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Key Points:

« We build a comprehensive GNSS velocity field for the Alpine-Himalayan belt, in-
cluding over 11,000 horizontal velocities

« We estimate strain rates and posterior uncertainties in the eastern Mediterranean
and the India-Asia collision zone

* We find consistency between the orientation and style of geodetic and seismic strain
rate tensors across the Alpine-Himalayan belt
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Abstract

The Alpine-Himalayan belt is one of Earth’s most dynamic and complex regions,
characterized by intense tectonic deformation and seismicity. Comprehensive analyses
of continental-scale crustal deformation and seismic hazards along this extensive orogenic
belt require the compilation of large geodetic datasets. In this study, we integrate 42 pub-
lished Global Navigation Satellite System (GNSS) velocity fields, building an internally
consistent dataset for the entire belt, spanning from Iberia to Southeast Asia and com-
prising 11,177 horizontal and 3,940 vertical velocities. We use this unified GNSS veloc-
ity field to estimate surface strain rates and their posterior uncertainties in the eastern
Mediterranean region and the India-Asia collision zone. Our results show large-scale agree-
ment between the orientation and style of geodetic and seismic strain rate tensors across
the belt. Additionally, our analyses substantiate previously documented azimuthal align-
ments between principal strain rate directions and seismic anisotropy orientations, of-
ten used as a proxy for finite strain in the convecting mantle. These correlations are par-
ticularly apparent in the Aegean, North Anatolia, Tibet, Tian Shan, Altai, Sayan, and
Baikal regions, underscoring the need for future research on the relationship between man-
tle flow and lithospheric deformation.

Plain Language Summary

The Alpine-Himalayan Belt, extending from Iberia to Southeast Asia, is one of the
most tectonically active regions on Earth, frequently affected by large and damaging earth-
quakes. In this study, we compile and merge geodetic data across this vast region to con-
struct a unified and comprehensive crustal deformation velocity field. Using this new model,
we estimate the rates at which the Earth’s surface deforms due to tectonic and geody-
namic processes. Our results show strong agreement between the orientation and style
of geodetic strain accumulation in the crust and strain release during earthquakes. Ad-
ditionally, we substantiate the regional angular alignments between surface deformation
patterns and azimuthal seismic anisotropy, often used as a proxy for deformation in the
Earth’s upper mantle.

1 Introduction

The Alpine-Himalayan belt, associated with the closure of the Tethyan ocean, ex-
tends over 10,000 km from Gibraltar to the Indochina Peninsula in Southeast Asia and
ranks among Earth’s most seismically active and tectonically complex regions (e.g., Ar-
gand, 1922; Carey, 1955; Molnar & Tapponnier, 1975; Sengor, 1986; Hatzfeld & Molnar,
2010; Reilinger & McClusky, 2011). Formed through the northward subduction of the
Neo-Tethys oceanic lithosphere from the Late Mesozoic to Early Cenozoic, this exten-
sive convergence zone has been a major collisional boundary where the Eurasian Plate
converged with Gondwanaland-derived fragments, including the Nubian, Arabian, and
Indian Plates, as well as several smaller lithospheric blocks (e.g., Read & Watson, 1975;
Dercourt et al., 1986).

These tectonic interactions have produced a broad deformation zone along the south-
ern margin of the Eurasian plate. This zone features a nascent convergent boundary in
Northern Africa (Billi et al., 2023), active subduction along the Calabria, Hellenic, Cyprus,
Makran and Sunda megathrusts (e.g., Faccenna et al., 2011; Faccenna, Becker, Auer, et
al., 2014; L. Jolivet et al., 2013; Barbot & Weiss, 2021; Lindsey et al., 2023), continen-
tal collision along the Caucasus, Zagros, and Himalayas, and lateral transport zones in
Anatolia and the eastern and western margins of the Tibetan Plateau (e.g., Tapponnier
et al., 1982; Hatzfeld & Molnar, 2010; M. Wang & Shen, 2020). The Alpide belt also hosts
prominent mountain ranges, including the Atlas, Alps, Hellenides, Taurides, Zagros, Makran,
and the Himalayas, all of which experience ongoing crustal deformation and heightened
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seismicity (e.g., Jackson & McKenzie, 1984; D. McKenzie, 1978; Bilham, 2006; Reilinger
& McClusky, 2011), as illustrated in Fig. 1.

Renewed interest in seismic hazards along the Alpine-Himalayan belt has been spurred
by a series of devastating earthquakes in 2023 across various sections of the belt and neigh-
boring regions, including the moment magnitude (My ) 7.8 and 7.6 Kahramanmarag earth-
quake doublet in Tirkiye and Syria (e.g., Mai et al., 2023; Ergintav et al., 2024), four
My 6.3 earthquakes near Herat in Afghanistan (P. He et al., 2024), and the My,6.9 Al
Haouz earthquake in Morocco (Yeck et al., 2023). In 2025, two additional large earth-
quakes struck the region: the My, 7.1 Shigatse earthquake in southern Tibet and the My, 7.7
Mandalay earthquake in Myanmar. Collectively, these events resulted in thousands of
casualties and extensive economic losses, underscoring the urgent need for improved earth-
quake resilience and continental-scale studies of strain accumulation and release along
the Alpides (Abdrakhmatov et al., 2024).

Previous efforts to compile GNSS velocities at regional and global scales have pro-
vided valuable insights into the deformation mechanisms along the Alpide belt (e.g., Hatzfeld
& Molnar, 2010; Kreemer et al., 2014; Faccenna, Becker, Auer, et al., 2014; Devoti et
al., 2017; Graham et al., 2018; Weiss et al., 2020; Serpelloni et al., 2022; Pina-Valdés et
al., 2022; M. Wang & Shen, 2020; L. Wang & Barbot, 2023; Steffen et al., 2025; Y. Li
et al., 2025). In addition, significant progress has been made in integrating interferomet-
ric synthetic aperture radar (InSAR) observations to illuminate areas with limited GNSS
station coverage (e.g., Fattahi & Amelung, 2016; Barnhart, 2017; Hussain et al., 2018;
Lazecky et al., 2020; Bletery et al., 2020; Weiss et al., 2020; Y. Li, Nocquet, Shan, & Song,
2021; Ou et al., 2022; Z. Liu & Wang, 2023; R. Jolivet et al., 2023; X. Huang et al., 2023a;
Z. Huang et al., 2023; Watson et al., 2024; H. Chen et al., 2024; X. Li et al., 2024; Vil-
tres et al., 2025). Some of these studies have specifically evaluated surface strain rates,
enhancing our understanding of the spatial distribution and intensity of crustal defor-
mation across different sections of the belt (e.g., Kreemer et al., 2014; Faccenna, Becker,
Auer, et al., 2014; Weiss et al., 2020; M. Wang & Shen, 2020; Barbot & Weiss, 2021; Ser-
pelloni et al., 2022; Pina-Valdés et al., 2022; L. Wang & Barbot, 2023; Z. Liu & Wang,
2023; Lindsey et al., 2023; H. Chen et al., 2024; Fang et al., 2024; Chousianitis et al., 2024;
Steffen et al., 2025; Nucci et al., 2025; Y. Li et al., 2025).

Recent improvements in geodetic monitoring and station deployment have signif-
icantly increased the spatial density of GNSS networks across the Alpides, leading to new
GNSS velocity fields for Anatolia (e.g., Kurt et al., 2023; Ergintav et al., 2023), the Euro-
Mediterranean (e.g., Pina-Valdés et al., 2022; Serpelloni et al., 2022), northern Africa
(e.g., Bougrine et al., 2019; Bahrouni et al., 2020; Billi et al., 2023), the Arabian Plate
(Viltres et al., 2022), Tibet (e.g., Y. Li et al., 2025), and the India-Asia collision zone
(e.g., M. Wang & Shen, 2020; Lindsey et al., 2023). Collectively, these studies provide
a robust foundation for understanding regional tectonics and refining our estimates of
strain rates, ultimately supporting seismic hazard assessment efforts along this exten-
sive orogenic belt.

In this paper, we build upon those recent studies by compiling a unified, compre-
hensive, and up-to-date GNSS velocity field along the Alpine-Himalayan belt (hereafter
referred to interchangeably as the Alpide belt or Alpides). Using this dataset, we esti-
mate strain rates and posterior uncertainties for two focus regions: the eastern Mediter-
ranean and the India-Asia collision zone, areas with the highest strain rates and dense
GNSS station coverage. Our strain rate inversions explicitly account for velocity discon-
tinuities across known creeping faults in the eastern Mediterranean, thereby avoiding the
erroneous mapping of surface creep into strain rates associated with elastic coupling on
faults, a distinction relevant for seismic hazard assessment.

Additionally, we demonstrate the utility of our combined GNSS velocity field for
examining large-scale spatial patterns and relationships between GNSS-derived surface

In press at JGR-Solid Earth, November 2025. DOI: 10.1029/2025JB031738



124 strain rate styles and earthquake strain release styles from Kostrov-summed earthquake

125 moment tensors (Dziewonski et al., 1981; Ekstrom et al., 2012), present-day stress re-

126 lease styles (Heidbach et al., 2025), and mantle dynamics inferred from seismic anisotropy
127 compilations (Becker et al., 2012). Consequently, our study lays the foundation for fu-

128 ture research on the links between strain accumulation and release, as well as the po-

129 tential interplay between large-scale mantle dynamics and surface deformation along the

130 Alpine-Himalayan belt.

13 2 Combined GNSS Velocity Field

132 In this study, we introduce FICOR0_GNSS (Castro-Perdomo, 2024), a Python soft-
133 ware package developed to systematically filter and combine GNSS velocity fields. Uti-
134 lizing this tool, we integrated 42 published velocity datasets across various sections of

135 the Alpine-Himalayan belt (Table 1), resulting in a comprehensive GNSS velocity field

136 comprising 11,177 horizontal and 3,940 vertical velocities (Fig. 2). Our methodology draws
137 inspiration from the approaches of Pina-Valdés et al. (2022), who combined GNSS ve-

138 locity solutions across Europe, and Zeng (2022), who developed the GNSS velocity field

139 for the U.S. National Seismic Hazard Model. FICORO_GNSS implements a robust filter-

