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Abstract

The present‐day deformation of the Tianshan Mountain range is largely resulting from the
collision between India and the Eurasian plate, but the mechanism causing its uplift remains controversial.
In this study, we present the contemporary tectonic and geodynamic processes resulting in the growth of the
Tianshan Mountain range as revealed by integrating Global Positioning System (GPS) and Gravity Recovery
and Climate Experiment (GRACE) measurements during 2010–2016. The average ground uplift rate is
0.72 ± 0.12 mm/year, of which 0.39 mm/year is attributed to elastic effects of glacier melting. The residual
average tectonic uplift rate of 0.33 ± 0.12 mm/year closely matches the crustal thickening rate (0.33 ± 0.03
mm/year), indicating that horizontal compression plays an essential role in Tianshan orogeny. We also ﬁnd
the Lake Issyk‐Kul region is converging and subsiding, which can be explained by a regional crust folding
model. The interaction of adjacent rigid blocks in the Tianshan and surrounding areas is also manifested by the
crustal shortening derived from GPS horizontal velocities. This study provides new geodetic results and a new
model in current orogenic movement in the Tianshan Mountain range and highlights its complexity.

1. Introduction
Mountain ranges are the most spectacular manifestations of lithospheric dynamics processing. The
northward‐moving India plate is currently colliding with the Eurasian plate; this process is not only uplifting
the Tibetan Plateau but also forming the complex tectonic movements of the Tianshan orogenic belt and the
Pamir Plateau (Avouac & Tapponnier, 1993; Tapponnier & Molnar, 1979). The Tianshan Mountain range
and its forelands are tectonically active regions encompassing segments of both the Tarim Basin and the
Kazakh Platform. In addition, there is also mutual squeezing and strike‐slip movement between the blocks
due to this general trend of northward movement (Yin et al., 1998). The Tianshan Mountain range is a typical resurrection or regenerative orogenic belt crumpling between the southern part of the ancient stable
Junggar Basin (England & Molnar, 2005) and the northern extent of the stable Tarim Basin (Allen et al.,
1993). The crust in the surroundings of Tianshan has experienced multistage uplift in its long‐term tectonic
evolution with the northward contraction and east‐west extension of the Tibetan Plateau; meanwhile, active
tectonic zones at the junction between the Pamir and the southern Tianshan Mountains have emerged. That
is, the whole crust of the Tianshan has been squeezed and shortened between relatively stable rigid blocks on
either side (Burchﬁel et al., 1999). The opinions about dynamic processes of crustal uplift in the Tianshan
and the surrounding areas have long been controversial, as intracontinental subduction and the associated
force balance are poorly understood (Schurr et al., 2014; Zubovich et al., 2016). Therefore, it is important to
study the present‐day uplift of tectonic deformation and crustal thickness distribution within ductile shearing zones for a tectonic reconstruction of the Tianshan and adjacent regions.
The investigation of crustal deformation on a mountain and forelands can provide crucial information for
constraining the deep dynamic processing of mountain ranges. Geodetic measurements, which are more
sensitive to regional dynamic processes, can provide constraints on crustal motion and strain patterns in
the Tianshan and its forelands. The spatial distribution of crustal deformation and tectonic movement
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processes throughout the Tianshan, Pamir and surrounding areas have well been recognized from GPS
observations (Ischuk et al., 2013; Jouanne et al., 2014; Zhou et al., 2016; Zubovich et al., 2010). However,
the present‐day three‐dimensional (3‐D) crustal motion, especially the vertical tectonic deformation, is not
constrained by these earlier studies. Recent studies reported that glaciers in the Tianshan are melting rapidly
(Brun et al., 2017; Farinotti et al., 2015; Yi et al., 2016). This unloading process causes detectable overall crustal uplift in the glaciated regions and should be corrected (e.g., by GRACE gravity observations) to study tectonic deformation. Therefore, a combination of geodetic observations and geophysical evidence can provide
an important scientiﬁc analysis of the tectonic movement of the crust in this region. In this study, we analyze
the 3‐D crustal activity characteristics within the Tianshan mountain range and its surroundings by integrating GPS and GRACE measurements. The glacier mass balance and vertical tectonic deformation of Tianshan
are highlight focused using joint inversion of GPS and GRACE data. Then the associated tectonic and geodynamic processes are derived from GPS‐inferred horizontal velocity ﬁeld. Finally, the vertical deformation
of Lake Issyk‐Kul region is analyzed due to its unique tectonic setting.

