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MONITORING OF SURFACE DEFORMATION IN NORTHWEST TURKEY
FROM HIGH-RESOLUTION INSAR: FOCUS ON TECTONIC ASEISMIC
SLIP AND SUBSIDENCE

SUMMARY

Geohazards, such as earthquakes, land subsidence and uplift, ground settlement,
landslides and volcanoes cause static and/or dynamic surface deformation and pose
major threat to human life and structures. Especially in earthquake-prone areas,
understanding the spatial and temporal evolution of surface displacement and the
underlying mechanisms responsible for these displacements is of great importance
for geohazard mitigation.

The Anatolian plate is bounded by the right-lateral North Anatolian Fault (NAF) and
the left-lateral East-Anatolian Fault to the north and east-southeast of Turkey,
respectively. It is moving westward due to the convergence of the Arabian and
Eurasian plates and the slab subduction at the Hellenic Trench. The 1600-km-long
NAF is a major continental strike-slip fault, known as one of the most prominent
active faults in the eastern Mediterranean region, with an average slip rate of 24+2
mm/yr. This right-lateral fault ruptured between 1939 and 1999 in a sequence of
eight M>7 earthquakes, with a westward migration that started near Erzincan in the
east and reached the western shore of Marmara Sea in the west. This migration has
been explained by the Coulomb stress transfer during and between successive
earthquakes along fault strike. Between the western end of this sequence, and the
eastern end of the 1912 earthquake to the east of the Marmara sea, a ~70 km-long
section of the NAF defines a major seismic gap very close to the megacity of
Istanbul. Assessment of seismic hazard in the Marmara sea region suggests that a
large and destructive earthquake (M>7) may occur with a probability of 35-70% in
the next 30 years on this fault section, 20 km south of Istanbul. Refined assessment
of seismic hazard, from precise measurements of tectonic ground deformations in
particular, is therefore profoundly important for prevention of any widespread
damage and destruction in the region. This region is also affected by an important
population growth and industrial and land exploitation development, implying other
types of hazards.

The aim of this thesis is therefore centered on the detection and monitoring of
surface deformation in northwest Turkey induced by a variety of natural (such as
tectonic activity, slow moving-landslides, etc.) and anthropogenic (ground water
extraction, construction activities, etc.) hazards and on the analysis of the related
deformation mechanisms and their environmental consequences. In this work, |
computed Interferometric Synthetic Aperture Radar (INSAR) time series to examine
ground deformation evolution for three different case studies associated to different
geophysical phenomena and underlying processes. The focus of this thesis is two-
fold : (1) to reveal and monitor the spatio-temporal characteristics of aseismic slip
along the August 17, 1999 Mw 7.4 Izmit earthquake rupture, and discuss its potential
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relationship with lithology and geology (2) to investigate ground subsidence in urban
or human-exploited areas induced by various factors, and discuss the relative roles of
tectonics, lithology and anthropogenic activities in such ground motion.

In the first case-study, | combined InSAR measurements, based on X-band
TerraSAR-X and C-band Sentinel-1 A-B radar images acquired over the period
2011-2017, with near field GPS measurements, performed every 6 months from 2014
to 2016, as well as creep meter measurements to examine the surface velocity field
around the NAF after the 1999 Izmit earthquake. In this study, the Stanford Method
for Persistent Scatterers INSAR package (StaMPS) was employed to process series of
Sentinel 1 A-B (acquired along ascending and descending orbits) and TerraSAR-X
(ascending orbits) radar images. The INSAR horizontal mean velocity fields reveal
that the creep rate on the central segment of the 1999 Izmit fault rupture continues to
decay, more than 19 years after the earthquake, in overall agreement with models of
postseismic afterslip rate decaying logarithmically with time. Along the fault section
that experienced a supershear velocity rupture during the Izmit earthquake, creep
continues with a rate up to ~ 8 mm/yr. A significant transient event with accelerating
creep is detected in December 2016 on the Sentinel-1 time series, consistent with
creepmeter measurements, near the maximum creep rate location. It is associated
with a total surface slip of 10 mm released in one month only. Complementary
analyses of the vertical velocity fields show a persistent subsidence on the hanging
wall block of the Golcuk normal fault that also ruptured during the Izmit earthquake.
Our results demonstrate that afterslip processes along the North Anatolian Fault east-
southeast of Istanbul are more complex than previously proposed as they vary spatio-
temporally along the fault.

The second case study deals with the identification and measurement of secular
ground deformation in Istanbul from a long-term INSAR time-series spanning almost
25 years of satellite radar observations (1992-2017). This InSAR time series was
computed from radar images of multiple satellites (ERS-1, ERS-2, Envisat, Sentinel-
1 A, B) in order to investigate the spatial extent and rate of ground subsidence in the
megacity of Istanbul. By combining the various multi-track INSAR datasets (291
images in total) and analysing persistent scatterers (Ps-INSAR), we present mean line
of sight velocity maps fields and project them into ground surface velocity maps in
selected areas of Istanbul. Various sites along the terrestrial and coastal regions of
Istanbul are found to be undergoing vertical ground subsidence at varying rates from
~5 mm/yr to ~15 mm/yr. The results reveal that the most distinctive subsidence
patterns are associated with both anthropogenic factors and relatively weak
lithologies along the Haramirede valley in particular, where the observed subsidence
is up to ~10 mm/yr. We show that subsidence has been occurring along the
Ayamama river at a rate of up to ~10 mm/yr since 1992, and has also been slowing
down over time following the restoration of the river and stream system. We also
identify subsidence at a rate of ~8 mm/yr along the coastal region of Istanbul which
we associate with land reclamation, as well as a very localised subsidence at a rate of
~15 mm/yr starting in 2016 around one of the highest skyscrapers of Istanbul, that
was built in 2010.

