Deformation, Strains and Velocities

for the Alpine-Himalayan Belt
from Trans-Continental Sentinel-1 InSAR and GNSS
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« First 3D velocity field of Alpine-
Himalayan Belt derived from Sentinel-1
InSAR & GNSS.

« Strain localised on major faults with dif-
fuse deformation extensive across conti-
nents.

« Horizontal motion is dominated by tec-
tonics; vertical from aquifer-driven sub-
sidence.
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Linking
geodetic rates
to long term
tectonics

Time-varying
deformation

Continental-
scale
kinematics

How to use
strain rates in
seismic hazard

Active Tectonics & Crustal Deformation Mountain

e Growth of Mountains
e Geological Structures

e The Earthquake Cycle
e Fault Slip Rates through Time

¢ Distribution of Crustal
Deformation

e Nature of Faulting at Depth

e Link of strain to earthquake rate

e Challenge of slowly deforming
regions
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Previous Strain Rate Fields

KREEMER ET AL., (2014) — GSRM
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22,415 velocities at 18,356 sites from 233 studies (0.25x0.2 degree)

CASTRO-PERDOMO ET AL., (2025)

11,177 horizontal and 3,940 vertical velocities from 42 studies

Frobenius norm of the horizontal strain rate tensor



Turkiye - Anatolia

Sentinel-1 for Anatolia

2014 - 2019, 40 frames

~200 images/frame

~8,000 images
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Sentinel-1 for Iran
Late 2014 - mid 2022, 7 yr
55/52 frames asc/dsc, ~ 2,300,000 km?
~197/179 images/frame
~20,000 images

~875/766 ifgs/frame
~85,000 ifgs

e Regional deformation is diffuse,
with interseismic strain localized
onto the Doruneh, Main Kopet
Dagh, North Tabriz, and Sharoud
faults.

* [ran contains a wealth of
time-varying, short-wavelength
signals associated with groundwater
extraction, salt diaprism, and
sediment motion
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A few major strike-slip fault systems
separate regions of more uniformly
distributed deformation.

Focused strain on major fault systems
is enabled by relatively low-viscosity
ductile shear zones extending through
the lithosphere beneath the
seismically active fault planes
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Reference Number of Sites Sites Used Region Covered