2. Data and Methodology
2.1. GPS Data
In this study, we adopted 238 campaigns and 58 continuous GPS sites which were from the Crustal
Movement Observation Network of China (CMONOC) and Caltech's Tectonics Observatory, as shown in
Figure 1. Most new continuous GPS sites from continuous CMONOC II stations began to observe in 2010,
and long‐term GPS sites from the CMONOC I and Caltech's Tectonics Observatory were observed during
1999–2016. The entire set of GPS data used in this study spans more than 3 years.
The GPS data from the CMONOC I and II were processed using GIPSY6.2 (GPS Inferred Positioning System
6.2) software to obtain the time series. Some prior models were adopted from the Jet Propulsion Laboratory
archive for GPS data processing, such as daily satellite clocks, orbits, and solar radiation pressure models.
Atmospheric gradients and zenith tropospheric delays were adjusted by using the Vienna Mapping
Function (VMF1) mapping function (Boehm et al., 2006). The ionospheric effect was corrected by using
ionosphere‐free linear combination (LC) and pseudorange ionosphere‐free combination (PC; Bock et al.,
2000). The strategies of GPS data processing are adopted from previous studies (Fu & Freymueller, 2012;
Pan et al., 2018). Additionally, various geophysical models, including solid tide, ocean, and polar models,
were corrected, that according to IERS 2010 Conventions (Petit & Luzum, 2010). GPS daily solutions were
adjusted to the International GNSS Service (IGS08) frame that is the realization of the International
Terrestrial Reference Frame (ITRF2008) (Rebischung et al., 2012).
Spatial ﬁltering by principal component analysis (Dong et al., 2006) was performed to reduce the common
mode errors, and offsets were preprocessed by using Quasi‐Observation Combination Analysis (QOCA) technique (http://qoca.jpl.nasa.gov/) in the GPS residual time series. The secular trend and the seasonal variation
are removed before the reduction of common mode errors and then added back, so they are unaffected by this
step. Coseismic and postseismic displacements can affect GPS time series, which were processed as suggested
by Zheng et al. (2017). The station velocities and corresponding uncertainty rates used as input to this analysis
are obtained by applying the maximum likelihood estimation of the Create and Analyze Time Series (CATS)
software to optimize the noise model, including annual and semiannual terms. The estimation of velocity and
their associated uncertainties of campaign‐mode GPS site was adopted a white noise model, and continuous
GPS sites was adopted a white plus ﬂicker noise models (Williams, 2004). The 3‐D velocity uncertainties of all
Continuous GPS (CGPS) sites throughout the Tianshan and surroundings are shown in Figure 2.
Then, velocity vectors were transferred to Eurasia‐ﬁxed frame based on IGS‐Eurasia Euler vector
(wx = − 0.0247,wy = − 0.1418,wz = 0.2093 ° /Myr) given by Kreemer et al. (2014). The relative velocity
of GPS sites are supplied in supporting information, Table S2. Furthermore, we adopted some GPS horizontal velocity vectors outside China from previous studies (Ischuk et al., 2013; Jouanne et al., 2014; Zhou et al.,
2016; Zubovich et al., 2010). The GPS‐inferred horizontal velocity relative to Eurasia‐ﬁxed frame throughout
Tianshan and surroundings was constructed using approximately 700 GPS sites throughout the Tianshan,
Pamir and foreland areas; it can effectively improve the accuracy and spatial resolution of the total strain
ﬁeld. Then, we employed the SSPX program (available at http://homepage.mac.com/nfcd/work/programs.
html) to compute the strain ﬁeld from the GPS horizontal velocity data under a Eurasian framework to
PAN ET AL.
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Figure 1. The map on the top shows the geological tectonic background, faults, and subduction belts are indicated by the
black and red lines, respectively. The map on the bottom shows the location of GPS sites in Tianshan and surroundings are
used for this study. Green dots are campaign‐mode GPS sites and red dots are continuous GPS sites.

reveal the tectonic deformation and dynamic processes around the Tianshan and its surroundings. Here, the
grid‐distance weighted routine with 100‐km grid spacing and α = 100 km (α is a constant that speciﬁes how
the inﬂuence of a station decays with distance) was adopted for detailed strain modeling computations
(Cardozo & Allmendinger, 2009).
2.2. GRACE Data
Mass variations deform the Earth that lead to surface seasonal and interannual elastic crustal deformations
(Blewitt et al., 2001; Chanard et al., 2014; Pan et al., 2018). In this study, we used the GRACE Level‐2 Release
06 products that released by the University of Texas Center for Space Research to estimate the mass variations at the Earth's surface. The spherical harmonic coefﬁcients were with the time span from August
2002 through December 2016. The coefﬁcients of C20 coefﬁcient change were replaced by the satellite laser
ranging data (Cheng et al., 2013). In addition, the geocenter motion (the degree‐1 coefﬁcients) was corrected
according to as suggested by Swenson et al. (2008). After that, we used Gaussian ﬁlter with a radius of 300 km
(G300) and a decorrelation ﬁlter (the order m = 6 with a polynomial of order 4) that hereinafter referred to as
G300 + P4M6 to perform the postprocessing of GRACE data (Chen et al., 2015). Ice melting in the Tianshan
has remarkable impacts on the surrounding hydrologic environment, as shown in Figure 3b.
PAN ET AL.
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Figure 2. The velocity uncertainty of CGPS sites in three directions over Tianshan and surroundings. The blue and red
circles are the uncertainty with unﬁltered/ﬁltered common mode errors (CME), respectively.

In order to identify the total loading mass changes of the Earth's surface, we added the solution of Atmosphere
and Ocean Dealiasing Level 1B (AOD1B) de‐aliasing model (GAC) to the GRACE‐inferred mass changes. The
vertical elastic deformations caused by changes in the surface mass loads (van Dam et al., 2007) as follows:

Figure 3. (a) The vertical ground motion derived from GPS data in Tianshan and surroundings during 2010‐2016 (See supporting information, Table S1). (b) The
Center for Space Research Level‐2 Release 06 GRACE‐derived mass change in Tianshan and surroundings from January 2010 to December 2016, and the long‐term
trend of surface mass loading corresponding to GPS sites are presented as colored arrows. (c) GPS vertical seasonal (detrended) and GRACE‐inferred seasonal
vertical displacements in four stations, the locations of which are annotated by the blue dots in (b).

