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Highlights

What are the main findings?

• Present-day strain and rotation rates are estimated using updated GNSS velocities in
the Pamir–Tian Shan region.

• The derived strain field is consistent with major active tectonic structures.
• Deformation patterns reflect ongoing India–Eurasia convergence and interactions

among regional blocks.

What are the implications of the main findings?

• This study presents precise strain and rotation rates, enabling tighter constraints for
the interpretation of the formation and evolution of Pamir–Tian Shan zone.

• This study highlights that GNSS-based strain rate mapping provides an additional,
physically independent constraint on the long-term seismic potential of active struc-
tures, thereby contributing to more robust regional seismic hazard evaluations.

Abstract

The Pamir–Tian Shan domain constitutes one of the most actively deforming intracontinen-
tal orogenic systems associated with continued India–Eurasia convergence. Characterizing
present-day deformation in this region is fundamental to deciphering its geodynamic evo-
lution and assessing seismic risk. Existing strain rate models based on GNSS measurements
display noticeable discrepancies, largely attributable to variations in analytical strategies
and uneven station distribution. In this study, we determine the present crustal strain and
rotation fields across the Pamir–Tian Shan area using the most updated GNSS velocity
solution referenced to stable Eurasia. To address the issues of inconsistent strain rate field
results and lack of reliability verification in previous studies based on GNSS data, this
paper computes the crustal strain rate field (principal strain rate, maximum shear strain
rate, dilatation strain rate, and rotational strain rate) with a grid spacing of 0.75◦ × 0.75◦

in the study area, followed by numerical validation of the results’ reliability. The derived
strain field is characterized by dominant NNW–SSE shortening throughout much of the
orogenic system, with peak compressional strain rates (~1.0 × 10−7 yr−1) concentrated
along the Pamir Frontal Thrust. By contrast, the interior of the Pamir Plateau exhibits
clear EW extension, consistent with areas affected by normal-faulting earthquakes. High
values of shear strain rates are primarily localized along major active fault systems, whereas
negative dilatational components indicate overall contraction within the Tian Shan. The
rotation-rate distribution reveals clockwise rotation of the Tarim Basin (approximately
0.6◦/Myr) together with counterclockwise rotation affecting the Pamir and Tian Shan
blocks, accommodated by prominent strike–slip fault networks. The close spatial agree-
ment between the modeled strain patterns, active tectonic structures, and focal mechanism
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solutions supports the reliability of the inferred deformation field. The research results of
this paper are of great scientific significance for in-depth study of the tectonic evolution
and earthquake disaster assessment in the Pamir–Tian Shan region.

Keywords: GNSS data; strain rates; rotation rates; Pamir–Tian Shan

1. Introduction
The Tian Shan underwent pronounced tectonic rejuvenation in the late Cenozoic, fol-

lowing a prolonged interval of relative tectonic stability [1–9]. This phase of renewed
deformation is generally attributed to far-field stresses generated by the continuing
India–Eurasia collision and the progressive northward advance of the Pamir salient [10–13].
Integrating geological reconstructions with geodetic observations suggests cumulative
crustal shortening exceeding ~200 km [1,14], expressed as significant uplift, large-scale
folding, and widespread thrust faulting. Owing to these characteristics, the Tian Shan
provides an outstanding setting for investigating how intracontinental mountain belts
absorb and redistribute stresses transmitted from distant plate boundaries.

The Pamir–Tian Shan region is further distinguished by frequent and sometimes de-
structive earthquakes. Historical and instrumental records document numerous major
events, including the 1812 M 8.0 Nilke great earthquake, the 1902 M 8.0 Artux earth-
quake, and the 1906 M 8.0 Manas earthquake, the Chilik M 8.3 earthquake in 1889 and
the Kebin M 8.2 earthquake in 1911 near Lake Issyk Kul [15–19], as shown in Figure 1.
Seismicity shows strong spatial clustering along primary structural boundaries and zones
of sharp velocity gradients in the western Tarim Basin, suggesting that mechanical inter-
actions among rigid blocks and active faults govern strain accumulation [20,21]. Impor-
tantly, several earthquakes—including the 1997–1998 Jiashi sequence and the 2020 Jiashi
events—occurred within the interior of the Tarim Basin rather than strictly along its margins.
These intra-basin events have been interpreted as evidence for buried crustal structures and
inward transmission of deformation from the Tian Shan toward the basin center [15,17–19].
Collectively, these findings underscore the need for quantitative constraints on present-
day strain and rotational deformation in order to better resolve regional seismotectonic
processes and associated seismic hazards.

During the last three decades, the expansion of Global Navigation Satellite Sys-
tem (GNSS) observations has greatly improved constraints on present-day crustal mo-
tion in Central Asia. Contemporary geodetic observations indicate that ~20 mm/yr of
north–south shortening is presently absorbed within the western Tian Shan, accounting
for a significant portion of the India–Eurasia convergence across this longitudinal sector
(e.g., Refs. [13,14,22,23]). These results highlight the importance of the Tian Shan as a
key locus of intracontinental deformation. Shortening is mainly manifested by thrust
faulting, crustal folding, and the formation of east–west-oriented intermontane basins
(e.g., Refs. [8,24,25]). Meanwhile, large strike–slip fault systems play an important role in
strain partitioning throughout the orogenic belt [26].

