplift of the Qaidam Basin is small at 0.1 + 0.4
mm/yr relative to stable GPS stations around the Tibetan Plateau. About

0.1 mm/yr of uplift (V;) requires a shortening strain rate (¢) of about 2.7
x 1078/yr, if a 130-km-thick Qaidam lithosphere thickens uniformly and
is close to isostatic equilibrium (Vy=¢ x v x [H, X (1 — p, /pa) + Hm X
(1 — pm /pq))s in which v is the Poisson’s ratio (0.25), H. is the thickness
of crust (50 km), p, is the density of the crust (2.7 x 10° kg/m3), H, is
the thickness of the lithospheric mantle (80 km), p,, is the density of the
lithospheric mantle (3.2 x 10° kg/m®), po is the density of the
asthenosphere (3.4 x 10° kg/rn3)). This estimate, which includes the
contributions from processes in the lower crust and lithospheric mantle,
is ~30 %-200 % greater than the present-day shortening strain rate of 1-
2 x 10°8/yr (Fig. 2) observed by GPS on the Earth’s surface across the
basin (Wang and Shen, 2020). In the upper crust, this geodetic estimate
of shortening is accommodated by active anticlines (Yin et al., 2008) and
by thrust faulting (Elliott et al., 2010) associated with crustal thickening
(Shapiro et al., 2004). As the combined contributions of postseismic
deformation and surface processes can only explain a small fraction of
the observed uplift across the EKS, we therefore conclude that the tec-
tonic uplift of this mountain range amounts to 1.0 £+ 0.5 mm/yr (Fig. 1
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and Fig. 5).

One possible explanation for the tectonic uplift is interseismic
deformation due to the activity on the thrust faults either dipping to-
ward the north (Shi et al., 2009; Wang et al., 2011) or dipping toward
the south (Tapponnier et al., 2001). For the north-dipping case, the
best-fit model has a reverse dip-slip rate of ~2.7 mm/yr on a ~32°
north-dipping ramp locked above 12 km depth, whose surface trace is
about 75-110 km south of the EKF (Fig. 6). The sparsity of GPS uplift

rates about 10-100 km south of the EKF does not allow us to conclude
the existence of such an active thrust fault (Fig. 7a). For the
south-dipping case, reverse slip of ~2.3/1.5 mm/yr on a ~24°/30°
south-dipping fault locked above 20 km depth, whose surface trace is
close to the suspected Northern Kunlun Thrust (NKT) (Tapponnier et al.,
2001), would be needed to explain the GPS-derived uplift (Fig. 2a,
Fig. 6, and Fig. 7). However, unless the NKT ruptured recently and
earthquake cycle effects are strong, the estimated slip rate is
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unrealistically high, as no surface geomorphological evidence in this
arid region has been found to support sustained tectonic activity along
the NKT. While the presence of a blind thrust system (Karplus et al.,
2019) cannot be excluded, the long-term slip rate of such a blind fault
system would need to be below the sedimentation rate of <0.5 mm/yr
along the basin margin (Métivier et al., 1999). Nonetheless, we cannot
completely rule out the roles of unidentified thrust faults and structures,

given the geological complexity of this region and the limited access due
to harsh environmental conditions.

Another possible explanation is the vertical uplift adjacent to the
sub-vertical East Kunlun fault (EKF) system (e.g., Lasserre et al., 2005)
with transpressional structures such as fault junctions and restraining
bends (e.g., Duvall et al., 2013; Staisch et al., 2020). One of the fault
junctions crossed by our GPS profile (Fig. 6e) manifests itself as a

10
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mography (Chen et al., 2017b).

junction of the S82°E-striking Kusai Lake segment of the EKF, its east-
ward continuation along the N87°E-striking Xidatan segment, and the
about 100-km-long and S82°E-striking Kunlun Pass fault (KPF). How the
EKF connects with the KPF at depth remains unknown, as the KPF may
be either a branch sinistral-reverse fault that merges with the EKF at
depth or a separated sinistral-reverse fault dipping toward the north
(Duvall et al., 2013). Nonetheless, because the KPF is within 30 km off
the EKF and slips left laterally at a rate of only about 1 mm/yr (Wang