In the third case study, INSAR time-series analysis is calculated for quantifying the
subsidence of the Bursa Plain (southern Marmara region of Turkey), which has been
interpreted as resulting from tectonic motions in the region. In this study, the StaMPS
is employed to process series of Sentinel 1 A-B radar images acquired between 2014
and 2017 along both ascending and descending orbits. The vertical velocity field
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obtained after decomposition of line-of-sight velocity fields on the two tracks reveals
that the Bursa plain is subsiding at rates up to 25 mm/yr. The most prominent
subsidence signal in the basin forms an east-west elongated ellipse of deformation in
the east, and is bounded by a Quaternary alluvial plain undergoing average vertical
subsidence at ~10 mm/yr. Another localized subsidence signal is located 5 km north
of the city, following the Bursa alluvial fan, and is subsiding at velocities up to 25
mm/yr. The comparison between temporal variations of the subsiding surface
displacements and variations of the water pressure head in the aquifer allows
estimation of the compressibility of the aquifer, «. It falls in the range of 0.5 X
107 — 2 x 107 Pa!, which corresponds to typical values for clay and sand
sediments. We find a clear correlation between subsidence patterns and the lithology,
suggesting a strong lithological control over the observed subsidence. In addition, the
maximum rate of ground subsidence occurs where agricultural activity relies on
groundwater exploitation. The INSAR time series within the observation period is
well correlated with changes in the depth of the ground water. These observations
indicate that the recent acceleration of subsidence is mainly due to anthropogenic
activities rather than tectonic motion.

Finally, this dissertation emphasizes the potentialities of the methodology of INSAR
time-series analysis to efficiently map millimetre-scale deformation for different
geophysical phenomena along the selected region in northwest Turkey. To better
understand the mechanism of crustal deformation and differentiate slow surface
deformations driven by human and regular tectonic activities, further work,
complementary to INnSAR, would be required to enable the monitoring and
forecasting of region-wide geohazards.
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TURKIYE’NIN KUZEY-BATI BOLGESINDEKI YUZEY
DEFORMASYONLARININ YUKSEK COZUNURLUKLU INSAR VERILERI
YARDIMI iLE GOZLENMESI: ASiSMIK SLiP VE COKUNTU OLGULARI

OZET

Deprem, toprak kaymasi, zemin kabarmasi, volkanlar ve otumalar, yer ylizeyinde
statik ve/veya dinamik ylizey hareketlerine sebep olmakta ve bu insan hayati ve
yapilar iizerinde ciddi tehdit olusturmaktadir. Ozellikle, deprem tehlikesinin yiiksek
oldugu bolgelerde, bu gibi ylizey deformasyonlarinin altinda yatan jeofiziksel
olgularin konumsal ve zamansal Glgekte gelisiminin anlasilmasi, afet zararlarinin
azaltilmas1 acisindan biiyiik 6nem tasimaktadir.

Anadolu Plakasi, kuzeyden sag yanal atimli Kuzey Anadolu Fay1 (KAF) ve giiney-
doguda sol yanal atimli Dogu Anadolu Fay1 (DAF) ile cevrelenmis olup, Arap
levhasinin Avrasya levhasina dogru yaklasmasi ve de Helen yaymin c¢ekilmesi
sonucu batiya dogru hareket etmektedir. 1600 km uzunlugundaki Kuzey Anadolu
Fayi, yillik 24+£2 mm’lik bir kayma hizina sahip kitasal yanal atimli bir fay olup,
dogu Akdeniz bolgesindeki en aktif faylardan biri olarak bilinmektedir. KAF, 1939
ve 1999 yillar1 arasinda biiytlikliigii 7 den biiyiik olan bati-yonll 8 adet deprem dizisi
ile kirllmaya ugramistir. Bu deprem dizisi, 1939 yilinda doguda Erzincan Depremi
ile baglamis ve batida 1999 yilinda Izmit Depremi ile Marmara denizinin bati ucuna
ulagmistir. NAF boyunca gozlenen ve art arda meydana gelen bat1 yonli bu deprem
gbcli, Coulomb gerilme transferi ile agiklanmaktadir. Mevcut durumda, bu deprem
dizilerinin batt ucu Marmara Denizi’nin dogusuna dayanmaktadir ve Marmara denizi
icinden gecen kirilmay1 bekleyen segment bdlgede son derece ciddi bir sismik bosluk
olarak tanimlanmakta ve Istanbul metropol sehrine ve civardaki diger yerlesim
yerlerine yakinlig1 dolayist ile biiyiik bir risk oluturmaktadir. Marmara Bolgesi’ndeki
sismik risk analizleri, oniimiizdeki 30 yil icerisinde bolgede biiyiik ve yikict (M>7)
deprem olma olasiligini %35-70 arasinda olarak tespit etmistir. Bu yiizden detayli
sismik tehlike analizleri ve bolgedeki yiizey deformasyonlariin yiiksek hassasiyet ve
siklikta Olciilmesi, bolgede meydana gelmesi beklenen deprem kaynakli biiyiik bir
afetin 6nlenmesi ve azaltilmasinda hayati bir 6neme sahiptir.

Bu etkenler g6z oniinde bulunduruldugunda, yukarida deginilen sebeplerle bu tez
caligmasi, Marmara Bolgesi’ndeki antropojenik (insan kdkenli — yer alti suyu
kullanimi, yeralti ve yer {stii yapilar1 vs.) ve dogal etkenlerden (tektonik hareketler
vs.) kaynaklanan, kiguk olcekli yer hareketlerinin tespiti ve gézlenmesinin yaninda
bu deformasyon mekanizmasinin analizine odaklanmaktadir. Bu tez c¢alismasinda
Sentetik A¢iklikli Radar interferometresi (InSAR) zaman serileri teknigi kullanilarak
farkli jeofiziksel olgulardan kaynaklanan yiizey deformasyonlarinin zamansal ve
konumsal gelisimi ve bu yiizey deformasyonlarin altinda yatan mekanizma analiz
edilmistir. Bu tez ¢alismasinin iki temel odag vardir: (1) 17 Agustos, 1999 izmit
Depremi kirig1 boyunca asismik kaymanin (krip) zamansal ve konumsal dagilim1 ve
litolojik ve jeolojik etkenlerin bu dagilim {izerindeki etkisinin analiz edilmesi; (2)
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kentsel bolgelerde c¢esitli faktorlerden kaynakli yiizey oturmalarinin tektonik
kaynakli olup olmadiginin incelenmesi.