Although GNSS velocity fields directly record crustal displacement, velocity vector
information alone does not fully resolve how deformation is distributed spatially. To
obtain a more quantitative description of strain patterns, multiple studies have constructed
strain rate models for the Tian Shan and neighboring regions (e.g., Refs. [27–30]). At the
broadest scale, these models consistently show predominant north–south compression.
However, inter-model comparisons reveal noticeable differences in both the amplitude and
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orientation of strain across the region. Comparable discrepancies are reported in strain rate
solutions for mainland China and adjacent areas (e.g., Refs. [22,23,31–33]).

Figure 1. GNSS velocity field with respect to the Eurasian plate [22]. Error ellipses represent
70% confidence. Significant historical seismic events with M ≥ 6.0 occurred from 1 January 1900 to
31 December 2025 (earthquake data were retrieved from the following website: https://earthquake.
usgs.gov/earthquakes/search/ (accessed on 31 December 2025)).

Such inconsistencies are commonly attributed to differences in methodological im-
plementation, including interpolation schemes, smoothing choices, grid spacing, and the
handling of irregular station geometry. In particular, the uneven spatial distribution of
GNSS sites remains a persistent obstacle in strain rate estimation. Distinct computational
strategies may therefore produce contrasting local strain features, even when derived from
comparable velocity datasets. For this reason, establishing a modeling framework that ef-
fectively mitigates bias arising from heterogeneous station spacing is crucial for generating
a robust, internally coherent strain rate field.

Using updated GNSS velocity data and a unified methodological framework, we
estimate the current crustal strain and rotation rate fields across the Pamir–Tian Shan
region. We adopt the approach proposed by Zhu et al. [34,35], which combines Kriging
interpolation with grid-based strain calculation, to minimize errors caused by uneven
spatial observations. Additionally, synthetic numerical experiments are conducted to
evaluate the methodological approach’s stability and reliability. The resulting strain rate
field is then analyzed in terms of regional tectonics and geodynamic processes.

2. GNSS Data
Since the 1980s, a comprehensive array of GNSS stations has been established through-

out China to monitor crustal deformation. Notably, the implementation of the Crustal
Movement Observation Network of China (CMONOC) over the preceding three decades has
yielded a substantial corpus of high-precision geodetic observations. The GNSS dataset ana-
lyzed in this study is derived mainly from stations operated within the CMONOC program.
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To maintain methodological rigor, we use published velocity solutions rather than
reprocess the original GNSS observations. Specifically, we use the GNSS velocity field refer-
enced to a stable Eurasia, compiled by Wang and Shen [22], as depicted in Figure 1. This
dataset amalgamates CMONOC observations with findings from prior regional and global
investigations (e.g., Refs. [36–38]). As indicated by Wang and Shen [22], coseismic and
postseismic deformation associated with significant seismic events during the observation
timeframe, including the 2008 Wenchuan earthquake and the 2015 Ms 7.2 Tajikistan earth-
quake, has been systematically excluded. Consequently, the velocity vectors predominantly
encapsulate long-term interseismic crustal motion within the Pamir–Tian Shan domain.

As depicted in Figure 1, the spatial distribution of GNSS stations is characterized by
heterogeneity. A dense concentration of stations is observed in certain segments of the
southern Tian Shan in China, whereas station coverage is relatively sparse near the borders
with Kyrgyzstan and Tajikistan. Notwithstanding this irregular distribution, the velocity
field manifests a coherent large-scale pattern. The majority of GNSS stations exhibit a
northward movement relative to stable Eurasia, with the velocity magnitude typically
diminishing from south to north. The most pronounced velocities (30–40 mm/yr) are
recorded in the central and eastern Pamir. Within the Pamir region, the velocity vectors
exhibit a fan-shaped configuration, with orientations transitioning from nearly north–south
in the eastern sectors to more northwesterly in the western sectors.

Between the Pamir and the Tian Shan, the velocity field becomes more complex, with
significant variations along the strike of the orogenic belt. The Tian Shan exhibits a clear
EW gradient in velocity magnitude. In the western Tian Shan, NS shortening between the
Tarim Basin and the Kazakh Platform reaches approximately 20 mm/yr. Deformation in
this segment appears to be distributed across multiple ranges and intermontane basins
rather than localized to a single structure. In the central Tian Shan, northward velocities
relative to stable Eurasia are typically 10–15 mm/yr, with more gradual spatial gradients.
In the eastern Tian Shan, shortening rates decrease further to approximately 5–10 mm/yr,
and velocity gradients become comparatively diffuse.