11

et al., 2013), fault activity on this fault junction system cannot produce
an active uplift of 1-2 mm/yr that extends about 100 km southward of
the EKF. Furthermore, fault activity along the small restraining bends
along the EKF (longitude 93°E-96°E) drives localized uplift adjacent to
the fault trace (Staisch et al., 2020), which does not fit the GPS-observed
long-wavelength uplift. Hence, we need to consider other physical
processes to explain the GPS-derived uplift.

The candidate processes include geodynamic mantle processes that
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possibly have elevated the EKS since ~25 Ma (Ding et al., 2022), such as
thermal erosion below the Moho and asthenospheric upwelling (Chen
et al., 2017b; Rao and Sun, 2021) (Fig. 7c and Fig. S28-S31). However,
the two processes would produce long-wavelength ongoing uplift across
the EKS (Fig. 7a and Fig. S30-S31; Text S11), which is inconsistent with
the sharp GPS-observed gradient. Also, both processes drive expansion
near the EKS, which conflicts with GPS-derived contraction strain rate of
about 2-5 x 10‘9/yr (Fig. 2a) (Wang and Shen, 2020; Wang and Barbot,
2023). Another alternative driving process resides in the lower crust
(Clark et al., 2005; Le Pape et al., 2012), as the weaker lower crustal
material from the plateau interior extrudes across the EKF (Le Pape
et al.,, 2012) and might extend ~40 km beneath the Qaidam crust
(Karplus et al., 2019), resulting in crustal thickening beneath the EKS
(Fig. 1d and Fig. 7¢).

To simulate lower-crustal thickening near the EKS in response to far-
field loading, we use a 2D finite element model that accounts for the
topographic variation and mechanically weaker lower crust beneath the

(@)
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plateau (Fig. 8). We consider a mafic granulite rheology for the lower
crust beneath the high plateau, and the effective viscosity is about 5 x
10'°-5 x 10%° Pa s, which agrees with the upper bound obtained by
modeling the decadal-scale interseismic deformation (Ge et al., 2022).
Without the far-field loading to the lower crust (Fig. 8b), the plateau
experiences gravitational collapse, but the region near the basin margin
rises. As the far-field loading is turned on and persists for ~0.68 Ma, the
uplift domain expands toward the plateau side, reaching ~100 km south
of the EKF (Fig. 7 and Fig. 8c). To reproduce the observed uplift pattern,
the far-field loading in the form of lateral lower-crust flow has to be
about 10 mm/yr (Fig. S27), consistent with the results from a 3D
plateau-scale simulation (Bischoff and Flesch, 2018), and the lower
crustal material is transported at 1-2 mm/yr across the downdip
extension of the EKF. The misfit to the observed uplift north of the EKF
likely results from the absence of a rheological transition zone between
the plateau and the basin in our 2D model (Fig. 8a). The misfit to the
observed uplift about 200 km south of the EKF arises because our 2D
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viscosities of quartz-dominated (Carter and Tsenn, 1987), mafic granulite (Wang et al., 2012), and dry diabase (Mackwell et al., 1998) rocks, respectively, subjected
to three loading strain rates (10718, 107%%, and 107'%/s for long dashed, solid, and dotted lines, respectively). (b) Velocity field (black vectors) for the simulation
without far-field loading exerted to the left side of the lower crust. (c) Velocity field after about 0.2 Ma since the onset of full 10 mm/yr far-field loading at the epoch
of 1.5 Ma. The velocity loading is 10 mm/yr on the left side of the lower crust. Abbreviations: UC=Upper Crust; LC==Lower Crust; UM=Upper Mantle.
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model for the north-south cross-section does not incorporate the east-
ward extrusion of the high plateau, which tends to lower the plateau
surface in the plateau interior. In our model, a low slip rate thrust fault
(reverse slip rate lower than 0.5 mm/yr) tends to be developed to the
south of the basin margin, as a passive response to the lower crustal
thickening beneath the EKS (Fig. 8c). On the other hand, if the lower
crust beneath the plateau and basin exhibits no rheological contrast, the
model predicts uplift in the basin’s interior (Fig. S27), which contradicts
the GPS-observed pattern. Hence, our results suggest that lower crustal
thickening beneath the EKS could drive the observed uplift across the
EKS.