PAN ET AL.
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where Clm and Slm represent spherical harmonic coefﬁcients of the gravity ﬁeld. θ and ϕare the colatitude
0

m

0

and east longitude; Pn ðcosθÞ is the fully normalized Legendre function of degree n and order m. hl and k l
are the Love numbers that adopted from Guo et al. (2004). The vertical velocity derived from GPS and
GRACE which corresponding to the location of GPS sites are as shown in Figures 3a and 3b. We present four
sites to reveal the regional elastic seasonal deformation from GPS and GRACE measurements, as shown in
Figure 3c. The good agreement between GPS‐observed and GRACE‐inferred time series enables us to make a
detailed interpretation of the Earth's surface elastic signal in terms of its individual components.
2.3. Glacier Mass Balance Inversion
The unloading signal caused by ice melting in the Tianshan should be corrected from the GPS vertical movement for our objectives to characterize the tectonic signal for Tianshan Mountain range. Thus, we estimate
the present‐day mountain glacier mass balance over the last decade and a half, which is well observed by
GRACE. Here, two questions should be resolved at ﬁrst to address the feasibility of this study. First, is it possible that tectonic process is negligible here so the uplift rates observed by GPS are totally caused by glacier
melting? If this possibility exists, GPS vertical rates can be used to invert glacier mass balance. Second, are
localized glaciers melting which cannot be constrained by GRACE important? Due to the coarse spatial resolution of GRACE (about 300 km), localized features (down to several kilometers) cannot be resolved and
may be responsible for the spatial heterogeneity in our GPS measurement. Therefore, we also try to incorporate GPS uplift rates in the inversion to constrain the local features. In such a joint inversion, the total glacier
mass balance is constrained by GRACE data; however, its spatial pattern is adjusted to conform to a much
ﬁner resolution, which can better explain the GPS heterogeneity.
Here, we put forward three kinds of inversion strategies, which make use of GPS, GRACE, and their
joint observations, respectively. We only introduce the joint inversion below, and the former two can
be obtained if one kind of observation is removed in the inversion. The method is evolved from Yi
et al. (2016), where mascons of 0.5° by 0.5° are placed in glacierized regions and all gravity signals
are attributed to be glacier‐caused. We did not insert mascons on the Pamir Plateau because its glaciers
are melting much more slowly (Brun et al., 2017), and this region suffers from substantial interannual
variations brought by the westerlies (Yi & Sun, 2014). Here, the loading effect from the glacier mass balance is also considered to incorporate GPS vertical observations. The Greens function is based on the
Preliminary Reference Earth Model (PREM) model (Guo et al., 2004). Note that water storage changes
in lakes could be important and their signal is assimilated in the estimation. If we want to obtain the
glacier component, the lake signal needs to be corrected based on observations like altimetry. For example, the mass change of Bosten Lake is −0.5 Gt/year during the GRACE observation era (Farinotti et al.,
2015). However, we did not try to separate these loads, primarily because this study does not focus on
glacier mass balance. In summary, in this Tianshan study region, we have mitigated all possible significant signal leakage problems from nearby basins to enable the feasibility of using the joint inversion to
separate tectonic motion and mountain glacier mass balance.
The relationship between the GPS/GRACE observations and glacier mass change m can be expressed as


dGRACE
dGPS




¼

GGRACE
GGPS




eGRACE
mþ
;
eGPS

(2)

where the subscripts describe the data source, d represents observation (the secular rates of GRACE and
GPS), G represents Green function, and e represents error. This equation can be simpliﬁed as d = Gm+e.
By assuming no correlation between GRACE and GPS observations, the covariance of the observations can
be expressed as σ2GRACE E ðγ 2 Þ, where
 
E γ2 ¼
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EGRACE

0

0

γ 2 E GPS


;

(3)
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where E is the covariance matrix, σGPS and σGRACE represent the mean square errors of GPS and GRACE. γ 2
¼ σ2GPS =σ2GRACE represents the relative weight of the variances of GPS and GRACE, which will be determined
later by the Akaike's Bayesian Information Criterion (ABIC) criteria (Fukahata et al., 2004; Funning et al.,
2014). To derive the covariance matrix of GRACE, we ﬁrst introduce the expression of observations and
spherical harmonics in the form of matrix (Yi & Sun, 2014) as the following:
dGRACE ¼ Y A;

(4)

where A is a vector of spherical harmonics solution by GRACE, and Y is the matrix to convert spherical harmonics into observations dGRACE on the Earth's surface. Please note that in Yi and Sun (2014), the matrix
product of Y and S was used while here, it is simpliﬁed to Y. Therefore, the covariance of observations can
be solved by
σ2GRACE EGRACE ¼ Y×EA ×ðYÞT :

(5)

The covariance of GRACE solutions, EA, are released along with the data sets, and no correlation is assumed
between each spherical harmonic coefﬁcient.
The covariance matrix of GPS is solved by, again, assuming no correlation between any pair of stations
as follows:


σ2GPS EGPS ¼ diag σ 21 ; σ 22 ; …; σ 2nGPS :

(6)

An extra spatial smoothing matrix is imposed on the model as follows:
Sm þ es ¼ 0;