Overall, the GNSS velocity field offers a quantitative characterization of present-day
deformation within the Pamir–Tian Shan orogenic system and serves as the essential
observational foundation for subsequent strain rate analyses.

3. Results
3.1. Calculation Method

The spatial distribution of crustal strain rates can provide important constraints for
studying the evolution of geological structures and the preparation process of great earth-
quakes. However, it is unfortunate that, despite using nearly identical GNSS observational
data, different researchers have yielded varying strain rate calculations. For instance, Wang
and Shen [22] calculated the crustal strain rate in Chinese Mainland based on a dataset with
2403 GNSS velocity vectors spanning 25 years. Zheng et al. [23] also computed the crustal
strain rate in Chinese Mainland using 2576 GNSS vectors measured from 1991 to 2015.
Yet, significant discrepancies are evident between their results: the maximum principal
strain rate (PSR) from Wang and Shen [22] is concentrated near the Eastern Himalayan
Syntaxis (EHS), while Zheng et al. [23] show no clear distribution of their maximum princi-
pal strain rate. Additionally, in Zheng et al. [23], the maximum shear strain rate (MSR) is
primarily concentrated along the Sagaing Fault Zone, whereas Wang and Shen [22] locate
it in other regions. Furthermore, many authors have calculated strain rates in the Tibetan
Plateau using GNSS observational data, yet they also report markedly different results
(e.g., Refs. [32,39–41]).
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Theoretically, calculating the strain rate from GNSS-observed velocity vectors involves
only a simple first-order derivative operation. So why do different researchers produce
inconsistent strain rate distributions using nearly identical GNSS observational data? The
primary reason is likely the sparse and uneven spatial distribution of GNSS observation
stations [42]. To address this, Zhu et al. [35] employed a two-step interpolation method (first
using kriging interpolation, followed by Lagrange interpolation similar to shape functions
in finite element method) to compute strain rate components within uniformly spaced small
grid cells. In the first step, we interpolate the east and north-trending components of GNSS
velocities onto an evenly spaced grid at 0.75◦ intervals along the longitude and latitude
directions, respectively [34,35]. Then, we compute the strain rate in each element cell on the
Earth’s surface, similar to calculating shape functions in the finite element method [34,35].

Concerning the 4-node iso-parametric element, under a spherical coordinate system,
coordinates (θ, φ) and surface velocity (

.
uθ ,

.
uφ) can be written as shape functions as follows.

θ =
4
∑

i=1
Ni(ξ, ζ)θi

ϕ =
4
∑

i=1
Ni(ξ, ζ)φi

(1)


.
uθ =

4
∑

i=1
Ni(ξ, ζ)

.
ui

θ

.
uφ =

4
∑

i=1
Ni(ξ, ζ)

.
ui

φ

(2)

where Ni(ξ, η) (i = 1, 2, 3, 4) stand for shape functions in finite element method, namely
N1 = 1

4 (1 − ξ)(1 − η), N2 = 1
4 (1 + ξ)(1 − η), N3 = 1

4 (1 + ξ)(1 + η), N4 = 1
4 (1 − ξ)(1 + η);

in which (ξ, η) denote local coordinates, and
.
ui

θ ,
.
ui

φ (i = 1, 2, 2, 4) are velocities estimated
by kriging technique at four nodes in each element with a spacing of 0.75◦ × 0.75◦ in the
study area, and

.
uθ and

.
uφ represent the velocity values in the east and north directions,

respectively. Therefore, the derivative of the velocity component in spherical coordinates
can be calculated, and the specific mathematical expression is as follows [34,35]:

∂
.
uθ

∂θ
=

4
∑

i=1

∂Ni(ξ, ζ)

∂θ

.
uθ

∂
.
uφ

∂θ
=

4
∑

i=1

∂Ni(ξ, ζ)

∂θ

.
uφ

∂
.
uθ

∂φ
=

4
∑

i=1

∂Ni(ξ, ζ)

∂φ

.
uθ

∂
.
uφ

∂φ
=

4
∑

i=1

∂Ni(ξ, ζ)

∂φ

.
uφ

(3)

Then, based on the geometric equation of elasticity in spherical coordinates, the
component of strain rate at any point inside the cell can be calculated.

.
εθ = 1

R · ∂
.
uθ
∂θ

.
εφ = 1

R sin θ ·
∂

.
uφ

∂φ +
.
uθ
R ctgθ

.
εθφ = 1

2 [
1
R (

∂
.
uφ

∂θ − .
uφctgθ) + 1

R sin θ ·
∂

.
uθ

∂φ ]

(4)

where R stands for the radius of the Earthe,
.
εθ represents the eastward strain rate component,

and
.
εφ denotes the northward strain rate component).
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Based on the strain rate components on the grid nodes, the principal strain rate (
.
ε1,2)

can be expressed as:

.
ε1,2 =

.
εθ +

.
εφ

2
±

√
(

.
εθ −

.
εφ)

2

4
+

.
εθφ2 (5)

Similarly, other strain rates, such as maximum shear strain rate (MSR), dilatation strain rate
(DSR), and rotational strain rate (RRV), can be described using Equations (6)–(8), respectively.