140 ing and combination process consisting of ten key steps:
141 1. Removing stations affected by postseismic transient motions: GNSS sta-
142 tions identified as being affected by postseismic transient motions in published ve-
143 locity solutions were removed from the input data. This was accomplished by re-
144 moving stations within a predefined radius around earthquake epicenters when pre-
145 vious studies explicitly reported postseismic transients. However, this approach
146 represents only a first-order filter, as recent studies have shown measurable far-
17 field deformation extending hundreds of kilometers from large earthquakes (e.g.,
148 Ergintav et al., 2024), and that postseismic transients may persist longer than pre-
149 viously assumed (S. Liu et al., 2020). Consequently, our combined velocity field
150 and derived strain rate estimates might still include residual postseismic signals,
151 particularly near the epicentral areas of the 2001 M 8.1 Kunlun earthquake in north-
152 ern Tibet and the 2020 My 6.7 Elazig earthquake in eastern Tiirkiye, where some
153 previous interseismic velocity fields inadvertently incorporated transient signals.
154 2. Filtering based on uncertainty distribution: We refined the input horizon-
155 tal GNSS velocity fields by fitting a lognormal distribution to the east and north
156 components of velocity uncertainties. Following the method outlined by Pina-Valdés
157 et al. (2022), stations with uncertainties exceeding the 99th percentile of the fit-
158 ted lognormal distribution were removed, as illustrated in Fig. S1.
150 3. Filtering based on spatial coherence of velocity magnitudes: We applied
160 the standard (Z-Score) method used by Pina-Valdés et al. (2022) to identify and
161 remove outlier GNSS stations based on velocity coherence with neighboring sta-
162 tions. GNSS stations whose velocity magnitudes in the East and North compo-
163 nents deviated by more than two standard deviations, 20, from the mean within
164 a 20 km radius were removed. In tectonically active regions, a more lenient thresh-
165 old of 30 was used to account for greater variability in GNSS velocities.
166 4. Aligning input GNSS velocity fields to ITRF2014: We applied a six-parameter
167 Helmert transformation of GNSS velocities, solving for three translation rates T =
168 (Tw, Ty, T.) and three rotation rates R = (Rm7 Ry, RZ), fixing the scale-rate pa-
169 rameter ($) to zero. The translation- and rotation-rate vectors were estimated us-
170 ing a weighted least-squares inversion that minimizes horizontal velocity differ-
171 ences at common GNSS sites between the input and target velocity fields. The trans-
172 formation of each input GNSS velocity field into the ITRF2014 (no-net-rotation)
3 reference frame (Altamimi et al., 2017) is given by
VirrrF2014 = Vinput + T+ R X X + 35X, (1)
74,
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where Vinput and Virrreo14 are the velocity vectors in the original and target ref-
erence frames, respectively, and X = (X,Y, Z) is the station position vector (see
Appendices A1-A2 in Altamimi et al., 2002). All input GNSS velocity fields listed

in Table 1 were aligned to the velocity field of Serpelloni et al. (2022), expressed

in the International GNSS Service (IGS) realization of the ITRF2014 reference frame
(IGB14). Our implementation of this six-parameter Helmert transformation of GNSS
velocities follows the same approach adopted in previous regional and global GNSS
velocity combinations (e.g., Kreemer et al., 2006, 2009; Mallick et al., 2020; Gra-
ham et al., 2018; Gomez et al., 2020; Pina-Valdés et al., 2022; Serpelloni et al.,
2022). The alignment statistics, including RMS alignment residuals and the num-
ber of common GNSS stations used for each transformation, are provided in Ta-

ble 1. The consistently low RMS residuals demonstrate the quality of the trans-
formation to ITRF2014 across all input GNSS velocity fields, with a mean RMS

alignment residual of 0.5 & 0.3 mm yr—!.

. Rotating input velocity fields to different reference frames: To aid visual

inspection, tectonic interpretation, and subsequent manual filtering, we rotated
input GNSS velocity fields, already aligned to ITRF2014, into various reference
frames, including Eurasia, Nubia, India, East Anatolia, Arabia, Amuria, Yangtze
(South China), Central Tibet, and Aegean-fixed reference frames, using the Eu-
ler poles listed in Table 2.

. Filtering by velocity magnitude and azimuthal direction: We applied an

Interquartile Range (IQR) method to assess the spread of velocity magnitudes and
azimuthal directions at colocated stations where multiple velocities were reported
by previous studies. Velocities falling below Q1 —1.5x IQR or above Q3+1.5 %
IQR were considered outliers and subsequently removed, where Q1 and Q3 rep-
resent the first and third quartile, respectively. This approach was inspired by Zeng
(2022), who filtered velocities that deviated by more than 20% in magnitude or
azimuth from neighboring stations.

. Combining velocity fields: Our approach for combining GNSS velocity fields

builds on the method proposed by Zeng (2022), which averages velocity compo-
nents for colocated stations and estimates uncertainties as the square root of the
sum of averaged squared uncertainties from multiple studies. In our approach, in-
stead of using the arithmetic mean, we computed the median velocities and un-
certainties for colocated stations within a 0.01° (~1.1 km) radius, as the median
is less sensitive to outliers. Fig. 2a shows the number of independent velocity ob-
servations used to compute the median horizontal velocity at each GNSS station.
Vertical velocities were processed separately due to the limited availability of ver-
tical rates in many previous studies, resulting in a less comprehensive dataset. To
improve the vertical velocity field, we incorporated leveling data from Y. Wu et
al. (2022) for the Tibetan Plateau and the India-Asia collision zone, which had
already been aligned through a Helmert joint adjustment with regional continu-
ous GNSS stations. To ensure robustness, we removed vertical velocities that de-
viated by more than 20 from the mean or exceeded the 99th percentile of the log-
normal fit to the vertical uncertainty distribution, effectively filtering out outliers.
However, vertical rates were not adjusted using a Helmert transformation and are
provided as a separate dataset for completeness and future use. Vertical veloci-
ties are not used in our strain rate inversions, as we estimate the 2D strain rate
tensor field solely from the combined horizontal GNSS velocities.

. Manual filtering: We applied a manual filtering step to refine the combined ve-

locity field, identifying outliers missed in previous filtering steps and stations af-
fected by volcanic transient motions and anthropogenic sources. GNSS stations
impacted by the Groningen gas field and volcanic activity at Campi Flegrei, Vesu-
vius, Etna, Afar, Santorini, and the Aeolian Islands were specifically excluded.

. Scaling velocity uncertainties: We scaled horizontal velocity uncertainties in

the combined velocity field using the method of Pifia-Valdés et al. (2022), which
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229 assumes GNSS velocity uncertainties follow a log-normal distribution. The uncer-

230 tainties were adjusted to match the same percentile in a subjectively chosen tar-

231 get log-normal distribution. Here, we used the velocity uncertainty distribution

23 of L. Wang and Barbot (2023), which has a mean close to 1 mm/yr for East and
233 North velocity uncertainties, as shown in Fig. S2. This step was implemented to

23 prevent unrealistically low velocity uncertainties, which could disproportionately

235 weight certain stations and lead to improper scaling of the covariance matrix in

236 our weighted least squares inversion for strain rates.

237 10. Final filtering based on uncertainty distribution: We removed stations with
238 velocity uncertainties exceeding the 99th percentile of the scaled log-normal dis-

239 tribution, similar to our second filtering step but this time applied to the combined
240 horizontal GNSS velocity field.

201 We intentionally included 2,714 additional horizontal GNSS velocities from stations
212 located outside the Alpine-Himalayan belt to serve as tying sites for future global GNSS
23 velocity combinations. This ensures that any future reference frame alignment involv-

244 ing our dataset can be performed robustly, as these stations provide broad geographic

25 coverage for such transformations. Additionally, we provide rotated velocity fields in ten
26 different reference frames, openly available in a public repository (Castro-Perdomo, 2025),
207 to further facilitate their use in future research. Corresponding maps of the rotated hor-

248 izontal GNSS velocity fields are included in the supplementary material (Figs. S3-S5).

249 3 Strain Rate Inversion

250 Given the spatially scattered nature of GNSS velocities, interpolating these data

251 is essential for estimating surface strain rates. Various methodologies have been devel-

252 oped for this purpose, ranging from calculating strain rates using baselines—often through

253 techniques like Delaunay triangulation (e.g., J. C. Savage, 1983; J. Savage et al., 2001;

254 Cai & Grafarend, 2007; Kreemer et al., 2018, 2020)—to employing non-parametric and

255 elastic basis functions to fit surface velocities (e.g., A. Haines & Holt, 1993; Beavan &

256 Haines, 2001; Tape et al., 2009; A. J. Haines et al., 2015; Sandwell & Wessel, 2016; Okazaki
257 et al., 2021; Johnson, 2024). Additionally, methodologies utilizing weighted mean and

258 locally-weighted regression have been explored (e.g., El-Fiky & Kato, 1998; Z.-K. Shen

259 et al., 1996, 2015), and recent studies have proposed Bayesian interpolation schemes (e.g.,
260 Pagani et al., 2021) and geostatistical approaches based on ordinary kriging (e.g., Mau-

261 rer & Materna, 2023).

262 Here, we adopted the body-force method proposed by Johnson (2024), as imple-
263 mented in the BForStrain MATLAB code (Johnson, 2023). BForStrain interpolates 2D
264 velocity fields using analytical Green’s functions for a thin elastic body under in-plane
265 body forces (Sandwell & Wessel, 2016). Velocities and strain rates are estimated at the
266 centroids of triangles within a 2D adaptive triangular mesh generated using MESH2D,
267 a Delaunay mesh-generator by Engwirda (2009), whose resolution is refined based on the
268 GNSS station density. BForStrain enables uncertainty estimation through linear error
269 propagation of GNSS velocity uncertainties and posterior sampling across a range of reg-
270 ularization parameters. Notably, it also allows for velocity discontinuities across prede-
n fined creeping faults, which are conflated with strain in most of the other methods.
272 Our strain rate inversions solve for the distribution of body forces at the vertices
273 of a triangular mesh and surface creep rates on faults that best fit the observed geode-
274 tic surface velocities vops. The regularized weighted least squares formulation can be ex-
215 pressed as:

,7,
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Table 1.

GNSS velocity fields used in the combination, and their alignment statistics.

Source Study area Sites Reference frame Ties RMS (mm/yr)
Alchalbi et al. (2010) Northern Dead Sea Fault 62 ITRF2000 14 0.45
Bahrouni et al. (2020)° Tunisia 42 ITRF2014 38 0.26
Billi et al. (2023) Northern Africa 431  Eurasia ITRF2014 292 0.26
Bougrine et al. (2019) Algeria 313 ITRF2014 259 0.37
Briole et al. (2021)® Aegean 329 ITRF2014 188 0.97
Brockmann et al. (2019)®® Euromediterranean (EPN) 3047 Eurasia 2492 0.16
Brockmann et al. (2019)%® Switzerland (EPN-CHS) 214 Eurasia 245 1.63
Castro-Perdomo et al. (2022)® Southern Dead Sea Fault 66 ITRF2014 56 0.33
England et al. (2016)® Anatolia 346 Eurasia 26 0.68
Ergintav et al. (2023)® Anatolia 732 Anatolia ITRF2014 108 1.04
Floyd et al. (2023)® Hellenic subduction zone 360 Eurasia 70 1.34
Gomez et al. (2020)° Dead Sea Fault 181 ITRF2008 26 1.15
Graham et al. (2018)® Global 8354 North America 1957 0.50
Hamiel and Piatibratova (2021)° Dead Sea Fault 291 ITRF2014 57 0.90
R. Jolivet et al. (2023)® North Anatolian Fault 81 ITRF2014 51 0.46
Kadirov et al. (2014)® Caucasus - Azerbaijan 110 Eurasia ITRF2000 50 0.26
Karakhanyan et al. (2013)¢ Armenia and Lesser Caucasus 55 Eurasia ITRF2008 49 0.26
Khorrami et al. (2019)° Iran 399  Eurasia ITRF2008 21 0.45
Kurt et al. (2023) Anatolia 836 Eurasia 8 0.57
Y. Li et al. (2025)® Tibet-SE Asia 4458 Eurasia-fixed 101 0.59
Liang et al. (2013)® Tibetan Plateau 750 Eurasia ITRF2008 18 1.07
McClusky et al. (2010) Afar triple junction 58 Nubia 19 0.54
Nocquet (2012)® Euromediterranean 1495 Eurasia 757 0.36
Ozarpac et al. (2021) North Anatolian Fault 61 Eurasia 23 0.25
Ozbey et al. (2024)° Cyprus and East Anatolia 98 ITRF2014 20 0.21
Ozdemir and Karshoglu (2019)° Anatolia 213 Eurasia 41 0.25
Ozkan et al. (2023)° Hatay Triple Junction 65 Eurasia 40 0.26
Perry et al. (2019) Pamir-Hindu Kush 82 Eurasia ITRF2008 23 0.62
Pifia-Valdés et al. (2022)%® Euromediterranean 4837 ITRF2014 2871 0.37
Reilinger et al. (2006) Euromediterranean 433 Eurasia 178 0.72
Saleh and Becker (2014) Egypt 149 Eurasia 122 0.61
Serpelloni et al. (2022)® Euromediterranean 3350 ITRF2014 * *
Sokhadze et al. (2018)®° Caucasus - Georgia 72 Eurasia 24 0.21
Stamps et al. (2018)° East African Rift 153 Nubia 95 0.48
Tatar et al. (2012) North Anatolian Fault 48 Eurasia 30 0.56
Viltres et al. (2020) Danakil - Southern Red Sea 33 Nubia 4 0.13
Viltres et al. (2022)® Arabia 189 ITRF2014 27 0.33
L. Wang and Barbot (2023)® India-Eurasia collision 2870 Local NNRT® 55 0.53
M. Wang and Shen (2020)° China 3273 China 99 0.49
Wedmore et al. (2021)° Africa 262 ITRF2014 150 0.44
Zubovich et al. (2016) Pamir and Tian Shan 411 Eurasia 22 0.62
Zheng et al. (2017)° India-Eurasia collision 2576 Eurasia 46 0.48

* Reference velocity field into which all others are aligned.