(7)

where es is the error matrix of Sm. S is designed to make each cell in the model varies smoothly relative to its
neighbors as follows:
mi−1;j þ mi;j−1 þ miþ1;j þ mi;jþ1 −4mi;j þ es ¼ 0:

(8)

The best‐ﬁtting model is solved as
h
i−1
 −1
 −1
m* ¼ GT E γ 2 G þ α2 ST S ×GT E γ 2 d:

(9)

The smoothing factor α and weight factor γ can be found by numerically ﬁnding the minimum of the ABIC
function (Fukahata et al., 2004; Funning et al., 2014; Mallick et al., 2019) as follows:




  


 
 −1


ABIC α2 ; γ 2 ¼ Nlogs m* −logα2 ST S þ logGT E γ 2 G þ α2 ST S þ logE γ 2  þ C;


−1
sðmÞ ¼ ðd−GmÞT E ðγ 2 Þ ðd−GmÞ þ mT α2 ST S m

(10)

where ‖·‖ means the absolute value of the product of non‐zero eigenvalues of the matrix and Cis a constant
(can be omitted in ﬁnding the minimum ABIC solution).
There are 15 GPS stations in the Tianshan mountain area, and 8 of which span the whole time range of
GRACE and the other 7 started only since 2010. In the inversion, we truncated all GPS series and GRACE
to be concurrent during the time period 2010–2016, spanning 7 years, to ensure the consistency in the time
period. One question may arise that whether the long‐term tectonic process can be represented by such a
short data span over 7 years? We compared the trends of the whole period and during 2010–2016 and found
they show good consistency. Three examples are given in Figure 4.
2.4. Crustal Thickness Change From Horizontal Compression
By assuming an incompressible crust, the mass ﬂux will cause a change in the crustal thickness. Here, we
consider the thickness of crust to be 60 km.
PAN ET AL.
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Figure 4. Comparison of uplift rates in the whole period and between 2010–2016 in three stations. The trends are annotated along with the ﬁtted curves (annual and semiannual periods are also included).

S×Δz ¼ H×∑x i ei Li

(11)

S is the area of the cell, and its boundary is composed by Li with normal direction of ei (inner is positive). H is
the crust thickness, andxiis the horizontal velocity.
If a precision of 0.6 mm over a 60 km crust is required, the relative compressible volume change should be
less than 10−8. The bulk modulus of the Earth's crust is about 100 GPa (Dziewonski & Anderson, 1981) so 1
KPa of stress change will cause a strain change of 10−8. The stain mainly changes in the horizontal direction.
Given a typical slip rate of 10 mm/year in one observation spot, in 7 years its horizontal movement will be 70
mm. Therefore, it requires that the horizontal stress variation is less than 1 KPa/70 mm≈14 MPa/km. Given
the horizontal stress in the crust is at the order of several hundreds of MPas (McGarr & Gay, 1978), we conclude that such an assumption is possible in our 7‐year study period.

3. Results
3.1. Separation of Ice Melting and Tectonic Signals in Tianshan
The vertical velocities by GPS roughly range between ±2 mm/year with a mean value of 0.8 mm/year, which
consist of both ice‐melting and tectonic processes. Three inversion strategies are proposed to separate tectonic and glacier melting and the result is shown in Figure 5. In the GPS‐only inversion, we assume that
the observed GPS vertical velocity is completely caused by its loading effect and that the tectonic
PAN ET AL.
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Figure 5. Glacier mass balance inversion by using only GPS (upper), GRACE (middle), and both of them (bottom). The left
panels compare GPS vertical observation (the black arrows) with the loading effect (the red) caused by the change in
glacier mass (the colored dots). The right panels show the residual gravity after removing the glacier signal from GRACE
observations. The unit of glacier mass change is cm/year. The gravity change is in μGal/year.