MSR = (
.
ε1 −

.
ε2)/2 (6)

DSR =
.
εθ +

.
εφ (7)

RRV =
1
2

(
∂

.
uφ

∂θ
− ∂

.
uθ

∂φ

)
(8)

Unlike the Euler vector, the rotational strain rate in Formula (8) is a rotation around
a positive vertical axis pointing upwards, so its counterclockwise rotation is positive and
clockwise rotation is negative [36]. Therefore, positive (negative) rotational strain rates
correspond to the sinistral (dextral) motion of the medium near strike slip faults [42,43].

3.2. Strain Rate Results

Figure 2 shows the spatial variation of the principal strain rates (PSR) in the Pamir–Tian
Shan region and nearby areas at grid spacing of 0.75◦ × 0.75◦. Outwardly directed arrows
denote tensile strain rates, while inwardly directed arrows denote compressive strain rates.
The figure indicates that the strain rate field exhibits remarkable spatial heterogeneity,
reflecting the intricate interactions among the northward indentation of the India plate,
the southward subduction of the Tian Shan crust, and the westward extrusion of the
Pamir crust.

The figure reveals that strain rates are negligible in the inner part of the Tarim Basin
and the Kazakh Platform, whereas significantly high values are observed to the north of
the Pamir and centrally within the Tian Shan region.

The entire research area is primarily characterized by compression. The principal
strain rate in the Pamir–Tian Shan domain primarily reflects compressive deformation
associated with the active convergence of the Indian and Eurasian tectonic plates. The
strain rate fields reveal widespread contraction, with the principal shortening axes oriented
approximately NNW–SSE, perpendicular to the major tectonic structures. The magnitude
of the PSR, however, exhibits significant spatial variability, with the highest values localized
along the margins of the orogenic system. The highest values (~1.0 × 10−7/yr) are localized
along the Pamir Frontal Thrust (PFT), where the Pamir Plateau thrusts over the Alai Valley,
as shown in Figure 2. The orientation of the compressive PSR is almost perpendicular to
the PFT. The next-largest magnitude (~7.0 × 10−8/yr) of the PSR is concentrated in the
Tian Shan region, with an orientation nearly NS. But, in general, the magnitudes of the
maximum compressive PSR gradually decrease from west to east.

The largest magnitude of extensional PSR in the Pamir–Tian Shan region and surround-
ing areas is distributed in the interior of the Pamir Plateau to the south of PFT, between
36.5◦N and 38.5◦N latitude, as displayed in Figure 2. In this place, the Pamir uplifts and
escapes due to the collision and compression between the Pamir and the Tian Shan. This
extensional regime is consistent with geological observations of active normal faulting and
with earthquake focal mechanisms that show normal fault solutions, as shown in Figure 3.
The consistency between normal earthquakes and the extensional deformation regions,
as indicated by strain rates, suggests that the strain rate results presented in the paper
are reasonable and accurate. Furthermore, the main part of the Tian Shan crust is in a
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compressive environment, consistent with the observation that earthquakes in the Tian
Shan region are mainly thrust earthquakes, as shown in Figure 3.

Figure 2. The spatial configuration of principal strain rates in the Pamir–Tian Shan region is char-
acterized by a grid size of 0.75◦ × 0.75◦ (the outward arrow indicates tensile strain, in contrast to
the inward arrow, which indicates compressive strain). ATF: Altyn Tagh fault; PFT: Pamir Frontal
Thrust; TFF: Talas-Fergana fault; MDF: Maidan fault; NLTF: Nalati fault; KTF: Kindytash fault; DGF:
Dzhungarian fault; KPF: Kalpin thrusting system; KCF: Kuche thrusting system.

Figure 3. Spatial distribution of earthquakes with Mw ≥ 6.0 from 1 January 1976 to 31 December 2025
(data from Harvard CMT: https://www.globalcmt.org/CMTsearch.html (accessed on 31 December
2025)). Normal earthquakes occurred mainly in three elliptical regions marked A, B, and C, where
the magnitude of the extensional PSR exceeds that of the compressive PSR, corresponding to a tensile
stress state.
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In addition, it is noted that the magnitude of the compressive PSR is almost equal
to that of the extensional PSR along the Altyn Tagh fault zone. The PSR orientation is
approximately 45◦ relative to the fault strike, suggesting that the motion involves not solely
pure strike–slip dynamics but also validates the accuracy of the employed calculation
methodology. The most intriguing characteristic shown in Figure 2 is that three extensional
regions, where the magnitude of the extensional PSR exceeds that of the compressive one,
have earthquakes with normal fault mechanisms, as shown in Figure 3, with three green
elliptical regions.