® GNSS velocity fields that are themselves combinations of previous datasets (see Table S2).

o GNSS velocity fields that incorporate data from earlier studies to densify GNSS station coverage.
© First rotated into Karakhanyan et al. (2013) velocity field.
@ GNSS velocity fields reporting vertical velocities.
© No-Net-Rotation and Translation.

Table 2. Euler poles used to rotate the combined horizontal GNSS velocity field.

Plate we (CMyr™')  wy CMyr~') w, (*Myr~') Lat Lon w (°Myr™1) Source Map
Eurasia* -0.023500 -0.147600 0.214000 55.07  -99.05 0.26102 Altamimi et al. (2017) Fig. 2b
Arabia* 0.328400 -0.035040 0.406820 50.93  -6.09 0.52400 Viltres et al. (2022) Fig. S3a
Nubia* 0.027400 -0.170400 0.203700 49.73  -80.87 0.26698 Altamimi et al. (2017) Fig. S3b
East Anatolia* 1.008722 0.543127 1.020384 1.01 0.54 1.02038 Ergintav et al. (2023) Fig. S3c
West Aegean* 0.050898 0.147426 0.158303 4543  70.95 0.22223 Ergintav et al. (2023) Fig. Sda
Sinai* 0.242500 -0.047970 0.349390 54.72  -11.19 0.42800 Hamiel and Piatibratova (2021) Fig. S4b
India* 0.320500 -0.001400 0.403800 51.56 -0.25 0.51554 Altamimi et al. (2017) Fig. Sdc
Amuria* -0.048000 -0.107140 0.274140 66.82 -114.13 0.29822 This study® Fig. S5a
South China* -0.057800 -0.127200 0.293300 64.53 -114.45 0.32490 Vardi¢ et al. (2022) Fig. S5b
Central Tibet* 0.129830 -0.713600 -0.023360 -1.84  -79.69 0.72569 This study® Fig. S5¢

* Relative to the International Terrestrial Reference Frame 2014 (ITRF2014, Altamimi et al., 2017)
© Estimated using three GNSS stations within the Amurian plate (see Fig. S6a,b for details).
® Estimated using five GNSS stations in central Tibet (see Fig. S6c¢,d for details). Although the Tibetan
Plateau undergoes internal deformation and this reference frame holds no geological significance, it effec-
tively highlights the E—W extension within the plateau, as noted by Gan et al. (2007).
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Figure 2. (a) Number of independent horizontal velocity solutions at each GNSS station. (b)
Combined horizontal GNSS velocity field expressed in a Eurasia-fixed reference frame. (¢) Com-
bined vertical GNSS velocity field (red: uplift, blue: subsidence).
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where Y, represents the covariance matrix of the observed velocities, I is the identity
matrix, and G, and G, are matrices of Green’s functions for body forces and fault creep
rates, respectively. The objective is to solve for the body forces and fault creep rates (f
and s.) that minimize the residual between observed and predicted surface velocities,
subject to Tikhonov regularization constraints (« and ) on surface creep rates and body-
force magnitudes, respectively.

Upon solving the linear system in Eq. 2, we aim to calculate the full posterior prob-
ability distribution for the estimated strain rates. This involves computing the predicted
strain rates, eg, from the best-fitting model of body forces and surface creep rates and
then deriving their covariance, Y. g, to quantify uncertainties. The posterior probabil-
ity distribution for the strain rates, given the observed data d and regularization param-
eter 3, can be expressed as:

1

p(eld. B) = ~5 =) E e - 2n)) Q

oS <

To encapsulate uncertainty in the body force damping /3, we approximated the pos-
terior distribution p(e|d) by drawing 500 random samples from Eq. 3 for each § value,
representing altogether discrete realizations of the posterior distribution p(e|d), follow-
ing the same procedure implemented by Johnson (2024). We then evaluated the solu-
tion’s smoothness and fit across a range of damping parameters, with L-curves provided
in the supplementary material to support our subjective damping choices (Fig. S7). The
damping parameter a controlling surface creep rates was selected subjectively to ensure
that the model neither overfits nor underfits observed GNSS velocities across well instru-
mented creeping faults. Finally, strain rates are computed from the inverted model so-
lution of body forces and surface creep rates (f and s.) and analytical Green’s functions
(Ge, G.,c) relating those to strain rates, for a particular 8 value:

eg =G fa + Geesep. (4)

We conducted three strain rate inversions. The first one aimed to capture large-
scale deformation patterns and identify regions with the highest deformation rates along
the entire Alpine-Himalayan belt (Fig. 3). This inversion applied moderate body-force
damping constraints to emphasize broad-scale strain rate features, without estimating
posterior uncertainties or surface creep rates. Based on these results, we selected two re-
gions for detailed analysis: the eastern Mediterranean and the India-Asia collision zone,
both characterized by high strain rates and dense GNSS station coverage. For these re-
gions, we performed focused inversions using refined triangular meshes to resolve finer-
scale deformation features, as discussed in Section 4.

In these focused inversions, we estimated posterior uncertainties by drawing 3,000
samples from the posterior distribution, utilizing six damping parameters near the L-
curve elbows to balance model smoothing and fit to observed GNSS velocities. To fur-
ther regularize our least squares inversion, we incorporated priors on fault creep rates
in the eastern Mediterranean based on creep rate estimates from previous geodetic stud-
ies along select fault segments. Specifically, we included shallow creep rate priors from
the Izmit and Ismetpaga segments of the North Anatolian fault (Cakir et al., 2005; Kaneko
et al., 2013; Cetin et al., 2014; Hussain et al., 2016; Aslan et al., 2019; Ozarpaci et al.,
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2021; Kurt et al., 2023), the Marmara segment of the North Anatolian Fault (Yamamoto

et al., 2019), the Palu segment of the East Anatolian fault (Cavalié & Jénsson, 2014; Bletery
et al., 2020; Cakir et al., 2023), and the northern segment of the Jordan Valley fault lo-
cated south of the Sea of Galilee, where shallow fault creep has been reported (Hamiel

et al., 2016; Hamiel & Piatibratova, 2021).

Considering that the method proposed by Johnson (2024) estimates strain rates
in a Cartesian coordinate system, evaluating distortion effects across the continental-scale
Alpine-Himalayan belt is crucial. To this end, we generated a synthetic Euler-pole-predicted
velocity field over the entire belt using an equidistant grid with a 1° x 1° spacing and
inverted this synthetic velocity field to estimate strain rates, applying the same body force
damping parameters used in our large-scale inversion (Fig. S8). The purpose of this test
is to isolate distortion artifacts: since the synthetic Euler-pole-predicted velocity field
represents purely rigid body rotations, any nonzero strain rates estimated far from tec-
tonic plate boundaries can be attributed to coordinate system distortions rather than
true deformation.

Our analysis revealed that strain rates resulting from distortion effects are small,
remaining below 5 nanostrain/yr. Faster-moving plates such as India and Arabia exhibit
the largest distortion effects, which increase with the angular distance from each plate’s
Euler pole. Additionally, distortion more significantly impacts the magnitude of dilata-
tion rates compared to the second invariant and maximum shear strain rates. Further-
more, distortion effects are spatially systematic and intensify with latitude, becoming
more pronounced near the geographic poles, a factor not highlighted in our test due to
our use of a Eurasia-fixed reference frame for the GNSS velocities. Further details on our
test for distortion effects are provided in Fig. S8 in the supplementary material.

Several scalar measures can be used to characterize the strain rate tensor, often ex-
pressed in terms of its invariants or eigenvalues (see Appendix A). In this study, we adopt
two widely used scalar quantities: the first invariant (I?P, dilatation rate) and the Frobe-
nius norm of the 2D horizontal strain rate tensor (||£[|2P), defined as:

D) =A=tr(e) =¢é11 +ém =¢é1+6, (5)

113° = [> e} =veié=/tr(e?) = \/é} + &3, + 2¢%,. (6)
,J

For clarity, throughout this paper we refer to the Frobenius norm of the 2D hor-
izontal strain rate tensor as “strain rate” (e.g., Tape et al., 2009). Note that for the de-
viatoric strain rate tensor ¢, the Frobenius norm is directly related to the deviatoric sec-
ond invariant, ||&'||p = /2.J2, which in two dimensions is equivalent to ||¢'||2P = V2420,

where 420 = \/J; = 3(¢1 — ¢2) denotes the maximum shear strain rate.

4 Velocity and Strain Rate Fields
4.1 Combined Horizontal GNSS Velocity Field

The horizontal velocity field relative to Eurasia (Fig. 2b) reveals coherent large-
scale motions that underscore the region’s active tectonics and geodynamics, which have
been extensively studied over the past 50 years (e.g., Molnar & Tapponnier, 1975; D. McKen-
zie, 1978; Jackson & McKenzie, 1984; Sengor, 1986; McClusky et al., 2000; Reilinger et
al., 2006; Becker & Faccenna, 2011; Nocquet, 2012; L. Jolivet et al., 2013; Hatzfeld &
Molnar, 2010; Kreemer et al., 2014; Palano, 2014; Faccenna, Becker, Auer, et al., 2014;
L. Jolivet et al., 2018; Barbot & Weiss, 2021; M. Wang & Shen, 2020; L. Wang & Bar-
bot, 2023). Notable large-scale features include the counterclockwise rotation of Arabia,
western Iran, Anatolia, and the Aegean (e.g., McClusky et al., 2000; Reilinger et al., 2006);
the acceleration of Anatolia toward the Hellenic Trench, likely driven by trench retreat
and slab rollback (e.g., Le Pichon & Angelier, 1979; Royden, 1993; Reilinger et al., 2006;
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Faccenna, Becker, Auer, et al., 2014); and lateral escape tectonics on both flanks of the
Tibetan Plateau as a result of the India-Asia collision (Tapponnier et al., 1982; M. Wang
& Shen, 2020).

Additionally, the horizontal velocity field in a Eurasia-fixed reference frame reveals
a clockwise rotation around the eastern Himalayan syntaxis in Southeast Asia (e.g., Tap-
ponnier et al., 1982; Holt et al., 1991; Yin & Harrison, 2000; Sol et al., 2007; Hatzfeld
& Molnar, 2010; M. Wang & Shen, 2020). Several mechanisms have been invoked to ex-
plain deformation patterns observed in this complex region, including crustal and man-
tle flow driven by gravitational potential energy (GPE) release from the Tibetan Plateau
(e.g., Molnar & Lyon-Caen, 1988; Royden et al., 1997; F. Shen et al., 2001; Bai et al.,
2010; X. He et al., 2021; Timsina et al., 2024), localized flow due to partial melting (Sun
et al., 2025), and the possible influence of slab rollback (e.g., F. Shen et al., 2001; Leén Soto
et al., 2012; Hou et al., 2024).