Bu tezin ilk vaka calismasinda, 1999 izmit Depremi’den 19 yil sonra fay cevresi
ylizey deformasyonlarinin tespit edilmesi amaciyla, 2011-2017 yillar1 arasinda (X-
band) TerraSAR-X ve (C-band) Sentinel 1 A-B radar goruntilerinden StaMPS
yontemi ile elde edilen INSAR zaman serileri ve 2014-2016 yillar1 arasinda her alt1
ayda bir fay civarinda tatbik edilen GPS kampanya ol¢timleri, krip metre verileri ile
entegre edilmistir. Elde edilen hiz alanlar1 incelendiginde, 1999 Izmit kiriginin
merkez segmentinde g0zlenen asismik kaymanin, depremden 19 yil sonra da
postsismik afterslip modeli ile uyum icerisinde logaritmik olarak azalarak devam
devam ettigi gorilmiistiir. 1999 depreminde “Supershear” hizi ile kirillan segment
boyunca gozlenen krip hizi ~ 8 mm/yil civarindadir. Sentinel-1 verilerinden elde
edilen zaman serileri analiz edildiginde, 2016 yili Aralik ayinda, krip hizinda ani bir
arti tespit edilmistir. Bu artis ylizeyde ~ 10 mm’lik bir kaymanin 1 aylik bir siire
icerisinde gercgeklestigini gostermistir. Elde edilen diisey yonlii hiz alanlarinda
yapilan analizlerde, deprem sirasinda kirilan Golgiik normal faymin tavan blogunda
belirgin bir oturma sinyali gdézlenmistir. Bu sonuglar gdstermektedir ki, Istanbul’un
giiney bati bolgesinde NAF boyunca gozlenen after slip kayma siireci
diisiiniildiginden daha bir komplex yapida olup, fay boyunca zamansal ve konumsal
Olcekte farklilik gostermektedir.

Ikinci vaka calismasinda, uzun doénem (1992-2017) InSAR zaman serileri
kullanilarak Istanbul sehri ve c¢evresindeki yerel deformasyon ve yer degistirme
miktarlarmin tespiti ve izlenmesi hedeflenmistir. Bu ¢alismada, farkli radar uydu
sensorlerinden (ERS-1, ERS-2, Envisat, Sentinel 1 A-B) elde edilen yaklasik 25
yillik zaman serisi kullanilarak bolgedeki oturma sinyallerinin hizi ve bunlarin
zamansal ve konumsal kapsami1 analiz edilmistir. Her bir veri setinden elde edilen hiz
alanlar1 karsilastirilarak, detayli analiz edilmek {izere belirli boélgeler segilmistir.
Karasal ve kiyisal alan boyunca tespit edilen bu bélgelerde oturma hizlar1 5 + 1.2
mm/y1l ilel5 + 2.1 mm/y1l arasinda degislik gostermektedir. Segilen bu bolgeler
arasinda konumsal kapsam ve hiz olarak en belirgin oturma sinyali 10 + 2.0 mm/y1l
hizi1 hem antropojenik hem de litolojik faktdrlerin rol oynadigi Haramidere vadisi
boyunca goézlenmistir. Ayamama vadisi boyunca 1992 yilindan bu yana gozlenen
oturma sinyali 10 + 1.8 mm/y1l degerinde olup, dere yatagun rehabilitasyonu sonucu
oturma miktarinda belirgin azalma tespit edilmistir. Istanbul’un kiyr alanlarinda
dolgu yapilan bolgelerindeki oturma miktarlari ise yilhik 8 £ 1.2 mm oldugu
gdzlenmistir. Ayrica, 2010 yilinda insa edilen Istanbul’un en yiiksek binas
cevresinde 15 + 2.3 mm/yil hizinda son derece lokal bir oturma gosterdigi
goriilmiistiir.

Son olarak boliim 6’da ele aldigimiz vaka calismasinda, Marmara’nin giineyinde yer
alan ve bolgedeki tektonik aktiviteden kaynaklandigi One siiriilen, Bursa
Havzasi’indaki yer hareketleri INSAR zaman serisi yontemi ile analiz edilmistir. Bu
calismada da, diger iki ¢alisma gibi 2014-2017 zaman aralifim1 kapsayan kuzey
yonll (ascending) ve guney yonli (descending) Sentinel 1 A-B radar verileri StaMPS
yontemi ile analiz edilerek havzadaki deformasyonun zaman serisi elde edilmistir.
Her i¢i ¢er¢cevenin dekompozisyonu sonucu elde edilen diisey yonlii hiz alani, Bursa
havzasmin yilda 25 mm hizla ¢oktiigiinii géstermektedir. Kuatarner aliivyal ova ile
sinirlanan Bursa havzasindaki en belirgin oturma sinyali, ortalama 10 mm/y1l hizinda
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olup, kuzey-glney yonlu elips formuna sahiptir. Bursa sehir merkezinin 5km
kuzeyinde kalan bir diger oturma sinyali ise 25 mm/y1l hizina sahip olup ve oldukca
bir diger lokal bir alanm1 kapsamaktadir. Ylzey deformasyon verilerinin zaman
degisimi ile bolgedeki yeraltt su seviyesindeki zamansal degisim karsilastirilarak,
akiferin sikigabilirlik (a) Ozelligini kestirmek miimkiindiir. Bursa havzasi igin
hesaplanan bu deger 0.5Xx 107 —2x 107¢ Pa! arasinda olup, kil ve kum
boyutunda sediman malzemesinden olusan kayaclar i¢in beklenen sikigabilirlik
degerleri arasindadir. Bursa havzasi boyunca gozlenen oturma sinyalinin konumsal
bazda litoloji ile uyum igerisinde oldugu goriilmiistiir. Bu durum, oturmanin litolojik
kontrollii oldugunu gostermektedir. Bunun yaninda, oturma hizinin maksimum
oldugu bdlgenin, yogun yer alti su kullanimima dayanan tarimsal aktivite ile
ortiismesi, havzadaki su seviyesindeki degisimin, ylizeydeki deformasyon olusumuna
katki sagladigin1 gostermektedir. Kaldi1 ki, InSAR zaman serisi ile su seviyesindeki
degisimin benzer egilim gdstermesi bunu agik¢a ortaya koymaktadir. Sonug olarak
bu calisma gostermektedir ki, Bursa havzasinda gozlenen ¢okme tektonik kaynakli
olmayip, daha ¢ok antropojenik kaynakli bir vakadir.