Figure 4 illustrates the spatial pattern of the maximum shear strain rate (MSR). This
figure unequivocally demonstrates that high maximum shear strain rates are concentrated
along the Pamir Frontal Thrust, with values approximately equal to 6.0 × 10−8/yr, whereas
comparatively lower values are situated within the interior regions of the stable Tarim
Basin and the Kazakh Platform, which correlates with the underlying tectonic regime. The
dilatational strain rate (DSR) characterizes areal change, with positive values denoting
extension and negative values corresponding to contraction. Figure 5 shows a cloud map
of DSR in the Pamir–Tian Shan area. In general, the spatial distribution of DSR corresponds
closely to the structural framework of the Tian Shan orogenic belt. The central Tian Shan
is characterized by predominantly negative DSR values, indicative of ongoing crustal
shortening, whereas the Tarim Basin exhibits positive DSR signals. A subtle east–west
extensional component is identified in the eastern Tian Shan, which may reflect gravitational
adjustment of the uplifted terrain or complex tectonic coupling between neighboring blocks.

Figure 4. Spatial contour map of maximum shear strain rates (MSR) in the Pamir–Tian Shan region.
The capitalized English abbreviations in the figure represent the same meanings as in Figure 2.
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Figure 5. Spatial contour map of dilatation strain rates (DSR) in the Pamir–Tian Shan region. The
capitalized English abbreviations in the figure represent the same meanings as in Figure 2.

Figure 6 illustrates the spatial distribution of the rotational strain rate (RRV). It shows
that both the Pamirs and Tianshan regions are characterized by positive values, indicating
counterclockwise rotational deformation. In contrast, the Tarim Basin has a negative
rotation strain rate, suggesting clockwise rotation; the rotation angle is approximately
0.5–0.7◦ per million years, which aligns closely with the 0.8◦/Myr rotation angle reported
by Reigber et al. [44] and is consistent with the 0.461◦/Myr reported by Zhao et al. [45].
Furthermore, the Altyn Tagh fault zone lies within the positive RRV zone, indicating its
sinistral strike–slip movement. The Ferghana Valley exhibits a clear counterclockwise
rotation that influences slip rates on neighboring faults. There may also be smaller rotations
within individual ranges and basins of the Tian Shan, reflecting the distributed deformation
across this extensive orogenic system. These rotational patterns are significant for seismic
hazard assessment because they affect slip rates and earthquake potential along major
faults throughout the region.

3.3. Numerical Test of the Validity of the Calculation Method

Deriving strain rate fields from GNSS velocity vectors appears straightforward in
principle; however, practical applications demonstrate that the problem is far from trivial.
Numerous studies have used similar GNSS datasets to estimate strain rates in mainland
China [22,46], the Tibetan Plateau [23,32,33,39–41,47,48], the Ordos block [20,49–54], the
southeastern Tibetan Plateau [43,55–63], and the Tian Shan orogenic belt [27–30]. Although
many of these studies used comparable GNSS velocity datasets, their derived strain rate
fields show noticeable differences [42,53,63].

Such variability likely arises from methodological factors, particularly the spatially
uneven distribution of GNSS stations [34,35,53,63,64]. Because no direct and independent
measurements of regional strain rates exist at the scale resolved by GNSS networks, it
is difficult to determine which computational approach most faithfully represents the
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underlying deformation field. Therefore, numerical verification provides an effective way
to assess the internal reliability of a given calculation method.

Figure 6. Spatial contour map of rotation strain rates (vorticity) (RRV) in the Pamir–Tian Shan region.
The capitalized English abbreviations in the figure represent the same meanings as in Figure 2.

In this work, we assess the applicability of the strain rate estimation scheme pro-
posed by Zhu et al. [34,35] using the real spatial configuration of GNSS stations across the
Pamir–Tian Shan region.

To assess the method’s robustness, a synthetic analytical function was constructed to
prescribe a known deformation field. Surface velocity vectors (CSV) at the GNSS station
locations were then generated from this function, and the corresponding strain rate tensors
(ASR) were obtained analytically by differentiating the prescribed velocity field.

Surface velocity components in the θ- and φ-directions (corresponding to eastward
and northward directions in the spherical coordinate system) are defined according to the
functional form given in Equation (9):{

vΘ = fu(Θ, Φ)

vΦ = fv(Θ, Φ)
(9)

In practical implementation, Equation (9) can take various forms. In this study, a spa-
tially periodic function is adopted. Specifically, the velocity components are expressed as:{

vΘ = a1 · sin(a2 · (Θ + a3)) + a4 · cos(a5 · (Φ + a6))
vΦ = b1 · sin(b2 · (Θ + b3)) + b4 · cos(b5 · (Φ + b6))

(10)

where Θ represents colatitude, and Φ denotes longitude.
Based on Equation (10), velocity vectors at the GNSS station locations in the Pamir–

Tian Shan region as shown in Figure 1, are generated. Because the functional form is
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fully prescribed, the analytical strain rate tensors (ASR) can be obtained directly from the
governing mathematical expressions.