4.2 Combined Vertical GNSS Velocity Field

The vertical velocity field illustrated in Fig. 2¢ also displays coherent regional and
large-scale tectonic and geodynamic signatures. Notable features include the well-documented
uplift in the Fennoscandian Peninsula, with vertical rates reaching ~10 mm/yr, attributed
to glacial isostatic adjustment (GIA) following the Late Pleistocene glaciation (e.g., Milne
et al., 2001; Johansson et al., 2002; Nocquet, 2012). Additionally, ~1 mm/yr uplift rates
are observed in the Eifel volcanic field in Germany, linked to a buoyant mantle plume
(Ritter et al., 2001; Walker et al., 2005; Kreemer et al., 2020), and 1-2.5 mm/yr uplift
rates are recorded along the Alps (e.g., Nocquet et al., 2016; Serpelloni et al., 2022; Pina-
Valdés et al., 2022). These uplift rates are interpreted to result from a mix of processes,
with contributions from shortening (e.g., van Gelder et al., 2017), erosion (e.g., Kuhle-
mann et al., 2002), isostatic rebound after the last deglaciation (e.g., Mey et al., 2016),
slab detachment (e.g., Sue et al., 1999; Wortel & Spakman, 2000; Fox et al., 2015), and
Eurasia-Adria subduction (e.g., Lippitsch et al., 2003; Briickl et al., 2007), as discussed
by Sternai et al. (2019).

Further features of the vertical velocity field include widespread subsidence in the
Po Basin, with rates exceeding 5 mm/yr. This subsidence is driven by a combination of
anthropogenic sources (e.g., groundwater extraction), Adriatic slab retreat, and compaction
of alluvial deposits (e.g., Carminati et al., 2003; Tosi et al., 2013; Serpelloni et al., 2013).
In contrast, the central Apennines exhibit both uplift and positive dilatation rates (see
Fig. S9), consistent with active mantle flow in a slab gap and recent orogeny (Shaw &
Pysklywec, 2007; Serpelloni et al., 2013; Faccenna, Becker, Miller, et al., 2014).

Systematic uplift is also evident along the Levant, where vertical rates reach up to
~2 mm/yr (e.g., Serpelloni et al., 2013, 2022), associated with the activity of the Dead
Sea Fault (e.g., Ten Brink et al., 1990; Gomez et al., 2006, 2020). Finally, the vertical
velocity field highlights both widespread uplift across the Tibetan Plateau and subsidence
along its southeastern flank around the eastern Himalayan syntaxis (Y. Wu et al., 2022).
Observed uplift rates ranging from ~1 to ~4 mm/yr have been attributed to vertical crustal
thickening driven by the India-Asia collision (e.g., England & Houseman, 1986; Molnar
et al., 1993; S. Liu et al., 2025), while the 0.5-3.5 mm/yr subsidence rates in the south-
east have been interpreted as a consequence of crustal flow and gravitational collapse (Y. Wu
et al., 2022).

4.3 Strain Rate Field

Continental-scale strain rate maps and profiles across sections of the Alpide belt
are presented in Figs. 3 and 4. To enhance the readability of our strain rate maps, we
regridded the strain rate tensor components from the original triangular meshes to an

—12—

In press at JGR-Solid Earth, November 2025. DOI: 10.1029/2025JB031738



411

412

413

414

416

417

418

419

420

421

422

439

455

456

457

458

460

461

462

equidistant grid with 0.1°x0.1° spacing using linear interpolation. Regional-scale strain
rate features derived from our combined velocity field align with previous studies (e.g.,
Kreemer et al., 2014; Weiss et al., 2020; M. Wang & Shen, 2020; Serpelloni et al., 2022;
Pina-Valdés et al., 2022; L. Wang & Barbot, 2023; Lindsey et al., 2023; Y. Li et al., 2025),
although differences in strain rate magnitudes are observed. These discrepancies are pri-
marily due to the significant recent expansion of GNSS networks—particularly in the east-
ern Mediterranean, northern Africa and the India-Asia collision zone—and the inherent
non-uniqueness of strain rate estimates. The increased GNSS station density in these re-
gions has substantially improved resolution compared to earlier GNSS-derived strain rate
models.

Below, we discuss key features observed in the velocity and strain rate fields for the
eastern eastern Mediterranean and the India-Asia collision zone. These regions were se-
lected due to their dense GNSS station coverage, which has improved significantly with
the addition of over 2,000 new stations in recent years (M. Wang & Shen, 2020; Kurt
et al., 2023; Y. Li et al., 2025), and the presence of high strain rate belts, such as those
in Anatolia, Tibet, Himalayas, and the southeast borderland of the Tibetan Plateau. For
these areas, we performed additional strain rate inversions using finer triangular meshes,
with a nominal spacing of 100 km in regions with sparse GNSS coverage, refined to ap-
proximately 5 km in areas with dense instrumentation. Unlike our large-scale inversion,
where we prioritized regional trends by subjectively selecting a range of body-force damp-
ing parameters () that produce a smooth strain rate field, these focused inversions ap-
plied an L-curve method to identify a range of damping parameters within the elbow of
the L-curve, optimizing the balance between model roughness and fit to the data. Con-
sequently, the refined strain rate estimates presented below have higher resolution and
exhibit greater magnitudes in highly deforming regions compared to those from our broader-
scale inversion. Moreover, unlike our large-scale inversion, we compute and display pos-
terior uncertainties for the refined strain rate estimates, as shown in Fig. S14 of the sup-
plementary material.

4.3.1 Eastern Mediterranean

Fig. 5 presents the results of our refined strain rate inversion for the eastern Mediter-
ranean region. Panel (a) displays the GNSS velocity field in the East Anatolia-fixed ref-
erence frame from Ergintav et al. (2023), highlighting the pronounced N-S extension in
western Anatolia—a feature that is less evident in the commonly used Eurasia-fixed ref-
erence frame. This reference frame also emphasizes the right-lateral North Anatolian Fault,
where slip rates range from ~20 to ~30 mm/yr, increasing westward (e.g., McClusky et
al., 2000; Reilinger et al., 2006; Le Pichon & Kreemer, 2010; Hussain et al., 2018; Kurt
et al., 2023; Ergintav et al., 2023). Additionally, the velocity field reveals <10 mm/yr
of left-lateral motion between the Anatolian and Arabian plates along the East Anato-
lian Fault (e.g., Giivercin et al., 2022), with negligible fault-perpendicular velocities. This
observation, first noted by Reilinger et al. (2006), was cited as evidence against the ex-
trusion hypothesis as the primary driver of Anatolia’s motion (Sengor et al., 1985), in-
stead supporting an alternative model in which deformation is primarily controlled by
slab rollback and trench retreat (e.g., Le Pichon & Angelier, 1979; Malinverno & Ryan,
1986; D. McKenzie & Yilmaz, 1991; Royden, 1993; Heidbach, 2005; Faccenna et al., 2006).

Panel (b) in Fig. 5 illustrates the triangular mesh used in the refined strain rate
inversion, with higher resolution applied in densely instrumented areas and along creep-
ing fault segments. Well-instrumented regions include most of the Anatolian Plate, the
Peloponnese, Crete, northern Cyprus, and the Levant. In contrast, areas with sparse GNSS
coverage include Libya in north Africa, the northern Arabian Plate across Syria and Iraq,
and the region north of the Greater Caucasus near the Caspian Sea. Panel (c¢) presents
a map of dilatation rates and principal strain rate directions, illustrating a transition from
E-W extension in central Anatolia to N-S extension across the western Anatolia exten-
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Figure 3. (a) Triangular mesh used in the large-scale strain rate inversion, with a nominal
node spacing of 100 km in regions with sparse GNSS coverage (warmer colors) and refined to ~15
km in well-instrumented areas (cooler colors). The locations of four profiles shown in Fig. 4, are
also indicated. (b) First invariant of the strain rate tensor (dilatation rate) with principal strain
rate directions plotted on a 0.75° equidistant grid. Red indicates extension, while blue represents
contraction. (c) Strain rate, with a lower threshold of 10 nanostrain/yr to emphasize the main
deformation belts and shear zones. We applied a mask to suppress strain rate bleeding artifacts
in poorly instrumented regions and over water bodies, including the Mediterranean Sea, western
Red Sea borderlands, Indian Ocean, Bay of Bengal, and South China Sea (see Fig. S10).
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sional province. Principal strain directions also delineate a shear belt extending offshore
from the North Anatolian Fault into the North Aegean Sea along the North Aegean Trough
(e.g., Flerit et al., 2004; Rodriguez et al., 2023), which widens westward, consistent with
recent results by Chousianitis et al. (2024), as shown in Fig. 5¢, d. The southwestern Aegean
exhibits low strain rates (< 10 nanostrain/yr), supporting previous studies suggesting

that portions of the southwestern Aegean Sea behave as a relatively rigid block (e.g., Mc-
Clusky et al., 2000; Kreemer & Chamot-Rooke, 2004). Additionally, mild extension (10-20
nanostrain/yr) is observed across parts of the south central Taurus mountains, as de-

picted in profile B-B’ in Fig. 4.

Although GNSS station coverage in the Caucasus region is sparser than in Ana-
tolia, our results reveal a west-to-east transition from predominantly N-S to NNE-SSW
shortening across the Greater Caucasus, with strain rates increasing toward the Caspian
Sea, exceeding 60 nanostrain/yr. In contrast, the Lesser Caucasus exhibits localized, dis-
continuous zones of extension and shortening, with principal strain directions indicat-
ing a combination of strike-slip motion, NW-SE shortening, and NE-SW extension (see
Fig. 5¢). These findings align with geological studies documenting the complex coexis-
tence of compressional and extensional structures (e.g., Rebal et al., 1993) and evidence
of syn- and post-collisional magmatism (Ismail-Zadeh et al., 2020, and references therein).
Similarly, our results agree with early block model interpretations by Reilinger et al. (2006),
which, despite being based on a more limited GNSS velocity dataset, inferred small fault-
normal extension within the Lesser Caucasus and south of the Caspian Sea (see their Figs. 9b,
9c, and 11). However, a denser GNSS network is needed to confirm these observations.

Panel (d) in Fig. 5 highlights strain rates in Anatolia, revealing along-strike vari-
ations in strain rates along the NAF. These variations align with findings by Z. Liu and
Wang (2023), who reported a potential link between elevated strain rates, surface creep,
and earthquake ruptures over the past century, starting with the 1939 My 7.8 Erzincan
Earthquake. Along-strike strain rate variations were also noted by Weiss et al. (2020),
although they emphasized biases due to sparse GNSS station coverage prior to the re-
cent expansion of the GNSS network in Tiirkiye (Kurt et al., 2023; Ergintav et al., 2023).
If these variations reflect afterslip-related surface creep, they suggest that interseismic
velocity fields in Anatolia could be influenced by long-term postseismic afterslip tran-
sients, as documented along the Izmit rupture 20 years after the 1999 earthquake (Ozarpam
et al., 2021). Furthermore, InSAR data and stress-driven afterslip models suggest that
postseismic afterslip along the creeping segment of the East Anatolian Fault (EAF) could
persist for several decades (>50 years) following the 2023 Kahramanmarag earthquake
doublet (Z. Liu et al., 2025). However, the origin and time-dependent evolution of sur-
face creep along various segments of the NAF and EAF remain debated (e.g., Cakir et
al., 2012; Kaneko et al., 2013; Cetin et al., 2014; Bilham et al., 2016; R. Jolivet et al.,
2023; Z. Liu et al., 2025).

The study by Ozarpaci et al. (2021) also reported that current locking depths along
the Izmit segment of the NAF are significantly shallower than pre-earthquake estimates,
attributing this reduction to afterslip. However, given that transient signals observed in
GNSS velocity profiles extend up to 70 km from the fault, viscoelastic mantle relaxation
cannot be ruled out as a contributing factor, as proposed by earlier studies (e.g., L. Wang
et al., 2009; Hearn et al., 2009; Ergintav et al., 2009; DeVries et al., 2017). If ongoing post-
seismic viscoelastic relaxation is confirmed, it would challenge the hypothesis by Hussain
et al. (2018), which proposed a short-lived postseismic period of approximately 10 years.
The discrepancy may arise from Hussain et al. conflating two distinct parameters: the
locking depth (16 km) derived from elastic half-space modelling of surface velocities (e.g.,
J. C. Savage & Burford, 1973) and the elastic thickness assumed in layered viscoelastic
models (e.g., J. Savage & Prescott, 1978). Further research incorporating vertical GNSS
and InSAR velocities (e.g., Jénsson, 2008; Fukuda & Johnson, 2021; Luo & Wang, 2022)
is necessary to better distinguish between the contributions of afterslip and viscoelas-
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tic mantle flow along the North Anatolian Fault, which is thought to be underlain by
a 50-100 km-wide shear zone in the lower crust and upper mantle (e.g., Taylor et al.,
2016; Papaleo et al., 2018; Barbot & Weiss, 2021).