Bu tez calismasi, Tiirkiye nin kuzey-bati bolgesinde belirli bolgeler icerisinde , farkl
jeofiziksel olgulardan kaynaklanan milimetre mertebesindeki ylizey deformasyonu
caligmalarinda InSAR zaman serisi katkisin1 vurgulamaktadir. Bolgesel jeotehlike
analizlerinin hazirlanmasinda, kabuk deformasyonu mekanizmasimin daha iyi
anlagilmas1 ve kiigiik Olcekli yiizey deformasyonlarmin tektonik kaynakli olup
olmadiginin belirlenmesi i¢in InNSAR ¢aligmalarina ek olarak daha fazla yeni ara¢ ve
teknik kullanilmasi gerekmektedir.
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MESURE ET SUIVI SPATIO-TEMPOREL DES DEPLACEMENTS DE
SURFACE DANS LE NORD-OUEST DE LA TURQUIE, PAR
INTERFEROMETRIE RADAR A HAUTE RESOLUTION: GLISSEMENT
ASISMIQUE ET SUBSIDENCE

RESUME

Les risques naturels, incluant tremblements de terre, déformations volcaniques,
glissements de terrain, subsidence et soulévement du sol, peuvent entrainer des
déformations statiques et/ou dynamiques de la surface de la Terre et constituent une
menace majeure pour la vie humaine et les structures. En particulier dans les zones
sujettes aux tremblements de terre, Le suivi de I'évolution spatiale et temporelle des
déplacements du sol et la compréhension des mécanismes sous-jacents, en particulier
dans les zones soumises aux séismes, sont d’une grande importance dans 1’estimation
des aléas géologiques et la réduction des risques.

En Turquie, la plaque Anatolie est délimitée respectivement par la faille décrochante
dextre nord-anatolienne (NAF), au nord, et par la faille décrochante sénestre est-
anatolienne, a l'est-sud-est. Par rapport a la plague Eurasie, elle se déplace vers
I'ouest en raison de la convergence des plaques Arabie et Eurasie, et de la subduction
le long de la fosse hellénique. La NAF, longue de 1600 km, est I'une des principales
failles actives de la région est de la Méditerranée, avec une vitesse de glissement
moyenne de 24 + 2 mm / an. Cette faille a rompu entre 1939 et 1999 en une séquence
de huit séismes de M> 7, avec une migration vers I'ouest qui a débuté pres d'Erzincan
a l'est et a atteint la rive est de la mer de Marmara a I'ouest. Cette migration a été
expliquée par des transferts de contrainte de Coulomb pendant et entre les
tremblements de terre successifs le long de la faille. Entre I'extrémité ouest de cette
séquence et I'extrémité est du tremblement de terre de 1912 a I'ouest de la mer de
Marmara, une section d'environ 70 km de la NAF définit une lacune sismique a
proximité de la mégapole d'Istanbul. L'évaluation de 1’alea sismique dans cette
région de la mer de Marmara suggére que sur cette lacune, un séisme important et
destructeur (M> 7) pourrait survenir, avec une probabilité de 35 a 70% au cours des
30 prochaines années, a seulement 20 km au sud d'Istanbul. Une évaluation plus fine
de I’alea, en particulier a partir de mesures précises des déformations du sol d’origine
tectonique, revét donc une importance capitale pour la prévention de tout dommage
et destruction dans la région. Cette région est également touchée par une croissance
démographique importante et par le développement de 1’exploitation industrielle et
fonciére, impliquant d’autres types de risques.

Le but de cette these est donc centré sur la détection et la surveillance de la
déformation de surface dans le nord-ouest de la Turquie, induite par une variété de
phénomeénes naturels (telles que I'activité tectonique, les glissements de terrain lents,
etc.) et anthropiques (extraction des eaux souterraines, activités de construction, etc.),
et sur ’analyse des mécanismes de déformation associés et de leurs conséquences
pour I’environnement. Ce travail est base sur le calcul de séries temporelles de
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déplacement du sol par interférométrie radar a synthése d’ouverture (INSAR) afin
d'analyser I'évolution des déplacements du sol, pour trois cas d’études associés a
différents phénomenes géophysiques et processus sous-jacents. L’objectif de cette
these est double : (1) révéler et quantifier les caractéristiques spatio-temporelles du
glissement asismique le long de la rupture du séisme d’Izmit du 17 aolt 1999, et
discuter de leur relation potentielle avec les propriétés de la faille (lithologie,
géologie); (2) étudier la subsidence du sol dans des zones urbaines ou des zones
exploitées par I'nomme, induite par divers facteurs, et discuter des roles relatifs de la
tectonique, de la lithologie et des activités anthropiques dans ce mouvement du sol.
Dans la premiére étude de cas, j’ai combiné des mesures InSAR, a partir d’images
radar TerraSAR-X (bande X) et Sentinel-1 AB (bande C) acquises sur la période
2011-2017, a des mesures GPS en champ proche, effectuées tous les six mois a partir
de 2014 jusqu'en 2016, ainsi qu’a des mesures de creepmeter, pour analyser le champ
de vitesse en surface autour de la NAF, aprés le tremblement de terre d'lzmit de
1999. Dans cette étude, la méthode de Stanford pour les réflecteurs persistents
(StaMPS) a été utilisée pour traiter des séries d'images radar Sentinel 1 A (acquises
le long d’orbites ascendantes et descendantes) et TerraSAR-X (orbites ascendantes).
Les champs de vitesse moyenne horizontale INSAR révélent que le taux de fluage
(« creep ») sur le segment central de la rupture d'lzmit continue de décroitre, plus de
19 ans apres le séisme, ce qui concorde globalement avec les modeles de
décroissance logarithmique des glissements post-sismiques de type « afterslip ». Le
long de la section de la faille rompue a une vitesse « supershear » lors du séisme
d'lzmit, le fluage se poursuit a une vitesse pouvant atteindre 8 mm / an. Un
événement transitoire significatif, avec un fluage en accélération, est également
détecté en décembre 2016 sur la série temporelle Sentinel-1, en accord avec les
mesures d’un creepmeter installé pres de la zone ou la vitesse de fluage est
maximum. Il est associé a un déplacement de surface total de 10 mm accumulé en un
mois seulement. Des analyses complémentaires des champs de vitesses verticales
montrent une subsidence persistante au pied de la faille normale de Golcuk,
également rompue lors du séisme d'lzmit. Nos résultats démontrent que les processus
de relaxation post-sismique le long de la faille nord-anatolienne, a I’est-sud-est
d'Istanbul, sont plus complexes que proposé précédemment, avec des variations
spatio-temporelles le long de la faille.