contribution is negligible. The estimated glacier mass change can ﬁt the GPS vertical observations well, but it
is apparently overﬁtted. The total mass change based on this totally ﬁtting is −22.4 Gt/year, which is two
times the estimate from a GRACE‐only inversion (−11.3 Gt/year). Therefore, the residual gravity is
strongly positive after removing this estimate from GRACE, which implies that this assumption is not
realistic and tectonic processes play an important role in the observed GPS uplift.
In the GRACE‐only inversion, the gravity signal is constrained to mass change in glacierized locations,
which has a smooth pattern with the strongest mass loss in the eastern Tianshan. The average loading effect
in GPS stations is 0.39 mm/year. In the joint version of GPS and GRACE data, the parameters found by the
ABIC method are shown in Figure 6. The result shows that the overall mass change is redistributed to better
ﬁt the GPS velocities. For example, the station near (81 E, 42 N) shows a large uplift and a weak unloading
PAN ET AL.
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effect in the GRACE‐only inversion. In the joint inversion, more glacier
loss is put here to generate a larger unloading effect, so the uplift is better
ﬁtted. Such an adjustment increases the loading effect in GPS stations by
0.19 mm/year. However, we feel this may be an overﬁtting, because the
GRACE residual is too large. Based on GRACE formal data errors, we
estimated that the standard deviation in the trend of 7 years in our study
region is only 0.05 cm/year. The GRACE residual of the joint inversion is
about 0.5 cm/year, ten times of the standard deviation. Therefore, the
GPS vertical trend could not be purely generated by glacier melting,
because otherwise the amount of ice mass loss would largely extend
the GRACE constraint.
Therefore, we can answer the two questions introduced in the data
section. First, GPS‐observed uplift of 0.72 mm/year is larger than the
unloading effect (0.39 mm/year by GRACE), and tectonic process is
non‐negligible. Second, local glacier melting may play a role, but no
larger than 0.19 mm/year.
3.2. Horizontal Compression and Ground Uplift
To evaluate the effect of horizontal compression on the crustal thickening, we assume the horizontal ground velocity can represent the horizontal movement of the whole crust from surface to the depth of 60 km. The
Figure 6. ABIC plot of various smoothing factor α and weight factor γ. The
horizontal movement is interpolated to blocks of 1 degree by 1 degree so
red dot is the optimal parameter with minimum ABIC value.
the mass ﬂux in each block due to horizontal movement can be estimated. By assuming an incompressible crust, the mass ﬂux will cause a
change in the crustal thickness (Figure 7a). The average crustal thickening rate by horizontal compression
in Tianshan is 0.33 ± 0.03 mm/year, which is much smaller than the mean vertical velocities from GPS
observations (0.72 ± 0.12 mm/year; Figure 7b). Part of the current ground uplift is caused by the unloading
effect caused by glacier melting, and this effect is estimated to be 0.39 mm/year (Figure 7c) and 0.58
mm/year (Figure 7d) by GRACE inversion and by joint inversion, respectively. The realistic loading effect
may be some value between them.
Horizontal compression causes a widespread crustal thickening in the Tianshan region. The largest crustal
thickening happens around the Lake Issyk‐Kul (the blue circle in Figure 7), where the horizontal GPS rates
imply an intense compression. However, the residual ground uplift after the GRACE/joint inversion
nevertheless shows a subsidence, which happens to be coincident with the dropping lithosphere in this area
revealed by seismological observations (Tian et al., 2010).
The crustal thickening by horizontal compression and ground uplift by observations are summarized in
Figure 8. The GPS inversion attributes all ground uplift to glacier melting so the residual tectonic signal
is close to zero (0.01 ± 0.13 mm/year). However, as explained above, the rate of glacier melting
estimate by this method is two times as large as the estimate by GRACE, so it is unrealistic. The tectonic
ground uplifts from the GRACE and joint inversion (0.33 ± 0.12 mm/year and 0.14 ± 0.12 mm/year) are
comparable to the crustal thickening estimate, implying that horizontal compression plays a major
role in current stage of tectonic uplift in the Tianshan. These results provide quantitative constraints on
the present‐day deformation rates within and around the Tianshan that typiﬁes intracontinental
mountain building.
3.3. Strain Patterns and Crustal Uplifting in the Tianshan and Surroundings
Long‐term tectonic movements are driving forces for crustal deformation while seismicity and gravity
anomalies are surface expressions of it. The tectonic strain patterns constrained by GPS‐inferred horizontal
velocity throughout the Tianshan and its surroundings are shown in Figure 9.
The GPS‐inferred strain rates reveal that the overall tectonic dynamic movement throughout the Tianshan
and its surroundings is characterized by north‐south shortening of Tian Shan as well as N‐S shortening
across the Main Pamir Thrust, as presented in Figure 9b. There appears to be signiﬁcant shearing
PAN ET AL.
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Figure 7. Crustal thickening caused by horizontal compression (a) and ground vertical velocity (b–d). The loading effect of glacier mass change estimated respectively by GRACE and joint GPS, and GRACE is removed in (c) and (d). The black arrows in (a) represent horizontal velocities and in (b–d) represent vertical. These
velocities are interpolated to get the gridded ground uplift at 1 degree by 1 degree (shown by the colored blocks). The blue dashed circle mark the subsidence of the
mantle transition zone revealed by seismology.

(Figures 9b and 9c) associated with the N‐W extension of the Karakorum Fault (the eastern edge of Pamir).
In addition, strain dilatation within the Tarim and Fergana Basin also indicates Tianshan (or which region)
has signiﬁcant shortening, probably owing to active folding throughout the basin regions (Ischuk et al., 2013;
Nikolaev, 2002). The present‐day principal strain rates and dilatational strain patterns (Figure 9b) show that
the maximum compression (positive dilatational) strain rate is located mainly around the Alai Valley and
northern Pamir. The relatively high strain rate is consistent with strong seismic activity and large‐scale
active thrust faults in this region (Arrowsmith & Strecker, 1999;
Burtman et al., 1996), where several dozen shallow and strong historical
earthquakes have occurred (Figure 9d). A possible reason is that there is
frictional locking of the plate interface at depth, it creates a stress
shadow in the shallow part of the fault. As a result there will be a clear
inter‐seismic strain signal, that is, a diffuse strain ﬁeld or a continuous
velocity ﬁeld (Almeida et al., 2018). On the other hand, if there is
minimal strain accumulation and blocks are sliding past each other, you
will observe step velocity changes across very narrow horizontal scales
implying very large and localized strains. This applies assuming block‐
like motion with locking on faults.

Figure 8. Average crustal thickening and vertical ground velocity in the
Tianshan. They are averaged based on colored blocks in Figure 7.

PAN ET AL.