Our results also reveal a shear belt along the East Anatolian Fault (EAF), though
strain rates are notably lower than those along the North Anatolian Fault (NAF), typ-
ically ranging between 50 and 80 nanostrain/yr, in agreement with previous InSAR- and
GNSS-derived strain rate estimates (Weiss et al., 2020; Ozbey et al., 2024). Localized
elevated strain rates are observed near the epicenter of the 2020 My, 6.7 Elazig earth-
quake, as also pointed out by Weiss et al. (2020), likely reflecting postseismic transients
inadvertently incorporated into prior interseismic velocity fields. Another area of elevated
strain rates is the Karliova triple junction, where strain rates exceed 100 nanostrain/yr.
Additionally, increased posterior uncertainties are evident along the main shear belts of
the NAF, EAF, DSF, and the Gulf of Corinth, as detailed in Fig. S14 in the supplemen-
tary material.

To assess the quality of our GNSS velocity inversion for strain rates, we compared
observed and model-predicted (i.e., mean posterior) GNSS velocities, as shown in Fig. 6a.
The results indicate excellent agreement, with 80% of residual velocities falling within
+1 mm/yr, as illustrated in the histogram in the bottom right of Fig. 6b. We further quan-
tified the spatial coherence in the residual velocities by computing a “systematic mis-
fit index” (e.g., Johnson et al., 2024), defined as the absolute value of the average dot
product of normalized residual velocity vectors with their neighbors within a specified
radius (~50 km), which reveals no evidence for regional-scale systematic residuals (Fig. 6b).
Our model also effectively resolves velocity gradients across closely spaced creeping and
locked fault segments where GNSS station density is high. For example, panels 1 and 2

in Fig. 6a show that it accurately captures the velocity gradients across the creeping ismetpaga

segment and the locked Diizce segment of the NAF, separated by 100 km. Panels 1 and
2 in Fig. 6a further demonstrate strong correspondence between observed, mean poste-
rior, and predicted fault-parallel velocities from an elastic half-space antiplane disloca-
tion model (e.g., Weertman & Weertman, 1964; J. C. Savage & Burford, 1973; Sandwell,
2022), with posterior distributions shown in Figs. S16 and S17.

A key finding from our analysis is that a significant portion of apparent velocity
gradients across some faults can be attributed to surface creep, particularly along the
Izmit and Ismetpaga segments of the NAF, where near-fault GNSS station coverage is
dense. The inset in the bottom right of Fig. 5d compares strain rates from models that
either explicitly incorporate or disregard velocity discontinuities due to surface fault creep,
revealing that strain rates exceeding 300 nanostrain/yr may be associated with mismod-
eled strain rates arising from surface creep along the ismetpa@a segment. This distinc-
tion is important because previous strain rate models in Anatolia did not explicitly ac-
count for fault creep, thereby failing to capture the velocity discontinuities observed across
faults creeping at the surface—a challenge previously highlighted by Weiss et al. (2020).
Differentiating between interseismic fault locking and surface creep contributions to sur-
face strain rates is crucial for seismic hazard assessment, as only strain rates from elas-
tic coupling on faults contribute to the energy budget available for future earthquakes.

Finally, Fig. 6¢c presents the distribution of mean posterior shallow creep rates along
various fault segments in the eastern Mediterranean, compared with prior distributions
from previous geodetic studies (e.g., Cakir et al., 2005; Kaneko et al., 2013; Cetin et al.,
2014; Cavalié & Joénsson, 2014; Hussain et al., 2016; Hamiel et al., 2016; Yamamoto et
al., 2019; Aslan et al., 2019; Bletery et al., 2020; Ozarpaci et al., 2021; Hamiel & Piat-
ibratova, 2021; Kurt et al., 2023; Cakir et al., 2023). Our inversion applied moderate con-
straints on the prior distribution of surface creep rates, allowing the posterior to vary
from the prior but ensuring consistency with existing observations where available. The
validity of this approach is demonstrated by the minimal and non-systematic residual
GNSS velocities across well-instrumented creeping faults, such as the Izmit and Ismetpasa
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Figure 6. (a) Comparison of observed velocities (blue vectors) and mean posterior velocities
(red vectors). Profiles 1 and 2 show observed, mean posterior, and screw-dislocation model-
predicted velocities (Weertman & Weertman, 1964; J. C. Savage & Burford, 1973) across the
ismetpaga and Diizce segments of the North Anatolian Fault. Profiles demonstrate accurate mod-
eling of velocity gradients —even across creeping faults— when dense near-fault GNSS velocities
are available. (b) Residual velocities (observed minus modeled) colored by their systematic misfit
index (red: systematic, blue: random). Histograms show the distribution of east and north ve-
locity residuals. (¢c) Mean posterior creep rates on select fault segments (red: right-lateral creep
rates, blue: left-lateral creep rates), with a profile showing prior and mean posterior creep rate

variability along select fault segments as a function of longitude.
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segments of the North Anatolian Fault, as shown in Fig. 6b and profile 1 in Fig. 6a. How-
ever, surface creep rates along the Palu segment of the East Anatolian Fault and the off-
shore Marmara segment of the North Anatolian Fault are less well constrained due to
limited near-fault GNSS data along these segments.

4.3.2 India-Asia Collision Zone

The ongoing convergence of the Indian and Eurasian plates since the Eocene (~50
Ma) has driven the uplift, deformation, and lateral escape of the Tibetan Plateau (e.g.,
Molnar & Tapponnier, 1975; Clark & Royden, 2000; Yin & Harrison, 2000; Searle et al.,
2011; M. Wang & Shen, 2020; S. Liu et al., 2025). This region has long been a focal point
of research aimed at understanding the mechanisms governing present-day horizontal and
vertical deformation, as well as its temporal evolution (Thatcher, 2009). Debate over these
processes has centered around two end-member models: (1) deformation localized along
discrete faults (e.g., Tapponnier et al., 1982; Peltzer & Tapponnier, 1988; Avouac & Tap-
ponnier, 1993; Tapponnier et al., 2001; Replumaz & Tapponnier, 2003; Z.-K. Shen et al.,
2005; Meade, 2007; Thatcher, 2007; Y. Li et al., 2025), and (2) deformation occurring
as a broadly distributed continuum (e.g., Vilotte et al., 1986; Houseman & England, 1993;
Holt et al., 2000; Clark & Royden, 2000; Flesch et al., 2001; England & Molnar, 2005).
The first model suggests that most surface deformation is accommodated along a finite
number of faults bounding rigid tectonic blocks, whereas the second model posits that
strain is diffusely distributed over large regions. An intermediate hypothesis reconciles
these two perspectives, proposing that deformation is partitioned between localized fault-
ing and distributed strain within tectonic blocks (e.g., Q. Chen et al., 2004; Loveless &
Meade, 2011; Fang et al., 2024).

The first-order characteristics of the GNSS velocity field relative to Eurasia, shown
as blue vectors in Fig. 7a, include: (1) a pronounced clockwise rotation of the southeast-
ern borderlands of the Tibetan Plateau around the eastern Himalayan syntaxis, (2) a
marked decrease in GNSS velocities across the Himalayas, the Longmen Shan in east-
ern Tibet, and the Qaidam block in northern Tibet, (3) eastward and westward motion
of the Tibetan Plateau’s eastern and western flanks, respectively; and (4) a general south-
eastward motion of lithospheric blocks in eastern Asia relative to the Eurasian Plate, in-
cluding the South China Block, North China Block, Amurian Plate, and Ordos Block.

To assess the quality of our strain rate inversion, we compared observed GNSS veloc-
ities with the mean posterior velocities predicted by our model (shown as red vectors in
Fig. 7a). The close agreement between the two indicates minimal systematic residuals

at regional scales, with roughly 85% of GNSS velocity residuals falling within +£1 mm/yr,
as illustrated in Fig. 7b. Additionally, a velocity profile across the Xiaojiang Fault com-
pares observed fault-parallel GNSS velocities, model-predicted (mean posterior) veloc-
ities from our strain rate inversion, and fault-parallel rates from an antiplane screw dis-
location model (e.g., Weertman & Weertman, 1964; J. C. Savage & Burford, 1973), with
the posterior distribution shown in Fig. S18. The excellent agreement between model pre-
dictions and fault-parallel velocities further reinforces the robustness of our strain rate
inversion, accurately capturing velocity gradients across faults (Fig. 7a, panel 1).

While most previous studies interpret GNSS velocities in a Eurasia-fixed reference
frame, we find that expressing them in a central Tibet-fixed reference frame (Figs. S5c,
S6d) more effectively highlights internal deformation within Tibet and the relative mo-
tion of adjacent blocks. This approach, first advocated by Gan et al. (2007), has been
largely overlooked in subsequent studies. In this reference frame, the dominant E-W ex-
tension across the plateau becomes more apparent. Additionally, it highlights that sur-
face motions around the eastern Himalayan syntaxis cannot be explained by simple rigid
block rotation alone. Instead, some internal deformation occurs in the regions bounded
by the Jiali and Xianshuihe-Xiaojiang faults, where systematic stretching is clearly ev-
ident in the dilatation rate map (Fig. 7c), consistent with previous strain rate studies
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(e.g., Allmendinger et al., 2007; Kreemer et al., 2014; M. Wang & Shen, 2020). This de-
formation pattern was recognized by geologists even before geodetic data became avail-
able for crustal deformation studies (e.g., Fig. 1 in Tapponnier et al., 1982) and was at-
tributed to extrusion-related extension. A more detailed analysis of this clockwise rota-
tion was conducted by M. Wang and Shen (2020), who attributed it to a combination

of translation and rotation of small blocks within a larger rotating terrane confined be-
tween the Jiali and Xianshuihe-Xiaojiang faults. It is important to note, however, that
GNSS velocities in this region may still contain postseismic signals from large earthquakes
such as the 2001, My, 7.8 Kunlun and 2008, My, 8.0 Wenchuan earthquakes, as well as
from several smaller earthquakes.

Figure 7c presents the dilatation rates and principal strain rate directions, high-
lighting key deformation patterns across the region. Significant N-S shortening is observed
along the Himalayas, where dilatation rates typically range from —70 to —90 nanostrain/yr,
with peaks exceeding —120 nanostrain/yr in the eastern Himalayan syntaxis, consistent
with previous studies (e.g., M. Wang & Shen, 2020). Other regions of pronounced short-
ening include the Hindu Kush (-20 nanostrain/yr), where the maximum shortening di-
rection trends NNE-SSW to NNW-SSE, western Pamir (—60 to —80 nanostrain/yr) and
the Pamir Thrust System (—60 to —100 nanostrain/yr), both exhibiting NNW-SSE short-
ening, Central Tian Shan (—50 to —60 nanostrain/yr) undergoing N-S shortening, and
the Qaidam Block in northeastern Tibet, where dilatation rates range from —10 to —20
nanostrain/yr, with principal strain rate directions showing NE-SW shortening. Addi-
tionally, NW-SE shortening is observed across the Longmen Shan in eastern Tibet, where
typical dilatation rates range from —30 to —40 nanostrain/yr.