La deuxiéme cas d’étude porte sur l'identification et la mesure de la déformation du
sol long-terme a Istanbul a partir d'une série INSAR couvrant pres de 25 ans
d'observations radar par satellite (1992-2017). Cette série temporelle INSAR a été
calculée a partir d'images radar de plusieurs satellites (ERS-1, ERS-2, Envisat,
Sentinel-1 A, B) afin d'étudier I'étendue spatiale et le taux de subsidence du sol dans
la mégapole d'Istanbul. En combinant les différents jeux de données INSAR multi-
traces (291 images au total) et en analysant les réflecteurs persistants (Ps-INSAR),
nous presentons des champs de vitesse moyenne en ligne de visée, projetées ensuite
en cartes de vitesse de la surface du sol dans des zones cibles d'Istanbul. Elles
montrent différents sites situes le long des régions terrestres et cotieres d’Istanbul qui
subsident a des vitesses variant entre 5 mm / an et 15 mm / an environ. Les zones de
subsidence les plus significatives sont associées a la fois a des facteurs anthropiques
et a des lithologies relativement « faibles » le long de la vallée de Haramirede en
particulier, ou la subsidence observée peut atteindre ~ 10 mm / an. Le long du fleuve
Ayamama, nous montrons que la vitesse de subsidence peut aller jusqu’a 10 mm / an
depuis 1992, et qu’elle a également ralenti avec le temps a la suite de la restauration
du systeme fluvial. Nous identifions également une subsidence a un taux d'‘environ 8
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mm / an le long de la région cotiere d'Istanbul, que nous associons a la remise en état
des terres, ainsi qu'un affaissement trés localisé a un taux d'environ 15 mm / an a
partir de 2016 autour d'un des gratte-ciel les plus élevés d'Istanbul, construit en 2010.
Dans le troisiéme cas d’étude, une serie INSAR est calculée pour quantifier la
subsidence de la plaine de Bursa (sud de la région de Marmara en Turquie),
auparavant interprétée comme d’origine tectonique. Dans cette étude, StaMPS est
utilisé pour traiter des séries d'images radar Sentinel 1 A-B acquises entre 2014 et
2017 le long d’orbites ascendantes et descendantse. Le champ de vitesse verticale
obtenu aprés décomposition des champs de vitesse en ligne de visée sur deux traces
complémentaires révéle que la plaine de Bursa s'affaisse a des vitesses allant jusqu'a
25 mm / an. A I’est, le signal de subsidence le plus important dans le bassin forme
une ellipse allongée est-ouest et est limité par une plaine alluviale Quaternaire
subsidant a environ 10 mm / an. Un autre signal de subsidence localisé est situé a 5
km au nord de la ville, le long du cone alluvial de Bursa, avec des vitesses allant
jusqua 25 mm / an. La comparaison entre les variations temporelles des
déplacements en surface et les variations de la pression de l'eau dans l'aquifere
permet d'estimer la compressibilité de l'aquifére, a. Il se situe dans la gamme de
0.5x 1076 — 2 x 1076 Pa?, ce qui correspond aux valeurs typiques des sédiments
argileux et sableux. Nous trouvons une corrélation claire entre les zones de
subsidence et la lithologie, ce qui suggére un contrdle lithologique fort sur la
subsidence observée. De plus, les taux maximum de subsidence correspondent aux
zones ou l'activité agricole repose sur I'exploitation des eaux souterraines. La série de
déplacements InNSAR au cours de la période d'observation est bien corrélée aux
changements de profondeur de la nappe phréatique. Ces observations indiquent que
I'accélération récente de la subsidence est principalement due aux activités
anthropiques plutdt gu'aux mouvements tectoniques.

Pour finir, cette thése souligne donc la capacité de la méthodologie INSAR pour
cartographier et quantifier finement des vitesses de déplacement de 1’ordre du mm/an
associées a différents phénomenes géophysiques, dans quelques zones cibles du
nord-ouest de la Turquie. Pour mieux comprendre les mécanisme de déformation de
la croQte terrestre et différencier les déformations de surface lentes induites par les
activités tectoniques ou humaines, d’autres travaux, complémentaires a InSAR,
seraient nécessaires pour permettre la surveillance et la prévention des risques
géologiques régionaux.
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1. INTRODUCTION

A better understanding of the complex behaviour of active faults represents a crucial
challenge to assess geohazards. Detection and measurement of ground deformation
along earthquake prone zones is of great importance for determining the possible
future damage and taking developing precautions to avoid or minimize the risks for
human life and structures. Ground deformations induced by a variety of natural
phenomena (such as earthquakes, landslides and volcanic eruptions etc.) and human-
driven activities (e.g., ground-water extraction, excavation, tunnelling etc.) have a
wide range and vary in space and time. For example, tectonically-driven ground
displacements vary from millimeters to meters occurring in seconds to years, at small
scale as at global scale. They are related to plate tectonics and the earthquake cycle
(Thatcher, 2006, first concept proposed by Reid, 1910). On the other hand, land
subsidence as well is one of the most diverse forms of ground deformation processes,
that vary from local collapses to regional-scale subsidence. Depending on the origin
of the subsidence, vertical displacements may also be associated with horizontal ones
that may cause serious damaging effects and structural instability. Considering all
these aspects, observation of crustal deformation using satellite geodesy (INSAR and
GPS) is profoundly important to advance the understanding of the control parameters
of these ground deformations and to assess geohazard with the goal of environmental
protection and population safety. In order to reduce such hazards, to take their
evolution under control, accurate and continuous measurements of the surface

deformation need to be provided to public administrations.

