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E velocity : -22.63 +/- 0.54 cm/year
acceleration : 3.22 +/- 0.34 cm/year™2
poly3 : -0.29 +/- 0.09 cm/year™3 7]
step20171201T0232: 0.96 +/- 0.53 cm

L L L .
2016 2018 2020 2022

Y/X = 5100, 950, lat/lon = 29,60760, 57.47404

Displacement [cm]
|
b
8

intercept ; -0.19 +/- 0.47 cm

velocity : -9.04 +/- 0.47 cm/year
acceleration: 0.54 +/- 0.26 cmfyear™2
poly3 : 0.07 +/- 0.07 cmjyear™3

3 2016 2018 2020 2022

A e

ol asia 7SS 55 Casdge) Ol S ks 53 o3 s 3usliS bl 53 (C 5B A) Joe ulds ;5 INSAR b o gl ali i NF J.g.i

o oo Sl K5 3 sbw ples L O cund ge (F S E D) gias SO Sl g m (Conly) cdas 0 DL 1) o)l pale 15 g A s OIG (Cndl

Ceiigp Sy Gl (g Al o oslinad andllae ) s oS Cl Sl Sleg gla (6w sdias GLES uj L (XY O Glaepsls) ol ods jasia

e 53 L LOS s € JS3 5155 s 5315 LOS Co s B s A la (S5 ns o 0LE [ a3l on bl e (510 100 51 Sy b at sy

Aas e 0L AY



VPP ) oyl N e Ol S 50 55 alona

O 5 Lislige VY

axdllas 51 55 S ASL M ol 5 5V e e
4 G S5 sy s, LOS gbul> Ol s
33 3 538 sl (Gla s 55 Sy B S g5l T s
a0y 35 Wl 53 Fu,y B3 s edalie gloj M d e
o o Sl 53 5 Aoy Hldis aLies 4 YOIV B YOI F L
LOS L (15 5o Slai (2LJL i bSL lo) liy
@los sl o 53 (&a LOS b (ol 1 i e
ssbas ol Gl i) sl 51 |8 islie ol aST ol
oSty £35S 53l Jolie 53 508 a3 (9l 5L Jol
S 2 S o o 5 L LOS L g 0
23 LOS e glmlr 5 )5 Dosea Sloj b
ool B B Sl sl b Ol bl gble 5 057,
Sl i )3 uiomen A sdaliv e s slus
S p3lie) o) 55 esl o) g o o 53 5 han 05L3l5 3
o) Jan oka 1YL Sl it 4 Cand (6 58 Sdi L (LOS
Jd 0 e TYL (sla ise b anslas 55 pslas opl i odalia
s gnd 25k oSy sba Aol glae L sl
a3 ol b sl ES e Yol Sy
3she oolglp sy 5 Cudipp a4 1, LOS
Gloj i al e 53 HIEVL e 5 das e Ol
Sl pke 8 ws Cd e olkd L i LOS Ol o
5ol (e J5 S oa skl LS5l
bl Al Sl ol S a0, e 53 o
Y BYY alas 8) sloj a5 (sl hen xSl
Ol oS (glas I b 1y O, Lizels (glail s (s SN (Y+YY
s 8 S sl 3 (S Jole & e
Sl LLOS b,y §5 Sl Olid slie .l
ol Rl SR el S es) 4 S dlol
03 1, InSAR Sl s pw anlllas &y 0 Sldalive
S s Sl SN Bl Gl e slaag
<Sop 5 el b Jols s baw L
0L b 8 55 5 0T NS 36 5 e e