In contrast, extension is prominent in the northeastern Pamir, where E-W dilata-
tion rates range from 10 to 40 nanostrain/yr, and across the Tibetan Plateau, where widespread
E-W extension results in dilatation rates generally between 10 and 20 nanostrain/yr. The
highest dilatation rates within the plateau, around 20 nanostrain/yr, are concentrated
in its southern region, where seven N-S oriented rift zones have been documented (Armijo
et al., 1986). However, a recent high-resolution strain rate map locally integrating In-
SAR and GNSS data revealed that dilatation rates exceed 50 nanostrain/yr along these
rift zones (H. Chen et al., 2024), suggesting that strain rates may be higher than inferred
from GNSS data alone. This underscores the importance of integrating GNSS and In-
SAR observations to refine strain rate estimates and improve the resolution of deforma-
tion patterns across this region in future studies. Additionally, a distinct belt of posi-
tive dilatation rates is observed between the Jiali and Xianshuihe faults in eastern Ti-
bet, with values typically ranging from 10 to 20 nanostrain/yr, consistent with recent
findings by M. Wang and Shen (2020). In this region, principal strain rate directions pro-
gressively rotate clockwise around the eastern Himalayan syntaxis.

Our refined strain rate estimates across the India-Asia collision zone and neighbor-
ing regions are shown in Fig. 7d, highlighting distinct shear belts. In the westernmost
part of our study area, the Chaman Fault exhibits strain rates of 50-60 nanostrain/yr,
locally increasing to 70-90 nanostrain/yr in its better-instrumented northern segment.
Further north, in the Hindu Kush, strain rates hover around 30 nanostrain/yr. North-
ward, the Pamir Thrust System shows strain rates between 100 and 150 nanostrain/yr,
while the Vakhsh Fault, further west, reaches 130-170 nanostrain/yr. To the west, the
Iliac Fault exhibits strain rates of 90-140 nanostrain/yr, decreasing systematically west-
ward. In the Central Tian Shan, northeast of the Pamir Plateau, strain rates typically
range from 50 to 60 nanostrain/yr, with local peaks around 100 nanostrain/yr near the
Issyk Kul lake.

Moving eastward into the Tibetan Plateau, along the Altyn Tagh Fault, strain rates
range from 40 to 60 nanostrain/yr, though GNSS station coverage is sparse. In the south-
eastern Tarim Basin, where instrumentation is denser, we observe a small cluster of high
strain rates (80—-150 nanostrain/yr) along the Altyn Tagh Fault. Further south, the Kun-
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lun Fault exhibits typical strain rates of 40 nanostrain/yr (see profile D-D’, Fig.4), with
localized peaks of 60-80 nanostrain/yr, likely influenced by postseismic deformation fol-
lowing the 2001 M,8.1 Kunlun earthquake (see Fig. 7d). The Karakorum Fault, in west-
ern Tibet, has systematically lower strain rates, around 30 nanostrain/yr. In northeast-
ern Tibet, strain rates along the Haiyuan Fault hover around 60 nanostrain/yr, in agree-
ment with recent results by D.-L. Wu et al. (2024), peaking locally at 80 nanostrain/yr.
However, our estimates are lower than the high-resolution InSAR-derived strain rates
reported by Ou et al. (2022), which exceed 100 nanostrain/yr, with peaks surpassing 400
nanostrain/yr across a creeping section of the Haiyuan Fault that is not well resolved

by our combined GNSS velocity field. Further south, the Ganzi-Yushu Fault displays strain
rates of 40-50 nanostrain/yr, while across the Longmen Shan, on the eastern flank of the
Tibetan Plateau, strain rates range from 30 to 50 nanostrain/yr.

Across the Himalayas, strain rates consistently exceed 60 nanostrain/yr, with typ-
ical values between 90 and 120 nanostrain/yr. The highest strain rates are observed in
the eastern Himalayan syntaxis, with strain rates around 140 nanostrain/yr, peaking at
170 nanostrain/yr. Further east, distributed deformation accommodates relative motion
between India, Burma, and South China along the southeastern borderlands of the Ti-
betan Plateau. Here, the Xianshuihe-Xiaojiang Fault System forms a semi-continuous
high-strain belt exceeding 100 nanostrain/yr, with localized peaks reaching 180 nanos-
train/yr at its northwestern termination, where surface creep has been documented by
InSAR studies (e.g., J. Zhang et al., 2018; Y. Li, Nocquet, Shan, & Jian, 2021; Qiao &
Zhou, 2021; X. Huang et al., 2023b; Tong & Chen, 2024; Fang et al., 2024).

However, unlike in the Mediterranean, where dense GNSS coverage enabled explicit
modeling of along-strike variations in fault creep rates, the irregular and sparse distri-
bution of near-fault GNSS stations along the creeping segments of the Xianshuihe Fault
precluded a similar approach (see Fig. S19 in the supplementary material). To the south-
west, the Lijiang Fault, oriented NE-SW, forms a narrow shear belt with strain rates of
40-70 nanostrain/yr, peaking above 90 nanostrain/yr. Further south, the Sagaing Fault
shows strain rates exceeding 100 nanostrain/yr, in agreement with previous estimates
by Lindsey et al. (2023), though slightly lower rates (70-90 nanostrain/yr) are observed
in its northern segment due to uneven GNSS station density. Strain rates along the Indo-
Burman Ranges similarly range from 50 to 70 nanostrain/yr. Finally, higher posterior
uncertainties are observed in regions experiencing greater deformation, particularly along
major shear belts such as the Xianshuihe, Xiaojiang, Kunlun, Altyn Tagh, Haiyuan, and
Sagaing faults, as well as the Pamir Thrust and Tian Shan, as illustrated in Fig. S14 in
the supplementary material.

5 Discussion

Building on the extensive GNSS-derived strain rate dataset compiled in this study,
we compare our results with other large-scale geophysical datasets indicative of litho-
spheric and mantle deformation, including stress indicators from the World Stress Map
(WSM, Heidbach et al., 2025), seismic strain-rates inferred from the global Centroid Mo-
ment Tensor (gCMT) catalog (Dziewonski et al., 1981; Ekstrom et al., 2012, catalog up
to 12/2024), and shear wave splitting (SKS) compilations (Becker et al., 2012, updated
as of 02/2025). These comparisons seek to address two fundamental questions: How does
the style of strain release from earthquakes compare to the strain accumulation captured
by geodetic measurements along the Alpine-Himalayan belt? And to what extent do large-
scale mantle deformation patterns, as inferred from seismic anisotropy, correlate with
geodetically-derived surface strain rates? To investigate these questions, we conduct three
analyses: (1) a comparison between GNSS-derived strain rates and stress orientations
from earthquake and borehole data, (2) an assessment of strain rate styles and orienta-
tions between geodetic and seismic (Kostrov-summed) strain rate tensors, and (3) an eval-
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uation of large-scale surface deformation patterns in relation to mantle dynamics inferred
from seismic anisotropy.

5.1 Comparison of Strain Rate and Stress Orientations

Although several studies have used the maximum horizontal compressive stress (Sgmaz)

as a proxy for the maximum shortening rate (&3) direction (e.g., Flesch et al., 2005; Bird,
2009; Z. Shen & Bird, 2022), it has been shown that the two do not always coincide and
can exhibit systematic discrepancies in certain regions, such as central Japan, the San
Andreas Fault, and the Cascadia subduction zone (e.g., Townend & Zoback, 2006; Schulte-
Pelkum et al., 2021; Johnson, 2024).

To investigate this relationship across the Alpide belt, we follow methodologies im-
plemented in previous studies (e.g., Townend & Zoback, 2006; Yang & Hauksson, 2013;
Johnson, 2024). In our analysis, we use quality A, B, and C stress data from the World
Stress Map (WSM, Heidbach et al., 2025), which are largely derived from earthquake
focal mechanisms. As such, they are not entirely independent from strain rates derived
from a Kostrov summation, and the relationship between stress and coseismic strain re-
mains subject to ambiguity (e.g., D. P. McKenzie, 1969; Michael, 1987). We identify stress
observations within a 50 km radius of each strain rate estimate exceeding 10 nanostrain/yr
in the triangular mesh shown in Fig. 3.a. When at least two stress measurements are avail-
able, we compute the median stress azimuth and determine its angular difference rela-
tive to the maximum shortening direction from our strain rate inversion. Observations
are excluded if they do not meet the strain rate threshold, lack sufficient nearby stress
data, or if the stress measurements correspond to depths exceeding the local Moho depth
from Reguzzoni and Sampietro (2015).

Our results, summarized in Fig. 8, demonstrate a strong large-scale agreement be-
tween GNSS-derived maximum shortening rate directions (panel a) and maximum com-
pressive stress orientations (panel b). The azimuthal differences between these param-
eters are shown in panel ¢, with the histogram in the bottom-left corner illustrating their
distribution. The overall agreement is notable, with a median azimuthal difference of —4.1
4 15.6 degrees and a mode of —5.0 + 15.6 degrees across the entire Alpide belt, com-
puted using 18 bins (every 10°). Warmer colors (positive values) indicate that the prin-
cipal shortening rate direction is rotated clockwise relative to Sgqz., While cooler col-
ors (negative values) represent a counterclockwise offset. Additionally, a violin plot in
Fig. S20 of the supplementary material illustrates the distribution of azimuthal differ-
ences (€2 - SHmaz) as a function of the strain rate, highlighting greater variance in lower
strain rate regions.

Figure 8 also shows that Sg;,q. azimuths exhibit greater spatial variability than
&9 directions. This difference arises from the nature of the two datasets. The maximum
shortening rate azimuths (¢5) emphasize broad, coherent deformation patterns, a con-
sequence of the spatial regularization applied in the strain rate inversion. In contrast,
the Spmaz estimates capture local stress conditions and record rotations associated with
fault bends, segmentation, and depth variations. Moreover, seismogenic faults are not
always optimally oriented relative to the regional stress field (e.g. Townend & Zoback,
2004; Hardebeck & Michael, 2004). Consequently, while the two datasets show strong
regional agreement in their median statistics, the Sg 4, azimuths display greater local
variability.

5.2 Comparison between Geodetic and Seismic Strain Rate Tensors

While comparing stress and principal strain rate directions provides valuable in-
sights into their spatial relationships, a more comprehensive assessment requires analyz-
ing the full strain rate tensor. Here, we evaluate whether strain accumulation and release
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Figure 8. (a) GNSS-derived maximum horizontal shortening rate directions (¢2). (b) Max-

imum horizontal compressive stress (Samaz) azimuths from the World Stress Map (Heidbach

et al., 2025), with black lines indicating their orientation. To reduce visual clutter, the WSM

dataset has been decimated for display purposes; however, all quality A, B, and C events were in-

cluded in the analysis. (¢) Azimuthal differences between the maximum shortening rate direction

and the Sgmaee azimuth (€2 — SHmae). The histogram in the bottom-left corner shows the distri-

bution of these azimuthal differences. Warmer colors indicate a clockwise offset of the principal

shortening rate direction relative to Sgmaqz, While cooler colors indicate an anti-clockwise offset.

A mask was applied to show only regions where strain rates exceed 10 nanostrain/yr.
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styles are consistent across the Alpide belt by comparing strain rate styles from our GNSS-
derived strain rate field with those inferred from Kostrov-summed earthquake moment
tensors from the gCMT catalog (Dziewonski et al., 1981; Ekstrom et al., 2012). As noted,
such Kostrov summations are not independent from the WSM stress constraints, the bulk
of which are derived from focal mechanisms. However, they are independent from the
GNSS-derived strain rates.

Following the formulation by Kostrov (1974), the average seismically released strain
rate tensor €;; within a seismically strained crustal volume V containing N earthquakes
with moment tensors M over a time period T, given a shear modulus p, is expressed as:

N
.1 (n)
E”_ZMVT;MU : (™)

In our analysis, we estimated strain rate tensors by applying a normalized Kostrov
summation of moment tensors from the gCMT catalog using an equidistant 0.5°x0.5°
grid, considering earthquakes with hypocentral depths shallower than 50 km and My, >
5. We then computed the eigenvalues of both strain rate tensor datasets (Kostrov-summed
and GNSS-derived) to obtain the principal strain rates (see details in Appendix A). To
ensure spatial consistency, both datasets were linearly interpolated onto a common reg-
ular grid, retaining observations where strain rates exceed 10 nanostrain/yr, following
the approach used in our previous analysis of stress and principal strain rate orientations.