The employment of satellite based geodetic measurement technique for geological
hazard assessment has dramatically increased during the last two decades in a range
of different ways. In this way, remote sensing data have an immense area of
utilisation in the different phases of the disaster management cycle (Joyce, et al.,
2009). In particular, it can contribute to a rather long-term hazard assessment or in
some cases to rapid evaluation of the likely risk of an event occurring, or to the post

event damage mapping. Especially, the recent developments in satellite technology



and growing demand over time have accelerated the generation of rapid, dense and
accurate information related to the earth surface deformation. High-quality optical
and SAR images are two most common data sets being used for this purpose
presently. In this dissertation, high temporal resolution radar images data sets are
applied to different case studies of ground deformation induced by tectonic, lithology
and anthropogenic activities that can be detected using Interferometric Synthetic
Aperture Radar (INSAR) methods in northwest Turkey.

After the launch of ERS-1 satellite in 1991, the INSAR technique was first applied to
map the coseismic surface displacement caused by the 1992 Landers earthquake
(Massonnet et al., 1993). Since then, it has become a widely used surface
displacement-mapping tool, with significant improvements to measure smaller and
slower displacements. The most advantageous side of using INSAR technique is that
the displacement of the millions of points over a large (100x100 km) surface area of
the Earth can be determined with a high accuracy at a low cost without performing
any ground-truth survey in the field. In the past two decades, the INSAR data
provided results for a wide spectrum of applications such as continental earthquakes
(e.g. Cakir et al., 2003; Sudhaus and Jénsson, 2011), post-seismic deformation (e.g.
Ryder et al., 2007; Biggs et al., 2009, Cakir et al., 2012), interseismic deformation
(e.g. Cavalié et al., 2008; Wang et al., 2009, Cakir et al., 2014), aseismic slip (e.g.
Cakir et al., 2005, 2012; Champenois et al., 2012) and subsidence (e.g.Temtime et

al., 2018) have been reported in numerous studies.

Our aim here is to analyse the temporal and spatial characteristics of surface
deformations in Northwest Turkey by integrating INSAR and GNSS measurements,
geological and hydrogeological data as well as ground-truth observations such as
creep meter data, to discuss various geophysical processes and their driving
mechanisms. The surface deformation that we monitored in northwest Turkey in a
general framework of geohazard assessement and mitigation has been discussed

comprehensively in three independent publications.

1.1 Contributions

The intention of this study is two-fold: (1) to highlight the potential of high-
resolution INSAR data to refine the spatial distribution of shallow creep along the

1999 Izmit rupture, characterize its temporal behaviour and interplay with fault



geometry and lithology; and (2) to monitor the areas affected by land subsidence and
quantify the temporal and spatial evolution of these subsidence signals, in order to
determine the vulnerable part of the cities that are prone to geohazards and discuss
their controlling factors (tectonics and lithology in particular). Below is the summary

of the main contributions of this work:

1. We demonstrate here the potential of high-resolution INSAR data to refine along-
strike variations of creep and characterize its spatio-temporal behaviour along the

1999 Izmit rupture.

2. Spatio-temporal characterization of creep is essential and will contribute to

seismic-hazard assessment maps along the Izmit rupture and its vicinity.

3. We find that the nature of afterslip along the North Anatolian Fault east-southeast
of Istanbul is more complex than previously proposed, revealing the existence of

transient accelerating creep events.

4. We identify several sites along the coastal and terrestrial regions of Istanbul that
underwent significant vertical and horizontal ground deformation at varying rates by
using unique twenty-five years of satellite radar observations. In this sense, given the
high wvulnerability of the mega-city of Istanbul to natural disasters, such as
earthquakes, landslides, or floods, due to heavy and unplanned urbanization
practices, we believe that our research will provide insights and directions for hazard

mitigation to the Public Administrations.

5. We identify the subsidence mechanism of the Bursa Plain (southern Marmara
region of Turkey), by integrating InSAR time-series and geological and
hydrogeological data, which is related to anthropogenic activities (water extraction)

rather than tectonics.

1.2 Thesis Roadmap

Chapter 2 provides a brief, non-exhaustive overview of the literature related to the
earthquake cycle, aseismic slip and the question of how creeping faults contribute to
seismic hazard. We also briefly outline the seismo-tectonic setting of the Anatolian
Plate and the creeping segments along the North Anatolian Fault, including insights
provided by geodetic observations (GPS, INSAR). We outline the motivation behind
this study that basically lays in geohazards evaluation and mitigation.



Chapter 3 presents the INSAR methodology and in particular the Persistent Scatterer

approach used in this study to generate interferograms and displacement time series.

Chapter 4 to 6 are written as independent studies based on three articles that have
been published in peer-reviewed journals. These three independent manuscripts work
into a coherent argument in the context of this dissertation. The author of the present
thesis is the first author of these three publications and was the main contributor to

the work.

Chapter 4 is entitled “Shallow creep along the 1999 Izmit earthquake’s rupture
(Turkey) from high temporal resolution InSAR data (2011-2017)”. | analyse the
spatiotemporal evolution of surface displacement along the central section of the
1999 Izmit earthquake with an unprecedented temporal resolution, using 307 SAR
images acquired between 2011 and 2017, combined with GPS campaign and creep
meter measurements. | use simple elastic dislocation model to estimate the relevant
parameters of the Izmit fault and creeping characteristics along the rupture. I discuss
the lithological origin and tectonic implications of this observation. This chapter is
the backbone and in support of my 1st thesis objective as presented above. The work
in this section is published in the Journal of Geophysical Research (JGR), Solid
Earth as Aslan et al. (2019).