Reference Number of Sites Sites Used Region Covered Continued from previous Table.
Abbasi et al. (2023) 9 57.3-623°E 25.2-283°N Mukul et al. (2018) 24 23 872-892°FE  235-294°N
Aderetal. (2012) 37 6 79.5-86.9"E 6.9-32.0°N Mullick and Mukhopadhyay (2020) 51 48 864-929°E  22.1-265°N
Aktuget al. (2016) 142 128 267-562°E  262-394°N Nocquet et al, (2016) 6 76 N0 89°E  130470°N
Alothman et al. (2016) 19 18 36.1-56.1°E  16.7-33.3°N Oryan et al. (2023) 68 66 SR6.9TAE  21.8.252°N C.
Ashurkov et al. 2016) 12 6 103.1-1275°E 503-540°N Osman Pour (in prep.) s B SISI6°F 350.3619N
Atanasova-Zlatareva (2014) 30 4 22.7-284°E 41.6-442°N Ozarpact et al. (2021) 49 2 20.4_304°E 40.1-40.8°N
o o oy C - N . .
Aung et al. (2016) 8 0 -k -N Ozbey et al. (2024) 98 91 3L1-414°E  29.5-40.2°N
Barman et al. (2017) 42 41 669 128 E  130-432'N Ozdemir and Karslioglu (2019) 211 199 40T47°E 30.6-529°N
Bisht et al. (2021) 6 i 712772°E 31.8-318°N Oukan et al. (2023 b 51 BT 350.372°N
Bitharis et al. (2024) 212 21 205-27.9°E  352-41.3°N Palanoet aL (2017} s 309 00 386°E 12 d3EON
Blewitt et al. (2018) 5032 438 -8.4-128.1°E 5.0-54.7°N Palano et al. (2018) 835 63 351-622°F 11.5-39.85N
: ° ) 1-62. 530,
Bock et al. (2021) 307 72 .6-125.47E 6.5-54.8'N Pan et al. (2019) 278 274 66.9-049°E  35.1-487°N ] I
Briole et al. (2021) 327 98 199-206°E  35.1-41.5°N Pan et al. (2020) m 265 030_107.0°E  34.0-40.7°N Compile Published
Brockmann et al. (2019) 3174 116 -45-27.9°E 36.0-53.3°N Pan et al. (2021 264 35 910134 3°F 18.2-50.6°N Literature Datasets
Castro-Perdomo et al. (2022) 110 101 40-911°E 9.0-52.0°N Pan et al, (2023) o pe 66.0.595°F 36445 8°N
. o o L 3 -9-89. - -
Chelonietal. (2014) 147 ! 12312578 46.0-46.0'N Pappachen et al. (2021) 34 33 4441159°E 13.0-548°N
Choudhury et al. (2018) 1 1 723-7127°E 232-23.2°N Fouy eral (2019) 20 ; TOATIEE  367387°N
Chousianitis et . (2013) 99 98 198-254°E  363-4LI°N Pifis Valdés et al. (2022) 1e78 104 o e sseon
d’Agostino et al. (2020) 343 332 L0-313°E  35.1-53.9°N Pintori et al. (2022) 545 535 05-203°E  42.4-49.8°N
Daietal. (2023) 28 il 99.4-1004°E  25.6-26.5°N Pirooznia et al. (2020) 4 3 196 513°E  367-37.3°N
DeMets et al. (2020) 51 7 42.0-83.0°F 8.4-26.9°N Pona et al. (2019) 30 | 1077918 20.6.256°N
Devachandra el al. (2014) 19 19 66.9-1144°E 13.0-43.8°N Porkoldb et al. (2023) 909 851 10.1-29.9°E 12.0-52.0°N Helmert-transform
Diaoetal. (2019) 27 25 97.5-10LI°E  34.0-36.7°N Qizoetal @OTN 150 7 748 795°F 39441 3°N each to IRTF2014
Dimitrov and Nakov (2022) 28 2% 227-241°E  416-43.1°N Rashwan et . (2021) o 5 o E°E 193501°N
Duang et al. (2013) 2 2 103.0-1053°E 206-22.3°N Ray ot al, (2019) » 7 05 045°F  237.300°N —
. . Ergeshov et al. (2020 6 6 607-718°E  31.5-41.5°N At PR a6 Altamimi et al,
B¢ al. (2020) ° N Rudenko et al. (2013) 60 2 306-349°E  325-368°N
Ol I I I e OI n Ergintav etal. (2014) 112 ! 2.1-291°E  409-409°N Rui and Stamps (2019) 1719 1098 658-1343°E  102-535°N (2017)
) Ergintav et al. (2023) 796 720 195440°E  33.7-43.0°N Rui et al, (2004) I+t 2 1009 1036°E  28.0.283°N
.. Fang et al. 20220) % 91 T41944%E  13.0-346°N Rui et al. (2025) 776 155 010104 9°E  36.1-30.0°N
Fazilova et al. (2018) 5 5 669-70.6°E  38742.0°N Saji et al. (2020) s P 11403 6°E 13034 1N Compile &
Ve OC | IeS O S u r a C e Fazilova et al. (2025b) 16 1 687-698°E  402316°N S etal (2025) bt 2o TeOSEE  2meslATN Up-Precision
Fazilova etal. (20252) H 2 03.9-659°E  383-385'N Santamaria-Gémez et al. (2012) 69 66 941212°E 13.0-548°N Locati
. Floyd et al. (2023) 360 136 195309°E  35.0-420°N Santamarfa-Gémez et al. (2024) 3686 250 79.1254°E  53548°N ocations
Frohling and Szeliga (2016) 19 4 644-66.6°E  26.2-20.1°N Serpelloni ot al, (2013 704 51 66.958°F  20.5.472°N
I I IO I O n ac rOSS e Fu and Freymueller (2012) 25 ! 85.0-85.0°E  27.2-27.2°N Segnom etal. (2016) 497 464 44253°E 422-547°N