GrSami b
N NU N TNk SN IS SCIV.X g N || 98
basbe ke ly e b8 3580 & 5 bl o oS noj e
Gt Ol o sl caK I V9P il
Pl sligd L8 o1 s ailate ol plrlr L
= I (| PP SV PR PS J-JMe s
J,uJ'!ju@;;,a:DEM,,é.wﬁj;ngd\jdlw
slaid W5 ol p ¥ ar s ol dher i 5 (b Sl
2 sl 5 IV s a3 ailate kb 5 ey
23l gl sluls oMl baadd ol i eslizal
UL 5 ot o s S5 gy o el S s,
S 008 @3 J=le s Sles ey 5 lo) iy
o) s 0585, Jos 3 lojler Olbs alie
35 bl pl s ST USU 501y ES e YAV
Ol (loj My al o 53 O oo a1, LA ol
Sl s S soie Gy LS e S s
Yo il S S sls olas @\:5 SIS 4 o s
Fo et 5 8 Jl 4w GILOS Sy b e s
Ve b ls ab s slo o > 0 4o J;L?u 33 .ol 03l
4 Olgee b dalpd b L sls Ol ) )5 e ke
shisy 51 U8 G518 (51855 55 aeSw plusl I 550
SV S rlen 5 b SonS (Sab5l clao) s
SVl (Sou 5 Sy poan S Suils LS
T e S R T
Slasle 3 ok dig lao fize shlst ) 31 oy bn S8
5 Lshe ulta gLl adaie Gl Osm 4 205
Lok el sl 51 L8 4 e e g lule-
o S aw ol palie s LOKS 358
plie ol s OLSS LI b s VL ola e
Jowe 53 b w8 sallealy glaadd o 3 g5 31 jlie o gline
Ll o sl b Sos Sde ol bao el S e,

33335, 6LIs5 L 5 oslsmbe (6le e T a gl 5 Sl



(0 sy o iy Aal53) Olo S shgd 0 28 55 INSAR b (6o (6 o 3l 03lial L (6103 ) o sy S > anlllas

WY

Cigna, F., Tapete, D., Casagli, N., 2012, Semi-
automated extraction of Deviation Indexes (DI)
from satellite Persistent Scatterers time series:
tests on sedimentary volcanism and
tectonically-induced  motions. ~ Nonlinear
Process Geophys 19(6):643—655.

Cohen-Waeber, J., Biirgmann, R., Chaussard, E.,
Giannico, C, Ferretti, A., 2018,
Spatiotemporal patterns of precipitation-
modulated landslide deformation from
independent component analysis of insar time
series. Geophys Res Lett 45(4):1878—1887.

Crosetto, M., Monserrat, O., Cuevas-Gonzéilez,
M., Devanthéry, N., Crippa, B., 2016,
Persistent scatterer interferometry: a review.
ISPRS J Photogram Remote Sens 115:78—89.

Fattahi, H., Amelung, F., 2013, DEM error
correction in InSAR time series, Geoscience
and remote sensing. IEEE Transactions on 51
(7), 4249-4259.  https://doi.org/10.1109/
TGRS.2012.2227761.

Fazio, M., Benson, P. M., & Vinciguerra, S.,2017,
On the generation mechanisms of fluid-driven
seismic signals related to volcano-tectonics.
Geophysical Research Letters, 44, 734-742.
https://doi.org/10.1002/2016g1070919.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S..
Horanyi, A., Mufoz-Sabater, J., Nicolas, J.,
Peubey, C., Radu, R., Schepers, D., 2020, The
ERAS global reanalysis. Q. J. R. Meteorol.
Soc. 2020, 146, 1999-2049.

Hessami, K., Jamali, F., Tabassi, H., 2003, Map of
Major Active Faults of Iran. International
Institute of Earthquake Engineering and
Seismology, IIEES Report, Iran.

Hetland, E., Musé, P., Simons, M., Lin, Y., Agram,
P., DiCaprio, C.,2012, Multiscale insar time
series (mints) analysis of surface deformation.
J Geophys Res Solid Earth 117(B2).

Jolivet, R., Agram, P.S., Lin, N.Y., Simons, M.,
Doin, M.P., Peltzer, G., Li, Z., 2014, Improving
InSAR geodesy using global atmospheric
models. J. Geophys. Res.: Solid Earth 119 (3),
2324-2341.
https://doi.org/10.1002/2013JB010588.

Joyce, K.E., Belliss, S.E., Samsonov, S.V.,,
McNeill, S.J., Glassey, P.J., 2009, A review of
the status of satellite remote sensing and image
processing techniques for mapping natural
hazards and disasters. Prog Phys Geogr
33(2):183-207.

Kemeny, JM.,Cook, N.G,, 1991.,
Micromechanics of deformation in rocks.
In Toughening Mechanisms in Quasi-Brittle
Materials; Springer: Berlin/Heidelberg,

5 LS Gl g e Ol ! das s
3,05 S ssbar loj iy sy 8o 03,56, NS
SINSAR (glags )3 Sloj 5 anlllas olul 3L
2 gl Okd R Gl lresgdme (giluli
Sz Bl plie Gla i w59 (o) 2 9 LOS g
do- o 11l by et Ols e oy s
el Gl Ly o Sldlas ol 5 S T (o5 kL
A2l Syl ST sl e S8 g5l (o g S e,
5> InSAR 5w, 85 sline S labs
SRS kil aiS s ol Calie gl iie
e ot SOl o) Mgy o e 3 (e

S o e 1) e e Ole 5 O 5187550

&l

Ambraseys, N.N., Melville, C.P., 1982, A History
of Persian Earthquakes. Cambridge University
Press. http://www.iiees.ac.ir/fa/eqcatalog.