Chapter 5 is entitled “Analysis of Secular Ground Motions in Istanbul from a
Long-Term INSAR Time-Series (1992-2017)”. In this chapter, | present the surface
displacements driven by different factors during twenty-five years using 291 C-band
SAR images by combining multi track/sensor INSAR datasets. We provide insights
into the potential hazard induced by local soil conditions and anthropogenic effects.
We identify several distinctive subsidence patterns and their spatio-temporal
characteristics during the last two decades. The work is published in Remote Sensing
Journal as Aslan et al., (2018).

Chapter 6 is entitled “Investigating subsidence in the Bursa Plain, Turkey, using
Ascending and Descending Sentinel-1 Satellite Data”. | describe new results and
interpretation on the subsidence of Bursa Plain in southern Marmara region of
Turkey from Sentinel 1-A/B images collected between 2014-2017, which had been
previously proposed to result from tectonic motions in the region. We detect ground

subsidence at rates ranging from 5 to 25 mm/yr in an area of 200 km2 and propose



that it is due to groundwater extraction, not tectonic motions. The work in this

chapter in published in Remote Sensing Journal as Aslan et al., (2019).

Chapter 7 summarizes some conclusions and recommendations for future work in the

region.

Appendix A shows the GPS horizontal velocity used in Chapter 4. Appendix B
shows results of atmospheric phase delays removal for each frame used in Chapter 4.
Appendix C describes the uncertainties on horizontal and vertical velocities obtained
from InSAR data inversion in Chapter 4. Appendix D shows the probability
distributions obtained from Monte Carlo Markov Chain exploration of the model

parameters.






2. BRIEF REVIEW OF LITERATURE

2.1 The Earthquake Cycle

Earth deformation driven by plate-tectonic movements is a multi-phase process and
occurs in a large spectrum of timescales ranging from seconds (dynamic/seismic
deformation) to millions of years (tectonic deformation) (e.g. Avouac, 2015
Rosenau, 2017). However, characterizing the nature of a complete earthquake
deformation cycle is not straightforward due to the long recurrence intervals of the
large earthquakes (Meade et al., 2013). In view of such a long-term timescale,
historical and instrumental records only provide a snapshot of the present-day
deformation field in a specific period. Contemporary geodetic observations time
spans (GNSS and InSAR) typically range from days to 30 years that are
encompassing only a tiny fraction of the deformation cycle. That is why such a short
time span of modern geodetic deformation monitoring necessitates comparative
studies at different stages of the deformation cycle, and requires complementary
studies at different time scales from Quaternary tectonics. It remains a major
challenge to obtain a complete overview of the earthquake cycle on a given fault

system.

Reid’s elastic rebound model (Reid 1910) is known as the first and simplest
explanation for how accumulated elastic strain energy is released during earthquakes,
and was derived from displacement observations before and after the 1906 San
Fransisco earthquake. The idea is based on cyclic accumulation and release of elastic
strain along an active fault, using accurate surveys in the vicinity of the San Andreas
fault. According to Reid’s theory (Figure 2.1), the earthquake deformation cycle can
be divided into two periods: the period of slow accumulation of elastic strain during
the intervening period referred to as interseismic phase, followed by a sudden
rupture known as coseismic phase. A third phase of the earthquake cycle, referred to
as post-seismic phase, was discovered in the early 1950s in Japan (Okuda, 1950,

Okada, 1953) and refers to slip that occurs days to decades after an earthquake.
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Figure 2.1: Sketch of the deformation cycle and survey markers at three different
phases of the earthquake cycle (modified from Wright, 2002). (a)
Theoretical geodetic time series (b) Marker is a straight line A-A’
across the fault, in the instant after the last earthquake. c) Displacement
and distortion of profile A-A’ due to interseismic strain accumulation
250 year later. Straight profile B-B’ is an observed profile immediately
before the earthquake in (c) with an offset of 5 m at the fault. d) 10s of
seconds after this earthquake, AA’ markers has been displaced 5m near
the fault and is no longer distorted. BB’ is aligned in the far field and
offset/distorted in the near field. e) Surface markers continue to deflect
due to strain readjustment during the postseismic phase.

2.1.1 Interseismic period

As seen in Figure 2.1, between two successive earthquakes (coseismic phases in
orange) that correspond to instantaneous offsets, two distinct periods exist: 1) the
postseismic phase that shows a transient mechanical response of the lithosphere and
2) the interseismic phase that refers to the secular and steady deformation recorded
later in a seismic cycle. In reality, individualizing the interseismic accumulation
strain phase may be more complex due to delayed post-seismic deformation (Hetland
et al., 2010, Trubienko et al., 2013) and other slow, transient slip events (Radiguet et
al., 2012).



During the interseismic period,.expected surface displacement rates are small, on the
order of millimeters per year. Therefore, geodetic measurements of crustal
movements during the interseismic period require long time series in order to better

quantify strain accumulation along the fault.

As mentionned above, the interseismic deformation was first observed by Reid
(1910) using repeated geodetic-survey measurements from the angular separation of
permanent survey markers in a trilateration network. Later, this conventional method
was replaced by laser ranging method in early sixties (e.g. Savage and Prescott,
1978), with new GNSS measurements in early eighties (e.g. for the North Anatolian
fault Straub et al., 1997; Reilenger et al., 2006), and finally INSAR in early nineties
(e.g. Massonnet et al., 1993). Both GNSS and InSAR now provide precise
measurements of crustal interseismic velocities with uncertainties on the order of

(sub)-millimeters per year.