Fu et al. (2020) 15 14 1026-1033°E 26.1-27.1°N Serpelloni et al. (2022) 2865 264 0.3-1254°E 6.1-54.8°N
. . Gahalaut el al. (2019) 2 22 69.0-728°E  21.0-247°N Sharma et al. (2020) 41 38 757-802°E  265-324°N A\
Al (202
Al I n E— H I m a I a a n Be It ga"f‘ “"I‘,ZIO‘%” 201 428 95'5’107"05 20'&34'°°E Sharma et al. (2021} 15 4 79.2.796°E  303-30.5°N R Outh
autam et al. (2017) - s Shirazinejad (in prep.) 25 24 H24TAE 369-30.4°N emove Outliers
Gharbia et al. (2025) 1 1 344347°E 25.2255°N Shevhonkoet a1, (2021) o o oR o Modify Small
Gorshkov et al. (2023) (LSS) 330 201 199-6L.0°E  41.6-55.0°N Shrungeshwara et al. (2023) 13 13 743-762°E  33.6-34.6°N Uncertainiti
Gorshkov et al. (2023) (MED) 331 191 199-61.0°E  41.6-55.0°N Shukurov (2020) . 1 o s - o ncertainities
Gupta et al. (2015) i 0 = N Singhetal, (2022 18 18 T39-762°E 327-34.6°N
. Hamiel and Piatibratova (2021) 291 274 150-513°E  19.2-444°N o Jan;z 2019 o8 ) AL M7 A17oN
L ro m St u I e S a n Hao et al. (2016) 38 2 101L.5-1022°E  25.1-28.3°N Sokhadze etal (2015) 70 5 40301043°E 222-520°N
Hao et al. (2019) 1000 969 743-1343°E  182-53.5°N StecKler et al. (2016) 53 52 66.9-1144°E  13.0-52.2°N Y
Hao ctal. (2021) 990 968 ILO-NT0°E 310-439°N Stoffenctar, (2025) 61 Joco OAAO0°E  30.6.550°N
Hao et al. (2024) 177 176 99.0-1122°F  33.6-42.3°N Suetal (2018) P e 001 1003°F  33333.6°N Automatic Outli
Huang et al. (2023) 26 26 100.5-102.7°E  23.0-25.3°N o . o 17 o utomatic Sutlier
luang e - R Suribabu et al. (2022b) 8 7 69.2-70.1°E 23.1-23.2°N Detection/Removal
Jade et al. (2011) 20 0 —E =N Suribabu et al. (2022a) 4 4 69.0-72.0°E  21.0-22.3°N
Jade etal. (2014) 70 63 669-1028°E  102-43.2°N Timofeev et al. (2024) 15 14 81.291.1°E  20.7-54.8°N
Jade et al. (2017) 50 2 785-038°E  107-21.6°N Vardié et al. (2022) 154 17 36.1-125.4°E 6.9-52.2°N
Jade etal. (2020) 45 a1 66.9-114.4°E 6.9-43.2°N Verm ot al. (2027 » s 759.708°F  29.1207°N
Jolivet et al. (2023) 39 14 321-334°E  407-41.0°N Vil (2020 b= 2 3 01s°E  130.9529N
Jouanne et al. (2017) 78 71 80.1-87.7°E  26.5-30.0°N Vilayev ot al. (2017) 10 9 T6.0784°E  43.0.43.9°N A4
Jouanne et al. (2020) 65 64 7L6-775°E 318-368°N Viltgs ef . (2020) b 3 IS OPE 1160199°N
Kadirov et al. (2014) 6 5 AEA9E°E  TEAIO0°N Viltres et al. (2022) 189 173 347-582°E 9.0-36.2°N Alignment
Kannaujiya et al. (2022) 15 9 716796 29.0-30.5°N Wang et al. (20220) o8 M 015 1064°E  211340°N Eulerpete Rotation
® 7 a re D Ghasemi Khalkhali et al. (2021) 25 18 442 417°E 37.6-39.4°N Wen et o, (20172) 2 5 S8 1ISH°F 38541 0°N P
’ ) Ghasemi Khalkhali etal (2023a) 31 2 SS1-6LI°E  315-37.8°N Wang ot al. (20175 Tei6 |74 B 108 103.459°N
Ghasemi Khalkhali etal. (2023b) 10 10 55.1-623°E  25.3-31.3°N W o ahen 2020) 2150 2150 CLO1343°E  13.0.548°N
o Khorrami et al. (2019) 398 391 398 67.1°E  145M4.9°N Wanget o 0z o o1 T35089°E 344 I1OPN
a re 0 r I ZO nta - Kreemer et al. (2014) 7999 1268 9.2-1349°E 55-54.1°N Wang et al. (2022) P P 7 A2 0°F 28 141 9°N
V/ Kuner et al. (2021) 20 20 686-718°E  353-380°N Wang et al. (2024b) 547 527 67.0-1219°E 247 48.8°N A
Kumar et al, (2023) 9 9 7S4TT4°E 307-32.5°N Wens etal. (2018) > 5 SlASI3E  357.357°N -
Kundu et al, (2014 10 10 741762°E 334 346°N ang et al (X a0l T Remove Outliers
(2014) Wang et al. (2024a) 095 7 855-09.1°E  354-41.9°N
O n Kurt et al. (2023) 836 832 250 446°E  36.0-42.0°N Wani et al. (2025) i 1 TDT62°F  33.0.346°N & Superseded
Lietal. 2017) 212 198 100.1-1074%E  33.9-394°N Wuet al. (20242) 316 200 99.0-110.1°E  322-40.5°N Velocities
. Lietal. (2018) 794 942 669-1080°E  320-459'N Xiong et al. (2021) 1985 1945 743_1343°E  182.53.5°N
Lietal. (2021) 200 193 100.1-107.4°E 33.9-39.4°N Yadan ot al, (2019) i o 150.032°E 289 310°N
are vertical-on Lietal. (2022) 73 & T57-7194°E 39.5-409°N Yadav et a1 (2021) 7 o e N