Baud, P., Wong, T.f., Zhu, W., 2014, Effects of
porosity and crack density on the compressive
strength of rocks. International Journal of Rock
Mechanics and Mining Sciences, 67, 202-211.
https://doi.org/10.1016/j.ijrmms.2013.08.031.

Berberian, M., Jackson, J.A., Qorashi, M., Khatib,
M.M., Priestley, K., Talebian, M., Ghafuri-
Ashtiani, M., 1999, The 1997 May 10 Zirkuh
(Qa'enat) earthquake (M 7.2): faulting along
the Sistan suture zone of eastern Iran. Geophys
JInt. 136:671-694.

Bernardi, M., S., Africa, P., C., Falco, C., 2021, On
the Use of Interferometric Synthetic Aperture
Radar Data for Monitoring and Forecasting
Natural Hazards. Mathematical Geosciences,
Volume53. p.1781 — 1812.

Berti, M., Corsini, A., Franceschini, S., Iannacone,
J., 2013, Automated classification of Persistent
Scatterers Interferometry time series. Natl
Hazards Earth Syst Sci 13(8):1945-1958.

Chang, L., Hanssen, R.F., 2015, A probabilistic
approach for InSAR time-series
postprocessing. IEEE Trans Geosci Remote
Sens 54(1):421-430.

Chiarabba, C., et al., 2009, The 2009 L’Aquila
(central Italy) Mw 6.3 earthquake: Main shock
and aftershocks. Geophys. Res. Lett. 36,
L18308.


http://www.iiees.ac.ir/fa/eqcatalog
https://doi.org/10.1016/j.ijrmms.2013.08.031
https://journals.scholarsportal.info/search?q=Mara%20S.%20Bernardi&search_in=AUTHOR&sub=
https://journals.scholarsportal.info/details/18748961/v53i0008/1781_otuoisfmafnh.xml
https://journals.scholarsportal.info/details/18748961/v53i0008/1781_otuoisfmafnh.xml
https://journals.scholarsportal.info/details/18748961/v53i0008/1781_otuoisfmafnh.xml
https://journals.scholarsportal.info/details/18748961/v53i0008/1781_otuoisfmafnh.xml
https://doi.org/10.1002/2016gl070919

VPP ) oyl N e Ol S 50 55 alona

O 5 Lislige V¥

Germany, pp. 155-188.

Lazecky, M., Spaans, K., Gonzalez, P.J,
Maghsoudi, Y., Morishita, Y., Albino, F.,
2020, LiCSAR: an automatic InSAR tool for
measuring and monitoring tectonic and

volcanic activity. Remote
Sensing.12(15):2430. doi:
10.3390/rs12152430.

McClintock, F. A.,1962, Friction on Griffith
cracks in rocks under pressure. In Proceedings
of the Fourth U.S. National Congress of
Applied Mechanics, pp. 1015-1022.

Milone, G., Scepi, G., 2011, A clustering approach
for studying ground deformation trends in
Campania region through PS-InSAR TM time
series analysis. J Appl Sci 11:610-620.

Moro, M,, Saroli, M., Stramondo, S., Bignami, C.,
Albano, M., Falcucci, E., Gori, S., Doglioni,
C., Polcari, M., Tallini, M., 2017, New insights
into earthquake precursors from InSAR. Sci
Rep 7(1):12035.

Nemati, M., Hajati, F. J., Rashidi, A.,
Hassanzadeh, R., 2020, Seismology of the
2017 Hojedk earthquakes (MN 6.0-6.1),
Kerman province, SE
Iran. Tectonophysics, 780, 228398. Nemati,
M., 2015c. Aftershocks investigation of 2010
Dec. and 2011 Jan. Rigan earthquakes in the
southern Kerman province, SE Iran. Journal of
Tethys (Iran), 3(2): 96-113.

Pepe, A., Lanari, R., 2006, On the extension of the
minimum cost flow algorithm for phase
unwrapping of multitemporal differential SAR
interferograms. IEEE Trans. Geosci. Remote
Sens. 44, 2374-2383.