The strain rate style was computed as a ratio of principal strain rates: —%.
This ratio ranges from —1 (indicating a normal faulting style) to +1 (indicating a re-
verse faulting style), with strike-slip faulting corresponding to values near zero (Johnson,
2024). Figs. 9a and b illustrate the strain rate styles derived from GNSS velocities and
Kostrov-summed moment tensors, respectively, while Fig. S21 presents a map of their
signed angular differences (GNSS—Kostrov). Strain rate styles derived from Kostrov-summed
moment tensors depend on the lower magnitude threshold applied. Due to the Gutenberg-
Richter distribution, small earthquakes are more abundant and improve spatial resolu-
tion, but their moment tensors are generally less reliable. We tested thresholds ranging
from 3.5 (i.e., all events, lowest actual My in the catalog is 4.3) to 6.5 and found that
a moment magnitude cutoff of 5 provides a good balance—ensuring sufficient resolution
while mitigating the uncertainties associated with smaller earthquake moment tensors.

To illustrate this sensitivity, we include strain rate style maps using lower magnitude thresh-
olds of 3.5, 5.5, and 6.5 in the supplementary material (Fig. S22).

Consistent with earlier, more geographically limited comparisons (e.g. Kahle et al.,
1998; Holt et al., 2000; Jenny et al., 2004; Faccenna, Becker, Auer, et al., 2014), our re-
sults reveal a strong large-scale agreement between strain accumulation and coseismic
release styles across the Alpide belt, with a median strain rate style difference of 0.1+
0.3 (Fig. S21). The mode + mean absolute deviation (MAD), computed using 18 bins,
matches the median + MAD, reflecting the symmetric distribution of signed strain rate
style differences. Small-scale discrepancies primarily arise from the low frequency of in-
strumental earthquakes along some plate boundaries (e.g., the Himalayas), which biases
strain rate styles inferred from Kostrov-summed moment tensors. Additional mismatches
occur in subduction settings where intermediate-depth slab earthquakes, such as normal-
faulting events in the Caspian Sea linked to slab tearing (e.g., Mumladze et al., 2015)
and those within the descending slab of the Makran subduction zone (e.g., Barnhart et
al., 2014), influence the inferred strain rate style.

To complement our results, we computed the misfit between geodetic and seismic
(Kostrov-summed) strain rate tensors, following a tensor inner product approach used
by Frohlich and Davis (1999) and Flesch et al. (2007, eq. 22). To quantify the misfit, we
calculated the normalized inner product between the geodetic and seismic strain rate ten-
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Sors, @mﬁ, which ranges from +1 (perfect match) through 0 (orthogonal) to —1
opposite orientations). Our results demonstrate large-scale agreement between the ori-
entations of the 2D geodetic and seismic strain rate tensors across the Alpine-Himalayan

Belt (Fig. 9¢). As noted earlier, opposite geodetic and seismic strain rate orientations
occur in the Caspian Sea and inland Makran, where slab-related normal events domi-
nate. Offshore Makran also shows poor agreement, with misfit values close to —1, reflect-
ing both bleeding of our modeled strain rates into unconstrained offshore regions and
the influence of normal-faulting earthquakes along the Murray Ridge between the Owen
Fracture Zone and the Makran subduction zone. Another area of disagreement lies in
the northwestern corner of the North China Block, where geodetic strain rate tensors
indicate broadly E-W extension, but most instrumental earthquakes display right-lateral

strike-slip motion on NNE-trending faults (Y. G. Zhang et al., 2018).

5.3 Large-scale Patterns of GNSS-derived Surface Strain Rates and Man-
tle Dynamics Inferred from Seismic Anisotropy Compilations

While strain in the crust can be measured directly via geodetic or geological ob-
servations, mantle strain must be inferred indirectly from seismic data, either from the
earthquake source via moment release or from seismic anisotropy (e.g. Holt, 1995, 2000;
Silver, 1996; Silver & Holt, 2002). One of the most widely used methods for inferring man-
tle strain is through azimuthal seismic anisotropy inferred from shear wave splitting mea-
surements (e.g., Silver & Chan, 1991; Vinnik et al., 1992), as upper mantle anisotropy
is largely attributed to crystallographic preferred orientation (CPO) of intrinsically anisotropic
olivine crystals (e.g., Christensen & Crosson, 1968; Nicolas & Christensen, 1987; Silver,

1996).

When shear waves pass through an anisotropic medium, they can be split into two
orthogonally polarized wave trains that propagate at different speeds. This splitting is
quantified by two parameters: the azimuth of the fast-polarized wave (¢, “fast axis”) and
the time delay (§t) between the fast and slow shear wave components (e.g. Silver, 1996;
M. K. Savage, 1999). Core refracted phases such as SK(K)S are often used since this rules
out source side anisotropy; while anisotropy may accumulate anywhere along the path,
much of the signal is attributed to the uppermost mantle where dislocation creep can
form CPOs (e.g. Fischer & Wiens, 1996; Podolefsky et al., 2004; Becker et al., 2008). While
the formation and reworking of CPOs is complex, we expect that “A type” fabrics are
predominant in the upper mantle, in which case the fast axes should rotate from the max-
imum extension to the shear orientation for large strains (e.g., S. Zhang & Karato, 1995;
Becker et al., 2008, 2014; Bernard et al., 2019). Consequently, SKS fast orientations from
seismic anisotropy studies provide valuable insights into lithospheric mantle flow and fi-
nite strain (e.g., S. Zhang & Karato, 1995; Silver, 1996).

Early studies comparing SKS fast orientations with surface tectonic features revealed
spatial correlations in certain regions. For example, Vinnik et al. (1992) observed that
in areas of active plate convergence, SKS fast polarization orientations tend to align with
plate boundaries and follow the orientation of associated mountain ranges. Subsequent
studies corroborated these findings using strain estimates derived from active faulting
and plate-motion models, identifying a general consistency between SKS fast orienta-
tions and the directions of maximum crustal horizontal extension in the Tian Shan, Al-
tai, Sayan, and Baikal regions (e.g., Davis et al., 1997). These results suggested coher-
ent mantle and lithospheric deformation and highlighted the potential role of mantle flow
in orogenesis (Silver, 1996). In Tibet, McNamara et al. (1994) observed that SKS fast
orientations align with fault traces rather than the maximum horizontal elongation di-
rections. Later, with advancements in GNSS instrumentation, Holt (2000) further demon-
strated that SKS fast orientations in Tibet systematically align with left-lateral crustal
shear planes, supporting the findings of McNamara et al. (1994).
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Figure 9. (a) Geodetic strain rate style (red: normal, green: strike-slip, blue: reverse). Mo-
ment tensors (Mw > 5, depth < 50 km) are from the gCMT catalog (Dziewonski et al., 1981;
Ekstrom et al., 2012). (b) Seismic strain rate style from Kostrov-summed gCMT tensors with the
same criteria. (c) Misfit between geodetic and seismic strain rate tensor orientations, expressed
as the dot product of normalized tensors (blue: perfect agreement, green: orthogonal, red: oppo-

site). Results are masked where the strain rate is < 10 nanostrain/yr.
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Additionally, several studies identified consistent patterns in rift settings, where SKS
fast axes generally parallel the extensional direction, as observed in the Baikal and East
African Rift (e.g., Vinnik et al., 1992; Gao et al., 1994; Kendall et al., 2006). Further-
more, SKS fast orientations have been observed to align with the azimuths of major strike-
slip faults, such as the Alpine Fault in New Zealand (M. K. Savage et al., 2004) and the
strike-slip fault systems of Tibet (e.g., McNamara et al., 1994; Holt, 2000). A similar align-
ment has also been noted in the upper anisotropic layer required to fit SKS observations
along the San Andreas Fault (e.g., Ozalaybey & Savage, 1995; Hartog & Schwartz, 2001;

M. K. Savage et al., 2004).

However, interpreting shear wave splitting observations remains challenging, par-
ticularly in continental regions where complex tectonic histories can lead to significant
heterogeneities within the crust and lithosphere. Such heterogeneities can influence both
shallow, frozen-in anisotropy and deeper mantle flow (e.g. Silver, 1996; Fouch & Ron-
denay, 2006; Schulte-Pelkum et al., 2021). Aside from uncertainties surrounding CPO
formation, many tectonic scenarios are compatible with multiple interpretations. For in-
stance, observed rift-aligned fast axes may reflect contributions from partial melting, man-
tle flow, or a combination of both (e.g. Kendall et al., 2006; Faccenna et al., 2013). More-
over, the influence of plate boundaries on rotating fast axes from background trends is
not uniform (e.g. Silver & Holt, 2002; Becker et al., 2006; Biryol et al., 2010; Faccenna,
Becker, Auer, et al., 2014), with pronounced rotations observed only across faults in few
regions. One key issue is that the alignment with crustal features may be indicative of
causation, such as a lithospheric origin of anisotropy, or only apparent, such as when the
shear in the mantle is coherent with what is observed in the crust (e.g. Silver, 1996; M. K. Sav-

age, 1999).

Our analysis here focuses on documenting the angular relationships between SKS
fast orientations (¢) and the maximum stretching rate (¢1) direction across different sec-
tions of the Alpine-Himalayan belt, without attempting to necessarily infer causality or
propose specific physical mechanisms behind these correlations. This is achieved with
an unprecedented resolution, made possible by our large-scale strain rate estimates, com-
plemented with an up-to-date station-averaged SKS splitting compilation by Becker et
al. (2012, updated 02/2025). Fig. 10a provides a large-scale comparison of SKS fast ori-
entations (orange lines) and maximum stretching rate directions (blue lines) across the
Alpine-Himalayan belt, with azimuthal difference statistics summarized in Table 3. We
report both the median and mode, along with their MAD, to characterize azimuthal dif-
ferences. However, because the mode more effectively captures dominant azimuthal cor-
relations—particularly in skewed distributions—we adopt the mode + MAD as our pri-
mary measure, providing a geophysically meaningful and statistically robust represen-
tation of the most frequent azimuthal difference between SKS fast orientations and prin-

cipal strain rate directions.

5.3.1 Eastern Mediterranean

In the eastern Mediterranean, SKS fast orientations broadly align with GNSS-derived
maximum stretching rate directions in the crust (¢;), consistent with previous findings
(e.g. Kreemer et al., 2004; Endrun et al., 2011; Merry et al., 2021). Across the region
spanning from the Aegean to the Caspian Sea, ¢; is rotated clockwise relative to SKS,
with a mode azimuthal azimuthal difference is 5.0°£26.1° (see histogram 1 in Fig. 10b).

In the Aegean, where SKS fast orientations are broadly NE-SW (Hatzfeld et al., 2001;
Kreemer et al., 2004; Paul et al., 2014), £ is rotated counterclockwise relative to SKS,
with a mode azimuthal difference of —15.0°+£6.8°, as illustrated in histogram 3, Fig. 10c.

Along the North Anatolian Fault (NAF), alignment is particularly strong, with a
mode azimuthal difference of 5.0°+10.1°, as shown in histogram 4, Fig. 10c. A system-
atic along-strike variation is evident: in the eastern NAF, €1 is slightly rotated clockwise
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Table 3. Statistical summary of azimuth differences between SKS fast orientations (¢) and

maximum principal strain rate (¢1) directions in different regions of the Alpine-Himalayan belt.