A comparison between the vertical crustal tectonic movements
(Figure 9b) and tectonic strain rates (Figure 9b) indicates that the crust
is still in a signiﬁcant uplift and extrusion stage and that north‐south crustal shortening is the main reason for the signiﬁcant uplift of the Tianshan
Mountains. The maximum shear strain rates (Figure 9c) show north‐
south extension with simultaneous east‐west compression along the
Karakoram strike‐slip fault. Additionally, signiﬁcant crustal shear
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Figure 9. Locations of major active faults (heavy black lines), inactive faults (ﬁne lines), and GPS velocity vectors with
respect to a Eurasia‐ﬁxed reference frame for the Tianshan and its forelands in red, as shown in (a). Subplot (b) shows
the principal strain rates and dilatational strain patterns as a continuous background color palette constrained by the GPS
velocity ﬁeld. Subplot (c) shows the maximum shear strain rates. (d) Geological tectonic setting and strong earthquake
distribution throughout the Tianshan, Pamir and surrounding areas. Earthquake focal mechanisms from the Global CMT
(centroid moment tensor) catalog from 1 January 1976 to 1 December 2016. Red beach balls indicate earthquakes with 7.9
≥ Mw ≥ 7.0 (Moment magnitude scale, Mw), green beach balls are for earthquakes with 6.9 ≥ Mw ≥ 6, and blue beach
balls are for 5.9 ≥ Mw ≥ 5. Boluokenu fault; FB, Fergana Basin; KT, Kepingtage thrust fault; MAK, Markansu fault; PMT,
Pamir Main Thrust; QL, Qiulitage fracture; XD: Xingdi fracture.

motion appears along the PMT in the northern Pamir, which suggests a coupling with extension as
evidenced by seismic moment tensors (Figure 9d). Only eight events in the Tianshan mountain region are
larger than Mw 6 (of which one is larger than Mw 7). Generally, this region is occupied by reverse faults
due to the strong horizontal compression. However, the eastern Lake Issyk‐Kul area has an
extraordinarily abundance of Mw 6 earthquakes, which are oblique type, instead of reverse type. These
exceptions imply the tectonic complexity in the lake area.

3.4. Crustal Geodynamic Process of Tianshan and Surroundings
The presented vertical crustal deformation and strain accumulation reveal that the contemporary tectonic
motion of the Tianshan and its surroundings still represents a status of signiﬁcant uplift with local nontectonic movements. Furthermore, the present‐day convergence rates constrained by GPS measurements are
signiﬁcant information to understand the crustal geodynamic process and mountain‐building of Tianshan
and surroundings (K Y Abdrakhmatov et al., 1996; Reigber et al., 2001; Zubovich et al., 2016; Zubovich
et al., 2010). The Tianshan is experiencing gradual tectonic convergence from south to north representing
this difference in the tectonic movements between these two intracontinental blocks. GPS observations
reveal that the Tianshan area is being compressed and shortened due to clamping from the stable blocks
of the southern Kazakh Platform and the northern Tarim Basin on either side. In this study, we estimate
the crustal shortening rates by using GPS data along four proﬁles across the Pamir, Tarim Basin,
Tianshan, and surrounding areas, as shown in Figure 10.
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Figure 10. GPS crustal shortening velocity ﬁeld proﬁles and regional tectonic terrain characteristics in the Tianshan and
its surroundings. (a) The locations and lines of proﬁles from AA' to DD' in Figures 10b–10e, and uniform width with 240
km is applied along the four proﬁles.

The shortening rates present steep gradient indicate that compression and convergence rate gradually drops
from west to east, while the north‐south crustal shortening deformation demonstrate nonuniform distributions from proﬁles AA' to DD'.
Proﬁle AA' shows a total of ~30 mm/year shortening rate across the Pamir and the Western Tianshan
Mountains and suggests different distributions of strain and accommodation caused by India's convergence
with Eurasia. The results show that the rate of movement across the belt is gradually decreased due to the
obstruction of the Kazakh block along the northern margin of the Pamir plateau. A steep gradient of ~10–
16 mm/year shortening rate is observed around the Trans‐Alay Range and its neighboring areas, consisted
with previous studies (Zubovich et al., 2010).
Proﬁle BB', in the western part of the Tian Shan (75°–80°E), the GPS velocity proﬁle BB' perpendicular to the
Kalpin fault zone indicates that a total crustal shortening rate of this trans‐Tianshan section is about 20
mm/year, which is consist with previous rate in southern Tian Shan from the GPS reversed fault dislocation
models (Yang et al., 2008) as well as the active block models (Wang et al., 2017). In addition, another shortening rate of ~6 mm/year is observed nearby the Issyk‐Kul, presents a special tectonic deformation as discussed in section 4.2.
Proﬁle CC', in the middle section of the Tian Shan, shows that the current shortening rate across it is about
11 mm/year, and a difference of ~5–6 mm/year is observed around the southern edge of Tian Shan and its
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vicinity. As for the eastern Tian Shan Mountain, the overall shortening amount is relatively small, and no
signiﬁcant rate gradient belt is found. For example, the proﬁle DD' in the eastern part of the study area shows
that the north‐south compressing‐shortening rate of Tarim Basin is about ~9 mm/year relative to that of the
Junggar Basin.