Savidge, E., Nissen, E., Nemati, M., Karasozen, E.,
Hollingsworth, J., Talebian, M., Bergman, E.,
Ghods, A., Ghorashi, M., Kosari, E., Rashidi,
A., Rashidi, A., 2019, The December 2017
Hojedk (Iran) Earthquake Triplet - Sequential
Rupture of Shallow Reverse Faults in a Strike-
slip Restraining Bend. Geophysical Journal
International, v.217, 909-925, doi:
10.1093/gji/ggz053.

Sibson, R.H., 2020, Preparation Zones for Large
Crustal Earthquakes Consequent on Fault-
Valve Action. Earth Planets Space, 72, 31.

Talebian, M., Biggs, J., Bolourchi, M., Copley, A.,
Ghassemi, A., Ghorashi, M., Hollingsworth, J.,
Jackson, J., Nissen, E., Oveisi, B., Parsons, B.,
Priestley, K. and Saiidi, A., 2006, The

Dahuiyeh (Zarand) earthquake of 2005
February, 22 in central Iran, Geophysical
Journal International, v. 164, p. 137-148.

Tapete, D., Casagli, N.,2013, Testing
computational methods to identify deformation
trends in RADARSAT persistent scatterers
time series for structural assessment of
archaeological heritage. In: International
conference on computational science and its
applications, Springer, pp 693-707.

Tolomei, C., Salvi, S., Boncori, J.P.M., Pezzo, G.,
2015, InSAR measurement of crustal
deformation transients during the earthquake
preparation processes: A review. Boll. Geofis.
Teor. Appl 56, 151-166.

Vaka, D.S., Rao, Y.S., Bhattacharya, A., 2023,
Time series analysis of the pre-seismic and
post-seismic surface deformation of the 2017
Iran—Iraq earthquake derived from Sentinel-1
InSAR data. Journal of Earth System Science.
Volume 132, article number 64. DOI:
10.1007/s12040-023-02085-2.

Vernant, P., Nilforoushan, F., Hatzfeld, D.,
Abassi, M., Vigny, C., Masson, F., Nankali, H.,
Martinod, J., Ashtiani, A., Bayer, R., Tavakoli,
F., Che’ry, J., 2004, Contemporary crustal
deformation and plate kinematics in Middle
East constrained by GPS measurements in Iran
and northern Oman. Geophys. J. Int., 157, pp.
381-398.

Yaseen, M., Hamm, N.A., Woldai, T., Tolpekin,.
V., Stein, A., 2013, Local interpolation of
coseismic displacements measured by InSAR.
Int J Appl Earth Observ Geoinf 23:1-17.

Yunjun, Z., Fattahi, H., Pi, X., Rosen, P., Simons,
M., Agram, P., & Aoki, Y., 2022, Range
Geolocation Accuracy of C-/L-band SAR and
its Implications for Operational Stack
Coregistration. IEEE Trans. Geosci. Remote
Sens., 60, 5227219.

Yunjun, Z., Fattahi, H., & Amelung, F., 2019,
Small baseline InSAR time series analysis:
Unwrapping error correction and noise
reduction, Computers and Geosciences, 133,
104331, doi:10.1016/j.cage0.2019.104331,
PDF, Supp, Code, Data & Figures.

Zhu, W. Baud, P, & Wong, T.2010),
Micromechanics of cataclastic pore collapse in
limestone. Journal of Geophysical Research,
115, B04405.
https://doi.org/10.1029/2009jb006610.


https://scholar.google.dk/citations?view_op=view_citation&hl=en&user=E9-I2LgAAAAJ&citation_for_view=E9-I2LgAAAAJ:UebtZRa9Y70C
https://scholar.google.dk/citations?view_op=view_citation&hl=en&user=E9-I2LgAAAAJ&citation_for_view=E9-I2LgAAAAJ:UebtZRa9Y70C
https://scholar.google.dk/citations?view_op=view_citation&hl=en&user=E9-I2LgAAAAJ&citation_for_view=E9-I2LgAAAAJ:UebtZRa9Y70C
https://link.springer.com/article/10.1007/s12040-023-02085-2#auth-Avik-Bhattacharya-Aff1
https://link.springer.com/journal/12040
http://dx.doi.org/10.1007/s12040-023-02085-2
https://doi.org/10.1029/2009jb006610