Region Data Points Median £+ MAD (°) Mode + MAD (°) Map

Eastern Mediterranean 3919 9.1+£25.5 5.0 £26.1 Fig. 10.b
Tibet and Southeast Asia 3171 27.7+22.9 25.0 +£24.2 Fig. 10.b
Aegean Sea 146 —-11.5+6.9 —15.0+6.8 Fig. 10.c
North Anatolian Fault 694 6.6 +£10.0 5.0+ 10.1 Fig. 10.c
Tian Shan 1068 17.9+14.4 15.0 £ 14.2 Fig. 10.c
Altai, Sayan, and Baikal 94 —5.84+125 —5.0+12.1 Fig. 10.c

MAD is the median absolute deviation, computed as median (| X; — C(X)|), where C(X) represents either
the median or mode of X, depending on which statistics is being presented. The mode was computed

using 18 bins (every 10°).

relative to SKS, transitioning westward to a slight counterclockwise rotation, ultimately
matching the pattern in the Aegean. In contrast, no clear correlation is detected in cen-
tral Anatolia; a potential change in alignment of fault proximal azimuthal anisotropy from
extensional to maximum shear strain might be expected from fault maturity controlled
fabrics (e.g. Biryol et al., 2010; Vauchez et al., 2012; Bonnin et al., 2012) but remains

to be further explored. Further south, in the Hellenic and Cyprus back-arc regions, SKS
fast orientations and é; are nearly perpendicular, consistent with previous studies (e.g.,

L. Jolivet et al., 2009, 2013).

5.3.2 Central Asia

In the Tian Shan region, SKS fast orientations generally run subparallel to the moun-
tain range, particularly in the western section of the range, with a mode azimuthal dif-
ference of 15.0° & 14.2°, in agreement with earlier studies (e.g., Vinnik et al., 1992; Makeyeva
et al., 1992; Davis et al., 1997). However, two small clusters of anomalous NNE-SSW SKS
fast orientations appear around Issyk Kul and along the Tian Shan—Tarim boundary, re-
sulting in localized azimuthal differences between 50° and 90° between SKS orientations
and €1, as shown in Fig. 10.c. These deviations have been attributed to various mech-
anisms, including small-scale mantle convection (Wolfe & Solomon, 1998), an upper man-
tle plume (Makeyeva et al., 1992), or shear between the northward-moving lithosphere
and the underlying asthenosphere (A. Li & Chen, 2006).

5.3.3 Tibet and Southeast Asia

In Tibet and Southeast Asia, SKS fast orientations and ¢, exhibit a systematic off-
set of 25.0° + 24.2° with €1 consistently rotated clockwise relative to SKS fast orien-
tations across the Tibetan Plateau, as depicted in histogram 2, Fig. 10.b. This result aligns
with previous studies (e.g., McNamara et al., 1994; Holt, 2000), which report that SKS
fast orientations align with left-lateral crustal shear planes, and are generally subpar-
allel to major strike-slip faults in the region. Additionally, our findings agree with M. K. Sav-
age (1999), who first documented a systematic misalignment of 10°-30° between SKS
fast orientations and maximum elongation orientations from plate motion models, with
the latter exhibiting a consistent clockwise rotation relative to the SKS fast orientations.

A notable regional variation occurs in Yunnan and Indochina, where SKS fast ori-
entations transition from N-S to E-W. This sharp change has been used to assess the ex-
tent of inferred viscous crustal channel flow, suggesting crustal and mantle deformation
may be coupled in Southeast Tibet but decoupled farther south in Yunnan and Indochina
(e.g., Royden et al., 1997; Clark & Royden, 2000; Flesch et al., 2005; Lev et al., 2006;
Kong et al., 2018; Lin & Zhao, 2024). Additionally, this shift has been linked to a pos-
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Figure 10. (a) GNSS-derived maximum stretching rate azimuths ¢; (blue) and SKS fast ori-
entations (orange), compiled by Becker et al. (2012, updated 02/2025). (b,c) Signed azimuthal
differences between ¢; and SKS fast orientations, with histograms showing distributions across
the Alpide Belt (top-left) and in selected regions: (1) eastern Mediterranean, (2) Tibet and SE
Asia, (3) Aegean Sea, (4) North Anatolian fault, (5) Tian Shan, and (6) Altai-Sayan-Baikal re-
gions. Dashed vertical gray lines mark maximum shear strain rate directions (£45° from &1, €2).
Warm colors indicate clockwise offsets of €1 relative to fast SKS directions, cool colors counter-
clockwise, and dark purple near-perpendicular orientations. A mask was applied to show only

regions where strain rates exceed 10 nanostrain/yr.
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950 sible change in upper mantle deformation style, transitioning from simple shear in South-
960 east Tibet to pure shear in Yunnan (e.g., C.-Y. Wang et al., 2008).

061 5.3.4 Altai, Sayan and Baikal Regions

062 Despite limited observations, we find a general alignment between SKS fast polar-

063 ization and €7 in the Altai, Sayan, and Baikal regions, with a mode azimuthal difference
964 of —5.0°4+12.1°, as shown in histogram 6 of Fig. 10.c, consistent with earlier findings

965 (e.g., Vinnik et al., 1992; Gao et al., 1994; Davis et al., 1997). Our results thus reinforce
966 and further substantiate previous studies documenting systematic regional-scale corre-

067 lations between principal strain rate orientations and SKS fast orientations from seis-

968 mic anisotropy across the Alpide belt. How much of this alignment arises due to litho-

969 spheric and how much due to mantle contributions needs to be further explored by tec-

070 tonic and mantle flow modeling.

on1 6 Conclusion

072 We estimate strain rates along the Alpine-Himalayan belt using a unified, compre-
o73 hensive, and up-to-date GNSS velocity field constructed with FICORO_GNSS, a Python

o7 toolbox developed for filtering and combining GNSS velocities. Our results show a re-

o75 markable agreement between both the styles and orientations of geodetic and seismic (Kostrov-
o76 summed) strain rate tensors. Similarly, we observe a strong correspondence between strain
077 rate and stress orientations in the crust. These results suggest overall consistency between
o78 the styles of strain accumulation and release across the Alpide belt.

079 Additionally, we find that mismodeled strain rates due to surface fault creep can

980 be substantial in some regions—for example, exceeding 300 nanostrain/yr along the ismetpa§a
981 segment of the North Anatolian Fault. To avoid misattributing these localized velocity

082 discontinuities to strain rates from elastic coupling on faults, we explicitly incorporate

083 surface creep rates into our inversion where dense near-fault geodetic data are available.
o84 Distinguishing between strain rates associated with elastic coupling on faults and those

085 arising from surface fault creep is essential for seismic hazard assessment, as only the for-
986 mer contributes to the elastic energy buildup to be released in future earthquakes.

987 Our analyses substantiate previous findings of regional-scale relationships between

088 surface deformation and SKS fast orientations from seismic anisotropy compilations, which
989 are thought to be associated with different mantle deformation regimes. While these cor-
990 relations do not necessarily imply causation and remain poorly understood, we hypoth-

901 esize that the observed systematic angular relationships between SKS and principal strain
992 rate directions in regions such as the Aegean, North Anatolia, Tibet, Tian Shan, Altai,

993 Sayan, and Baikal, may reflect deep-seated mantle dynamics, as has been previously sug-
904 gested. Nevertheless, this hypothesis warrants further investigation, particularly regard-

995 ing the effects of depth-dependent anisotropy in the lithosphere and its relationship with
996 surface deformation.

007 7 Open Research

908 All results and figures presented in this study are fully reproducible using the Jupyter
999 notebook and supporting files archived in an open-access repository (Castro-Perdomo,

1000 2025). The Python toolkit FICORO_GNSS Version 1.3.0, developed for filtering and com-

1001 bining GNSS velocity fields, is distributed under the MIT License and permanently archived
1002 in a public repository (Castro-Perdomo, 2024). The MATLAB code BForStrain Version

1003 1.1.0 was used to invert GNSS velocities for strain rates and is publicly available in an

1004 open-access repository (Johnson, 2023). Comparisons between GNSS-derived strain rates

1005 and SHma orientations were conducted using the World Stress Map (WSM 2025) dataset,
1006 available through the GFZ Data Services Portal (Heidbach et al., 2025). Maps were gen-
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erated using the Generic Mapping Tools (GMT) Version 6.5.0 (Wessel et al., 2019), PyGMT
Version 0.12.0 (Tian et al., 2024), and the scientific color maps of Crameri (2023).
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Appendix A The 2D Strain Rate Tensor and its Invariants

Given a set of geodetically-derived horizontal surface velocities v, we can define the
strain rate tensor as:

(A1)

vy 1 ( 0vs vy
& = 1 dv; + 8Uj _ Jx1 2 (69:2 + 611>
“ 2\ Oz ox; I I + 9u vy ’
J 2 \ Oz1 Oxa Oxo

where 7 and j represent the components of coordinates x and surface velocities v. Here,
we consider surface horizontal strain rates, then i, j = 1,2, where the eigenvalues of the
strain rate tensor represent the principal strain rates (¢; and €3):

and their corresponding eigenvectors are the principal strain rate orientations. In con-
tinuum mechanics, we often use the tensor’s coordinate system independent quantities
(i.e., the invariants) for quantifying geodetically-derived surface strain rates. These in-
variants appear as coefficients of the characteristic polynomial of the tensor, which for
a 2D horizontal strain rate tensor is given by A2 — I () A+ I2(¢) = 0, where I; and I
are the first and second invariants, respectively.

The first invariant is the trace of the strain rate tensor, representing the areal strain rate

(dilatation rate, A), which is equivalent to the divergence of the velocity field:

IPPE)=A=V -v="tr(é) =&y + €y =& + &9 (A3)

A related quantity is the mean (normal) horizontal strain rate (¢2P), defined as:

&2l = 11P = 1(¢1 + &) (A4)

m

The second invariant can be expressed in several equivalent forms. The formal definition
can be written as:
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I (&) = % [tr(e)? — tr(e?)] . (A5)

In the special case of a 2D tensor, this reduces directly to the determinant:

I2P(8) = det(é) = 11690 — €2,. (A6)

Equivalently, because the determinant of a tensor equals the product of its eigenvalues,
the second invariant of the 2D strain rate tensor is also:

I2P(é) = ¢, éa. (A7)

The definition of the second invariant of the 2D horizontal strain rate tensor has been
applied inconsistently in the literature. A commonly used expression is:

IE1E = /¢ty + €3, + 2€1, (A8)
IE1F = /€% + &3,

which corresponds to the Frobenius (Euclidean) norm of the 2D horizontal strain rate
tensor rather than its formal second invariant (I2, Eq. A5). The Frobenius norm is of-
ten preferred because it is always non-negative, whereas the formal second invariant (1)
can be negative if 5'115'22—5'%2 < 0. To facilitate direct comparison with previous stud-
ies, we adopted the Frobenius norm in this work.

Another common measure is the maximum shear strain rate (Y42 ), which relates to the
second invariant of the deviatoric strain rate tensor (J2), and in 2D is given by:

|’Y72n[z)z:r =V J27

VEnl?zz = %\/(511 —€99)2 +4e19 = %(él —&9). (A9)

Combining equations A2 and A9, we find that the principal extension and shortening
rates €1, €2 can be rewritten in terms of A and Ymax

& = A + Ymaz
1 9 9
. A-;

£, = 2;y77l(lﬂf

A relationship exists between Jo, I1 = tr(¢), and ||¢||2”, which can be written as:

IElF” = /202 + 3(I)°. (A10)
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From eq. A10, it is clear that for a 2D deviatoric strain rate tensor €', the Frobenius norm
is just a scaled form of the deviatoric second invariant, or equivalently, a scaled form of
the maximum shear strain rate:

113 = V22 = V2470, (A11)

The azimuth of the maximum principal strain rate (€,,4.) can be estimated as follows:

arctan <é1fi2é22 >
Aze . =90° — 5 ’ . (A12)

We can further estimate the azimuth of the maximum shortening rate (£2) by evaluat-
ing the sign of the maximum principal strain rate (€max)- If €max > 0 (extension), the
maximum shortening rate occurs 90° away from the azimuth of €,,,x. On the other hand,
if €max < 0 (compression), the azimuth of &,y directly represents the maximum short-
ening direction.
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