4. Discussion
4.1. Possible Uncertainties
We obtained the vertical tectonic movement around Tianshan without considering possible effects of glacial
isostatic adjustment, which could contribute to both gravity variations and vertical surface deformation (Fu
& Freymueller, 2012; Pan et al., 2016). Whether the loss of the ice sheet of high mountains in Asia will lead to
signiﬁcant crustal uplift in this area remains controversial (Kaufmann & Lambeck, 1997; Matsuo & Heki,
2010). Additionally, the long‐term gravity change related to tectonic isostatic equilibrium should be of little
consequence to the cryospheric effect. Therefore, we ignored the effect of glacial isostatic adjustment on
gravity changes when we used GPS and GRACE data to derive the crustal deformation.
Mountain‐building of Tianshan Mountain begun the end of Oligocene or maybe starting of the Miocene
Epoch (Sobel et al., 2006; Sun et al., 2004). In this study, we constrained the tectonic deformation throughout
Tianshan Mountain ranges without considering the effects of erosion and sedimentation, which may cause
the ground surface deformation and crustal shortening (Avouac et al., 1993; Métivier & Gaudemer, 1997).
An upper‐bound average erosion rate of 0.1 mm/year in large‐scale orogenic movement of Tibet (Fielding,
1996) maybe also plays a similar effect on the surface deformation of Tianshan. Meanwhile, the Tianshan
Mountain ranges and surrounding basins presented abrupt increases in sedimentation are common explanation of emergence of high topography since ~10 Ma (K E Abdrakhmatov et al., 2001; Sun & Zhang, 2009) The
acceleration of convergence throughout the Tianshan since ~10 Ma seems to be signiﬁcant required; however, we cannot distinguish a continuously time‐varying rate of present‐day GPS and GRACE measurements
from an abrupt change and a constant rate since that time.
4.2. Unique Tectonic Setting in the Lake Issyk‐Kul Region
Our GPS vertical rates reveal that the Tianshan is overall rising, with the exception of the Lake Issyk‐Kul
region. This regional subsidence is considered reliable because three stations (four after the loading effect
corrected) here support this conclusion. A seemingly paradoxical phenomenon is that this region also holds
the severest horizontal compression in the Tianshan (Figure 7a). We check the isostatic gravity anomaly
(available at http://bgi.omp.obs‐mip.fr/data‐products/Grids‐and‐models/wgm2012) in our study region
(Figure 11a), which reﬂects the isostasy at a depth of 30 km. The isostatic gravity anomaly is zero when
an isostatic equilibrium is reached and is often positive in regions with thickening crust. The Tianshan
region generally has a positive anomaly, which is consistent with our conclusion that the orogenic movement is still active here. However, the Lake Issyk‐Kul holds a negative value, implying a different deeper
construction from the Tianshan. The negative anomaly could be explained by a mountain root (Airy isostasy
model) that extends too deep into the mantle, which is denser.
Therefore, vertical movement in the Lake Issky‐Kul region is not explained by either compression or self‐
gravitational force, and a new mechanism is responsible. A possible cause is a fast water mass increase in
the lake. However, we exclude this possibility after checking the lake level change by altimetry (https://
ipad.fas.usda.gov/cropexplorer/global_reservoir/) during the study period (Figure 11b). The subsidence in
this region is not caused by lake water mass change. On the contrary, the lake level is slightly descending,
so the loading effects in the surrounding stations are negligibly positive (<0.07 mm/year). Geodetic, gravity,
and seismology data all indicate the Lake Issyk‐Kul region is tectonically extraordinary. Its characteristics
include as the following:
1. This region is subsiding at a rate of ~1 mm/year, contrary to the overall uplifting rate of 0.33 mm/year.
2. The lake bottom is less than 1 km above the Tarim Basin (compared to an uplift of 3 km in regions around
the lake; Figure 10), implying a minor uplift occurred here during the mountain building.
3. This region has the most active horizontal convergence, which thickens the crust by over 1 mm/year
under the incompressible assumption.
4. Intense shear deformation happens here.
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Figure 11. (a) Isostatic gravity anomaly in the study region. (b) Lake level change in the Lake Issyk‐Kul between 2010–
2016. The trend is annotated.