5.2. Lower-crustal ‘flow’ and growing plateau margins

In active collisional orogens, mountain belts are commonly formed
when the hanging wall rocks are thrust over the footwall and exhumed
via erosion. The driving force for this mountain building is the hori-
zontal convergence of two crustal blocks, as seen in the Qilian Shan and
Qimen Tagh Range in Northern Tibet (Fig. 1 and Fig. 2), where active
upper crustal shortening occurs (Wang and Shen, 2020), as well as in the
Himalayas (Fig. 1), where large-scale thrust fault systems (Kapp and
DeCelles, 2019) are accommodating ~15-20 mm/yr of shortening rate
(Wang and Shen, 2020), resulting in ~5 mm/yr of active uplift (Fu and
Freymueller, 2012). However, active uplift in the presence of limited
horizontal shortening across the plateau margins, as found across the
northern (EKS) and eastern (Longmen Shan) (Wang and Shen, 2020;
Wang et al., 2021) margins of the Tibetan Plateau (Fig. 1), contradicts
this paradigm and is diagnostic of lower crustal thickening (Liu et al.,
2014; Staisch et al., 2016; Bischoff and Flesch, 2018; Karplus et al.,
2019; Wang et al., 2021), a process that is essentially consistent with the
lower-crustal ‘flow’ model (Royden et al., 1997; Clark et al., 2005).

Space geodesy brings additional arguments to the lower-crustal
‘flow’ model (Bird, 1991; Royden et al., 1997; Clark et al., 2005).
Without the contributions from space geodesy, the presence of partial
melt and fluids in the lower crust south of the EKS, as revealed by
reduced seismic velocity (Li et al., 2014) and decreased electrical re-
sistivity (Le Pape et al., 2012), are only suggestive of the mobility of the
lower crustal materials. These physical properties are not direct measure
of the inferred rheology, and direct observations reflecting sustainable
motions of the lower crustal materials are required for a better under-
standing of the deforming system. Our GPS measurements, on the other
hand, illustrate active uplift across the EKS that is likely linked with the
deforming lower crust. The observed present-day uplift rates are well
reproduced by the lower-crustal ‘flow’ model: weaker lower crustal
materials (Le Pape et al, 2012; Li et al, 2014), subjected to
topography-related lateral pressure and the far-field push from the In-
dian plate (Bischoff and Flesch, 2018), extrude across the EKF and
produce the observed uplift. The success of this model may indicate that
the lower-crustal ‘flow’ model applies to the active deformation across
the EKS, a tectonic anomaly in Northern Tibet in which otherwise upper
crustal shortening dominates.

6. Conclusions

We consider the climate-related surface processes and tectonic/
geodynamic processes to interpret the GPS-observed uplift of 1-2 mm/
yr on the EKS relative to the Qaidam Basin, in the context of limited
shortening rate of at most 1 mm/yr. The GPS-observed uplift cannot be
attributed to the isostatic response to surface processes and the post-
seismic transients of the 2001 Mw?7.8 Kokoxili event. Interseismic slip on
thrust faults is unlikely to account for the GPS-observed uplift, as the
reverse-slip rate required would be too large, and no active range-front
fault has been identified. Mantle processes also fail to explain the sharp
uplift gradient observed by GPS. In contrast, the rates and patterns of
GPS-observed uplift and shortening across the East Kunlun Shan (EKS)
support the hypothesis that lower crustal thickening is actively
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occurring beneath the EKS. In the absence of an identified blind thrust
fault slipping at a rate greater than 1 mm/yr, our study demonstrates
that lower crustal thickening remains the most plausible and physically
consistent model.
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