Iranian Journal of Geophysics, Vol 19, No 1, 2024, P. 6 (Research article)
DOI: 10.30499/ij2.2024.452404.1592

Interseismic deformation study using InSAR time series resolution in the
Shahdad area, Kerman
(the precursors for the 1396 Hojedk earthquake triplet)

Leila Mahshadnia'*, Seyed Ahmad Alavi?, Mohammad Reza Ghassemi 3 and Zahra Mousavi*

! Ph.D. Candidate, Department of Sedimentary Basins, Faculty of Earth Sciences, Shahid Beheshti University, Tehran, Iran
2 Professor, Department of Sedimentary Basins, Faculty of Earth Sciences, Shahid Beheshti University, Tehran, Iran
3 Professor, Research Institute for Earth Sciences, Geological Survey and Mineral Exploration of Iran, Tehran, Iran
4 Associate Professor, Department of Earth Sciences, Institute for Advanced Studies in Basic Science, Zanjan, Iran

(Received: 16 April 2024, Accepted: 18 August 2024)

Summary

The rate of strain accumulation on a fault may be directly related to the rate of occurrence of
earthquakes.Therefore, the geodesic observations of crustal strain in the interseismic stage and
identification of preseismic instabilities, in addition to being effective in more accurate evaluation of
fault slip rates, also have an important contribution to seismic risk assessment. The deformation of the
surface and its temporal evolution in the active Shahdad fault convergence zone was Estimated using
ESA's Sentinel-1 radar satellite and using large sets of C-band data YA months before and 55 months
after the main earthquakes of December 2017, Hojedk Kerman, in the 8§ years from 2014 to 2022.

Interferogram stacks were made with ISCE2 software. The obtained results were used to create
InSAR time series using the MintPy software package. The corrected phase time series were extracted
for deformation study, and linear and 3rd degree polynomial time model were used to produce velocity
and acceleration maps in three ascending and descending tracks. The average velocity maps confirmed
the presence of non-linear and unstable pre-seismic and post-seismic deformations in addition to stable
displacements in the epicenter of earthquakes. These studies led to the identification of areas with short
and long wavelength anomalies, evidence of seismic precursor signals, and their measurement. The
results in descending tracks showed that More than 20 mmof subsidence in the direction of LOS
occurred in the alluvial basins north of the Lakar Kuh fault three years before the main earthquakes.

The same basins, during the post-seismic phase, showed an uplift of up to 70 mm during
approximately 40 months. The results of time series processing showed that multiple subsidence and
inflation phases occurred in different time-spatial intervals in the epicentral region. Part of the observed
gradual subsidence was observed on a longtime scale before the occurrence of earthquakes, followed by
a period of swelling and uplift, on which more unstable fluctuations of LOS deformation are
superimposed. This slow subsidence is probably related to surface fractures, drainage of underground
water due to the opening of fractures, and consolidation in the surrounding areas of the epicenter before
the earthquake. These observations show the necessity of solving InSAR time series in seismic zones to
find temporal and spatial patterns of surface deformation in interaction with the mechanism and
magnitude of earthquakes. These changes can be effectively used for modeling and calibrating
pre-seismic deformation. Based on the study of time functions in InSAR series and separation of
temporal-spatial ranges with acceleration change in the amount of displacement, as well as determining
the parts affected by subsidence and swelling, it is possible to distinguish the pre-seismic from the
interseismic phase in the seismic cycles. These studies can be useful for identifying the epicenter and
the mechanism of future earthquakes.

Keywords: InSAR time series, earthquake precursor, intersiesmic instability, subsidence, inflation
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	نقشه سرعت و شتاب که با استفاده از سری زمانی منطقه ای InSAR به‌دست آمده است و برازش مدل زمانی (مستطیل های 2، 3 و 4 در شکل 6) و سری های زمانی تک بعدی بر اساس نقشه های سرعت در جهت LOS، فرونشست پایدار را در دشت کرمان نشان می دهد (شکل 16). مقدار این فر...
	شکل 16. چپ: نقشه های سرعت خطی InSAR در مقیاس محلی (A، B و C) در مناطق کشاورزی و زراعی در دشت کرمان (موقعیت در شکل 6 مشخص شده است). پیکان های سفید جهت دید ماهواره را نشان می دهد. (راست) سری زمانی تک بعدی (D، E و F). موقعیت مکان‌ها با دوایر سیاه در شکل ...
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