To ensure realistic deformation amplitudes, the parameters in Equation (10) are se-
lected such that the resulting velocity magnitudes are comparable to observed GNSS
vectors. The parameters used in this study are:

a1 = −2.0, a2 = 12.0, a3 = 10.0, a4 = 3.0, a5 = 22.0, a6 = 2.0;
b1 = 1.0, b2 = 21.0, b3 = 10.0, b4 = 4.0, b5 = 7.0, b6 = 40.0.
The strain rate field was subsequently estimated from the same synthetic velocity

dataset (CSV) using the approach of Zhu et al. [34,35], producing a computed strain rate
solution (CSR). Since both the analytical strain rates (ASR) and the computed results
(CSR) originate from the same velocity field, differences between the two solutions can be
attributed solely to the calculation procedure rather than to the input data.

A comparison of ASR and CSR is illustrated in Figure 7. The analytically derived
principal strain rates based on the prescribed function are presented in panel (a), whereas
panel (b) depicts the principal strain rates recovered from the synthetic velocities through
the interpolation–derivative scheme.

Figure 7. Comparison between the analytical strain rate solution (ASR) and the numerically recovered
solution (CSR) derived from the identical surface velocity dataset. (a) Principal strain rates obtained
analytically from the prescribed elastic formulation; (b) Principal strain rates reconstructed from the
synthetic velocity field (Equation (6)) using the strain rate estimation scheme of Zhu et al. [34,35].

A detailed comparison of Figure 7a,b indicates that CSR closely reproduces ASR across
both principal strain orientations and magnitudes. No artificial strain concentrations or
systematic distortions are observed. The consistency between the two fields demonstrates
that the computational procedure preserves the deformation characteristics encoded in the
velocity data. As long as the GNSS stations are sufficiently dense, the ASR is generally
consistent with the CSR. However, in areas where GNSS stations are sparse, inconsistencies
appear in the calculated results.

Extensive additional tests with alternative parameter combinations yield similarly
consistent results, further confirming the method’s robustness under the GNSS station
distribution pattern in the Pamir–Tian Shan region.

However, it should be noted that this method is still qualitative, providing only a
rough estimate and, mathematically, lacking completeness.
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4. Discussion
4.1. Comparison with Previously Published Strain Rate Fields

A number of earlier studies, including Mansurov [27], Pan et al. [28,29], and
Qiu et al. [30], have derived strain rate fields for the Pamir–Tian Shan region using distinct
analytical or numerical strategies. Although these works consistently discuss ongoing
crustal shortening associated with India–Eurasia convergence, their resulting strain rate
patterns exhibit non-negligible differences. Such inconsistencies suggest that strain rate
computation is highly sensitive to methodological design, interpolation schemes, and the
spatial distribution of GNSS stations.

In the model proposed by Mansurov [27], relatively large compressive principal strain
magnitudes are observed near 74.5◦E, 43.2◦N, along the northern margin of the central Tian
Shan, as well as within the longitude range of 82◦E–83.5◦E. At the same time, Mansurov’s
model [27] showed an anomalous case in which the principal compressive strain rate in
the northeastern region of Urumqi (~88◦E, 44◦N) was significantly higher than that in
the central Tian Shan region. This finding is clearly inconsistent with the basic geological
survey results. In contrast, the results presented in this paper do not exhibit this abnormal
phenomenon.

In the model of Pan et al. [28], the Pamir–Tian Shan region is characterized predomi-
nantly by north–south-oriented compressive principal strain rates with relatively uniform
orientations. Regions exhibiting extensional deformation are limited. Although this pattern
captures the first-order north–south shortening associated with India–Eurasia convergence,
it may underestimate the localized extensional components suggested by geological obser-
vations in parts of the Pamir Plateau.

The solution of Qiu et al. [30] exhibits a spatial configuration that differs from the
patterns reported by Mansurov [27] and Pan et al. [28]. In particular, north–south-oriented
extensional principal strains are inferred within parts of the Pamir region, and extension is
also indicated north of 44◦N latitude. These features suggest a deformation regime distinct
from that inferred in other models. Such differences may arise from variations in smoothing
scales, interpolation schemes, or data selection criteria.

The overall spatial pattern of the strain rates from Pan et al. [29] is generally more
consistent with the strain distribution obtained in this study. However, localized orientation
differences are observed within the Pamir Plateau, where one compressive principal strain
axis trends nearly north–south relative to surrounding deformation patterns. In addition,
portions of the study area are masked, limiting direct spatial comparison in some regions.

Zhou et al. [12] Based on GNSS data observed from 2011 to 2015, the strain rate field
of the Pamir and adjacent areas was calculated. The Pamir region was found to be in
near-NS compression. Although there was a certain degree of tension component in the
EW direction of the southern Pamir region, it was claimed that the magnitude of the strain
rate was still smaller than that of the principal compressive strain rate, indicating that
it was still in a compressive strain environment. This is inconsistent with the geological
results, especially as it does not reflect the tensile deformation in the Kongur Mountain
extension system [11,12]. In addition, the strain rate field in Chinese Mainland calculated
by Wang and Shen [22] is NNE in the direction of the principal compressive strain rate in
the Tianshan area, which is also inconsistent with NNW [65], the dominant direction of the
principal compressive stress in the Tianshan area based on seismic data.