Lindsey et al. (2023) n 74 895-977°E  16.1-25.1°N Yavesogin ¢t al. (2021) 5 ) 282203°F  410.411°N
Lukhnev et al. (2025) 95 76 89.0-1146°E  43.1-54.9°N Younoe (2023 8 5 1 °E  233313°N Y
Maddahi et al. (2025) ] 3 507-521°E  356-36.1°N Zhangetal. (2021) 15 130 154 08 TPE  208.348°N A Veloditi
Mallick et al. (2019 24 24 88.7-97.1°E 17.4-27.3°N g o 11700 04300 verage Velocities,
Mallic (2019) Zhao et al. (2017) s} 663 103.1-117.0°E  32.0-43.9°N .
. Mantovani et al. (2015) 488 20 98-15.1°E  37.5458°N Zhao ot al, (2023) 857 31 743 1103°F  18.2.487°N Estimate
[ ] 1 O 074 Ieve | I I n ra tes Marechal et al. (2016) 3 15 89.4-9L5°E  268-28.1°N Zheng et al. (2017) 1623 1562 66.9-134.3°E  18.2-54.8°N Uncertainties
) Masson et al. (2015) 2% 26 346-362°E  29.1-314°N Zhoustal. (2016) 152 it e ILI21%E 130.3229N
Metzger et al. (2020) 74 57 684-748°FE  367-40.8°N Zhow ol al. (2023) 2 e 1026 1035°E 255 271°N
Meyer et al. (2024) 28 26 TL6-73.9°E  31.8-34.0°N Zubovich o al. 2016) h 3 22791 E 394.396°N
Milyukov et al. (2015) 7 2 45447°E 43.0-433°N . e A
Milyukov et al. (2022) 13 10 381-420°E  436-47.9°N A4
Mironov et al. (2021) 10 10 416447°E  424-438°N . . e trend -
Mohanty et al. (2024) » 30 IO 804F  32536.0°N Table SA2: Continued from Table SA1. GNSS datasets used in the point- GNSS Velocity
Mondal et al. (2016) 14 2 78.1-802°E  30.1-30.3°N velocity field. with the number of velocities initially contributed by each study Field
Continued in the next Table. . . . R R . .
and the number retained in the final combination. The latitudinal and longitu-
Table SA1: GNSS datasets used in the point-velocity field, with the number of dinal ranges are the regions covered by the velocities retained here.
velocities initially contributed by each study and the number retained in the final
combination. The latitudinal and longitudinal ranges are the regions covered by
the velocities retained here. Continued in next Table SA2.
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https://github.com/earjcr1/AHB_GPS
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More Realistic
Uncertainties
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3 component velocity field
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Permafrost Related Deformation
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Ascending velocities (mm/yr)
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Postselsmic
Deformation

We removed the impact of the coseismic
signals that occurred during the

acquisition timeframe by adding gaps or
truncating the data. However, we did not
attempt to correct for postseismic
deformation resulting from earthquakes
that occurred before the Sentinel-1
observation period nor which occurred
within the observation window (although
we did truncate time series before some
earthquakes that occurred late in the
observation window
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Seismicity & Strain Rates
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Faulting & Strain Rates
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FINDINGS CHALLENGES i # " £

A L ;J;% 4 o
Sentinel-1 has enabled generation of detailed It remains a challenge to measure long-
velocity and strain rate fields at continental wavelength deformation & slow strain rates

scales .
North-south entirely dependent on GNSS

Horizontal motion is dominated by tectonics; distribution

vertical from aquifer-driven subsidence. _ _ _ _
Vertical rates of tectonic deformation still

Strain localised on major faults with diffuse unreliable

deformation extensive across continents. . .
Systematic coverage in areas of dense

Many loci of current strain are scars of old vegetation (SE Asia) unlikely to be possible with
earthquakes this approach
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