5. This place abnormally holds several large oblique earthquakes.
6. The lithosphere at depth is dropping down, as revealed by seismology.
7. Negative isostatic gravity anomaly, implying an over‐descending mountain root.
Based on the results listed above, we proposed that a crust folding model could explain, as shown in
Figure 12. A syncline fold formed in the central Tianshan where nowadays locates the Lake Issky‐Kul.
The fold maintained low latitude while its surroundings were rising rapidly (could be nonsynchronous)
due to lithosphere thickening, caused by crust shortening (Ni, 1978) and underthrusting of blocks (J Lei &
Zhao, 2007). Eventually, the lithosphere root detached due to its gravitational instability and dropped into
the asthenosphere. Such a lithosphere drip has been identiﬁed by seismological tomography (Tian et al.,
2010). The fold is still kept in the crust. As a result, the horizontal movement attenuates rapidly across this
region (Figure 10c), which causes a specious “crust thickening.” Actually, this region moves downward with
the compression of a syncline fold, and a deep mountain root brings an over isostatic compensation. Such a
ﬂexure only exists in range of several hundreds of kilometers, and strain accumulates laterally differently in
transition areas where the crust deformation turns from folding to pure compression. Therefore, strong
shear strain is expected, and oblique earthquakes occurred in this overall compressional orogenic belt.
The crust folding process was also found to be important in the lithosphere thickening and later delamination in the Central Anatolian Plateau (Göğüş et al., 2017).
Thermochronological data suggested that the uplift around the Issyk‐Kul basin started asynchronously in
the late Cenozoic, with the initiation in the late Oligocene‐early Miocene only on the south and north of
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the basin (Wack et al., 2014). The result described that the Issyk‐Kul basin
had been formed since then, which is consistent with our model's implication that the Issyk‐Kul basin remains low elevation during the formation
of the Tianshan. The subsidence observed by our GPS data is also evident
at geological temporal scales. A ﬂexural subsidence model was proposed
to explain decreasing grain size in the lowermost portion of sedimentologic data and fast sedimentation rates in the southeastern Issyk‐Kul basin
(Wack et al., 2014). Such subsidence can also be explained by our folding
model here. If the speculation on the lithospheric delamination is correct,
our model implies that the Tianshan uplift will be enhanced in the future
by this unloading process.
4.3. Implication
The uplift of the Tianshan has been attributed to the distant effect of collision between Asian and India (K Y Abdrakhmatov et al., 1996; Avouac &
Tapponnier, 1993). The plate reconstruction studies based on geological
data also consider it as part of a stable Eurasian plate (Replumaz &
Tapponnier, 2003). The formation of the Tianshan is controversially
explained by two models. One is the crustal shortening through horizontal
compression (Ghose et al., 1998; J Z Lei & D., 2007), and the other is crustal underplating due to underthrusting or an upwelling mantle plume
(Tian et al., 2010). The crustal deformation constrained by both GPS and
GRACE measurements reveals the present‐day tectonic dynamic processes in the intracontinental mountain‐building throughout
the Tianshan.
The ground uplift velocities from the crustal shortening and the residual
ground uplift by GPS are spatially heterogeneous and quite different from
Figure 12. Crustal folding in the formation of Lake Issky‐Kul. The black
each other. Considering that the crustal folding can explain the spatial difarrows show the moving direction. The inset in (c) shows the conceptual
model of horizontal shortening leading to crustal thickening by pure shear. ference around the Lake Issyk‐Kul, we speculate that regional tectonic
setting is responsible for the large spatial variability in tectonic ground
uplift across the Tianshan. In addition, the vertical tectonic movements show uplifting with average rate
~0.33 mm/year throughout Tianshan that consist with the rate of crustal thickening (~0.33 mm/year), indicating that orogenic activity of crustal shortening and thickening caused by the northward motion of the
Indian plate is responsible for the overall tectonic uplift of Tianshan (Saint‐Carlier et al., 2016). Based on
geological results (Zubovich et al., 2010; Zubovich et al., 2016), the Tian Shan would have been built in 5–
10 Myr to an altitude of 4 km. Therefore, the average rate of 0.4–0.8 mm/year is consistent with our residual
uplift and crustal thickening rate (0.33 mm/year).
Meanwhile, vertical tectonic movements are coupled with high strain rates and regional seismic activity (K Y
Abdrakhmatov et al., 1996). Within the interior of the Tianshan, our strain patterns reveal north‐south compression and east‐west extension in the northern Pamir with average localized strain rate magnitudes on the
order of 35 nanostrain yr−1 along the Alai valley, as was inferred by Jay et al. (2017). In addition, the strain
rates around the northern boundary of Lake Issyk‐Kul and the northwestern Tarim Basin are also signiﬁcant, probably owing to deep dynamic processes (Molnar & Deng, 1984; Yang et al., 2008). These results provide quantitative constraints on the deformation rates within and around the Tian Shan and accordingly
within this area that typiﬁes intracontinental mountain building.

5. Conclusions
We use observations of 3‐D crustal deformation and GRACE‐modeled mass changes to infer dynamic processes of the Tianshan Mountain range. The ice melting and tectonic signals were separated by integrating
GPS and GRACE data. Glacier mass balance inversion by using only GPS, GRACE, and both of them to conﬁrm that tectonic processes play an important role in the observed GPS vertical velocity in Tianshan region.
Vertical GPS observations show that the region is averagely rising at a rate of 0.72 ± 0.12 mm/year. The elastic deformation response of surface ﬂuid mass variations is estimated to be 0.39 mm/year by GRACE data.
PAN ET AL.

12,185

Journal of Geophysical Research: Solid Earth

10.1029/2019JB017566

The localized glacier melting may have an effect of no more than 0.19 mm/year. The tectonic uplift is
occurring at an average rate of ~0.33 mm/year in Tianshan and close to the rate of crustal thickening,
indicating that crustal thickening plays an essential role in current stage of tectonic uplift in the
Tianshan Mountain. The GPS horizontal velocities and corresponding strain rates indicate the presence
of internal shortening within the Tianshan and the eastern boundary of the Pamir where it abuts with
the stable Tarim Basin. The strain patterns suggest that the complex crustal deformation is highly correlated with signiﬁcant elastic seismic strain processes of crustal dynamics. We also ﬁnd the Lake Issyk‐Kul
region is tectonically distinct from the Tianshan, and existence of a regional crust folding can explain
results by geodetic, gravity and seismology data in this region. In conclusion, the overall uplift of
Tianshan Mountain is mainly caused by crustal shortening, and spatial heterogeneity exists due to various
crust deformation.
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