Overall, the diversity of published strain rate models underscores the methodological
dependence of geodetic strain estimation. Differences in interpolation strategy, regulariza-
tion parameters, and treatment of uneven station distribution can significantly influence
local strain magnitudes and orientations. The strain rate field derived in this study ex-
hibits spatial patterns that are broadly consistent with regional geological structures and
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independent geophysical observations, including focal mechanism solutions and bore-
hole measurements [66]. This agreement supports the reliability of the present results in
resolving the first-order crustal deformation characteristics of the Pamir–Tian Shan region.

4.2. Geodynamic Implications of the Strain Rates

The high-resolution strain rate field derived from GNSS observations quantitatively
characterizes present deformation linked to the Indo–Eurasian collision, which represents
the primary driver of Central Asian orogenic evolution.

Marked spatial heterogeneity characterizes the strain distribution, broadly aligning
with major tectonic domains. In the western Pamir and the adjoining South Tian Shan,
elevated north–south compressional strain (up to ~8 × 10−8/yr) coincides with the Pamir
Thrust System and the Trans-Alai Range, indicating pronounced crustal shortening driven
by northward indentation of the Pamir salient. As part of the northwestern Himalayan
syntaxis, the Pamir effectively transfers convergence-related stresses into the continental
interior, contributing to Cenozoic rejuvenation of the Tian Shan orogen [3,11,12,67,68].

NS shortening decreases systematically eastward, from ~8.0 × 10−8/yr in the western
Tian Shan (70◦E–77◦E) to ~1.3 × 10−8/yr in the eastern sector (85◦E–87◦E). This gradi-
ent implies progressive attenuation of transmitted compressional stresses away from the
indentation front. The pattern may further reflect clockwise rotation of the Tarim Basin
(~0.6◦/Myr) and along-strike variations in lithospheric strength. Such partitioning suggests
that deformation within the Tian Shan is spatially segmented, governed by both far-field
collision forces and inherited structural heterogeneity [69–71].

In contrast, the interior of the Pamir Plateau exhibits appreciable EW extension (up
to ~7.0 × 10−8/yr), coexisting with marginal compression. This combination indicates a
mechanically complex response to continental convergence.

Clear evidence for active extension is observed in the Lake Karakul region of the North-
ern Pamirs. The basin forms an asymmetric graben bounded by active normal faults, with
major displacement concentrated along its western margin. Structural observations and
bathymetric data indicate substantial tectonic subsidence, with vertical offsets exceeding
~1200 m along the principal border fault. Fault-slip indicators consistently define an east–
west-oriented tension axis, supporting a regional extensional regime [11]. Additionally,
an NS seismic belt within the orogen interior includes earthquakes exhibiting near-pure
normal faulting mechanisms with EW directions of T-axes. This seismotectonic config-
uration resembles the extension documented in southern Tibet, suggesting comparable
geodynamic controls on plateau uplift and crustal thickening.

The high elevation (~4000 m) and thickened crust of the Pamir Plateau generate
substantial gravitational potential energy, which may promote lateral spreading and crustal
thinning through normal faulting, particularly where steep topographic gradients exist
adjacent to the Tadjik Basin and Tarim Basin. Therefore, internal extension within the Pamir
should be interpreted as an intrinsic component of its present-day deformation rather than
an anomalous feature.

Collectively, the extensional strain likely reflects the combined effects of gravitational
collapse of an overthickened crust, strain partitioning around the arcuate orogenic geom-
etry, and kinematic interactions along major strike–slip systems [11,12]. These processes
underscore the mechanical complexity typical of active intracontinental collision zones.

The region’s intense tectonic deformation is accompanied by frequent large earth-
quakes, making it one of the most seismically active areas in Central Asia. For example, the
region has experienced several major earthquakes, such as the 1812 M 8.0 Nilke great earth-
quake and the Chilik M 8.3 earthquake in 1889 [15–19]. Seismicity clusters preferentially
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near high-velocity blocks in the western Tarim Basin, suggesting that block interaction and
stress transfer contribute significantly to earthquake occurrence.

In addition, a series of strong earthquake clusters with M ≥ 6.0 occurred in Jiashi
County, southwestern Tianshan Mountains from 1996 to 1998. In recent years, strong
earthquake activity in the region has continued to be active, with Jinghe County and
Jiashi County experiencing M ≥ 6.0 strong earthquakes in 2017 and 2020, respectively.
Furthermore, these events occurred within the interior of the Tarim basin rather than
strictly along basin–mountain boundary faults and have been attributed to deep concealed
structures and inward transmission of Tian Shan deformation. The spatial correspondence
between high-strain zones and seismic activity emphasizes the importance of accurately
resolving present-day strain rates and rotation fields for seismic hazard assessment.

From a broader geodynamic perspective, the strain rate distribution reflects the cou-
pling between deep-lithospheric processes and shallow-crustal deformation. Northward
underthrusting and indentation of the Indian lithosphere—evidenced by the C-shaped
intermediate-depth seismic zone—modulates the spatial organization of surface strain.
Orthogonal collision in the eastern Pamir and Tian Shan promotes dominant compressional
shortening, whereas oblique convergence in the western Pamir facilitates strain partitioning
and localized crustal extension.

The compressional domains resolved in this study are further supported by indepen-
dent seismic imaging, which reveals crustal velocity structures consistent with shortening
and thickening beneath the Tian Shan and western Kunlun, as well as possible thermal
anomalies close to the Moho discontinuity [72,73]. Taken together, these geodetic and
geophysical observations indicate that the Pamir–Tian Shan region represents an active
intracontinental deformation system in which far-field Indo–Eurasian convergence is ac-
commodated by interacting processes of crustal shortening, block rotation, and gravita-
tional collapse.

In addition, the discrepancies—especially between seismological and geodetic
data—may reflect either a specific rheological behavior of the crust [74] or the coexis-
tence of multiple seismotectonic domains at depth [75]. These discrepancies warrant closer
attention in future investigations.

5. Conclusions
This study presents a high-resolution estimate of present-day crustal strain and rota-

tion rates in the Pamir–Tian Shan region based on the most updated GNSS velocity field
and a computational framework that reduces bias from uneven station distribution. The
principal findings are summarized as follows:

(1) Spatial Pattern of Deformation:

The derived strain rate field reveals a heterogeneous yet systematically organized de-
formation pattern across the orogenic system. The region is dominated by NNW–SSE
compression, with the largest strain magnitudes concentrated along major tectonic
boundaries, particularly the Pamir Frontal Thrust (PFT). In contrast, relatively stable
domains—including the interior of the Tarim Basin and the Kazakh Platform—exhibit
comparatively low strain accumulation. Furthermore, the compressive principal strain
rate in the Tian Shan decreases from approximately 6.5 × 10−8/yr in the west to
about 1.0 × 10−8/yr in the east, while significant tensile deformation develops in the
central Pamir.

(2) Consistency with Independent Observations:

The mapped strain rate pattern shows overall agreement with independent geological
and geophysical evidence. Extensional strain identified within the Pamir Plateau coincides
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with regions characterized by normal-faulting earthquakes, while compressional strain
in the Tian Shan corresponds to thrust-related seismicity. Along the Altyn Tagh fault,
the strain pattern suggests combined strike–slip and compressional components. These
correlations support the internal consistency of the strain rate model.

(3) Geodynamic Implications:

The regional strain distribution indicates that crustal deformation is largely governed
by the northward indentation of the Pamir block within the broader Indo–Eurasian collision
system. The systematic eastward reduction in compressional strain suggests attenuation
of transmitted collisional stresses away from the indentation front. The coexistence of
internal extension within the elevated Pamir Plateau and marginal compression is consistent
with gravitational spreading of an overthickened crustal layer interacting with forces at a
convergent boundary.

(4) Methodological Robustness:

Numerical verification shows that the adopted computational process can reliably
reproduce analytically prescribed strain fields based on the actual GNSS station distribution
in the study area. Comparing the present model with previously published strain models
emphasizes how sensitive strain rate estimation is to methodological choices and data treat-
ment strategies. The approach used in this study offers a spatially consistent representation
of crustal deformation that aligns with regional structural and seismic observations.

(5) Implications for Seismic Hazard Assessment:

The geodetically derived strain rate field, calculated from GNSS observations, reveals
zones of elevated strain accumulation that are spatially correlated with major active fault
systems in the study area. Specifically, prominent strain rate anomalies are resolved along
the Pamir Frontal Thrust (PFT) and the Keping Tagh fault system—regions that have
historically generated significant seismic events.

This spatial correspondence between modeled strain concentrations and the distribu-
tion of documented earthquakes supports the use of geodetic strain analysis as a comple-
mentary tool to traditional seismotectonic assessments. In regions where seismic records
are temporally incomplete or historically short, GNSS-derived strain rates can help identify
fault segments that are currently accumulating elastic strain but have not yet ruptured in
recent catalogs, i.e., potential seismic gaps.

Consequently, integrating geodetic strain information into probabilistic seismic hazard
assessment frameworks can improve the characterization of seismic sources, particularly
for slow-slipping faults or areas with low to moderate historical seismicity. Overall, this
study highlights that GNSS-based strain rate mapping provides an additional, physically
independent constraint on the long-term seismic potential of active structures, thereby
contributing to more robust regional seismic hazard evaluations.

In summary, this work establishes a quantitatively consistent strain rate framework
for the Pamir–Tian Shan region. The results provide improved insight into intracontinental
deformation mechanisms and provide a geodetically constrained basis for future tectonic
and seismic hazard studies in Central Asia.
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