We know that the Earth’s upper crust behaves as brittle material that accommodates
stress accumulation leading to the earthquake, whereas the underlying lower crust
and mantle creep continuously or transiently due to tectonic loading (Figure 2.2.a). In
a homogeneous elastic half-space, the steady state interseismic displacement rate
across a strike-slip fault is classically modelled using elastic screw dislocation model
(Weertmann and Weertman, 1964; Savage and Burford 1973). The model assumes
pure strike slip on a vertical fault. In this model, velocity does not dependend on the

shear modulus and the fault perpendicular interseismic velocity (v) is given by
v =y tan"1(x/H) (2.1)

where x is the distance from the fault trace, H is the elastic locking depth which is
considered as the same as the seismogenic depth (Wright et al., 2013) and v, is the
deep steady slip rate (e.g. Savage and Burford, 1973). The velocity profile across the
fault zone is characterized by a smooth transition. In this model, the fault is treated as
a buried, infinitely deep and planar surface. The upper brittle crust (i.e. coseismic
layer) corresponds to the locked part of the dislocation from surface down to depth
‘H’ and the down-dip extension of the fault zone is freely slipping at an average rate

of v, that corresponds to the tectonic loading rate.

The strain around a fault is caused by the opposite sense of motions of blocks/plates

when it is locked/stuck due to friction on the fault surface. In earthquake



terminology, the strain is the measure of deformation (change in length) representing
the displacements between two moving blocks relative to a reference length along
the fault. Therefore, considering the elastic properties of the rocks in the upper crust,

strain is a measure of stored energy and characterizes the deformation under stress.
For a given fault-perpendicular velocity field, the shear strain € at the free surface is

derived from equation 2.1 given by
Vo 1

€= 2HT 1+(%)2 (22)

Figure 2.2 shows forward calculations of interseismic fault perpendicular velocities
and the corresponding strain rates for different values of slip rate and locking depth.
For a constant slip rate (Figure 2.2 -b and -c), higher locking depth means broader
deformation zone and lower strain rate at the fault. On the other hand, for a constant
locking depth (Figure 2.2 —d and —), an increase in the slip rate results in larger
strain rates at the fault.
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Figure 2.2: Forward calculations of interseismic fault perpendicular velocity (top)
and strain rates (bottom) using the screw dislocation model (Savage and
Burford, 1973). (a) Vertical cross section of simple layered elastic
block model. The vertical dark black line in the upper gray layer is
elastic and seismogenic part of the fault zone. The red line shows the
freely slipping part in the lower part of the fault. (b) and (c) are the
results for a fixed slip rate (25 mm/yr) and varying locking depths. (d)
and (e) are the results for ta fixed locking depth (15 km) and varying
slip rates.
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2.2.1 Aseismic creep and seismic potential

In classical view of earthquake faulting, active faults release abruptly years of
accumulated strain (Davison, 1901; Reid, 1910, 1911). Within this perspective, the
fault is considered mainly locked during the intervening period. On the other hand,
some other faults slip (creep) continuously or transiently at slow rates with or
without producing any destructive earthquakes (e.g. Tratchet, 1979; Burfold &
Harsh, 1980). These steady or transient slip (creep) behaviours are occurring within
or around the seismogenic zone along the faults which then may store little to no
strain energy (Hussain et al 2016). Better understanding the mechanism of aseismic
creep is important because it can influence the size and timing of large earthquakes.
The studies over the last decades using classical alignment arrays, creep meters, GPS
and INSAR observations have showed the aforementioned fault-creep activities at
varying depths and rates in the seismogenic crust. Creeping faults also generate
earthquakes but usually less frequently and/or of smaller size than the fully locked
fault segments (Schmidt et al., 2005; Jolivet et al., 2013; Kaneko et al., 2013; Cetin
et al., 2014; Maurer & Johnson, 2014). Therefore, determining the relative budget of
seismic and aseismic slips, as well as their spatiotemporal interactions and
relationship with fault properties, is crucial for determining the seismic potential of
active faults (Burgmann et al., 2000, Birgmann & Thatcher, 2013; Avouac 2015;
Harris 2017, Birgmann, 2018). Aseismic slip can occur with various temporal
behaviours: it can be steady (e.g. Fialko, 2006; Motagh et al., 2007), as observed
during the interseismic period, or transient (e.g. Hayes et al., 2014), either triggered
by a major earthquake and decaying with time (postseismic relaxation known as
afterslip, e.g. Lienkaemper et al., 2001) or spontaneously generated by processes still
poorly understood (Jolivet et al., 2015; Rousset et al., 2016). Frictional properties,
fault geometry and lithology, as well as pore fluid pressure variations were proposed
to explain creep behaviour (Avouac, 2015; Burgman, 2018). For example, the
presence of clay-rich gouges and high fluid pressure appear as key factors to generate
creep (Carpenter et al., 2011, Kaduri et al., 2017).

Observations of aseismically slipping faults thus stimulate critical questions about
creep relevance for seismic hazard assessment (Harris et al., 2016). From a
mechanical point of view, creeping behaviour of a fault is an important mechanism

that plays a role in the releasing of elastic strain energy in the fault. Aseismic slip
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may thus be considered as a reducing factor of the seismic moment (energy) of future
earthquakes. However, several case studies show that aseismic slip may also trigger

earthquakes (e.g. Radiguet et al., 2018).

Figure 2.3 shows the forward calculations of interseismic fault-perpendicular
velocity and strain rate profiles of a shallow creeping fault for different creeping
rates. The fault-perpendicular velocity profile shows two different types of
deformation signals: (1) a long-wavelength signal related to the deep tectonic loading
rate, and (2) a velocity discontinuity caused by surface creep at the fault. The higher
rate and depth of creep and lower strain rate concentrated close to the fault explain
the direct relationship between the fault energy released by seismic (earthquakes) and

aseismic (creep) processes at the fault.

Recent development and widespread use of advanced spaceborne technigues,
particularly InSAR, have revealed that steady or transient surface creep behaviour
along major continental faults is more common than previously thought. A recent
review by Harris (2017) discusses the earthquake potential of creeping continental
faults using worldwide data. Reported cases in the literature include the Hayward
fault (Savage and Lisowski, 1993; Schmidt et al., 2005), the Superstition Hills fault
(Bilham, 1989; Wei et al., 2009) and the Central San Andreas fault in California
(DeMichele et al., 2011, Jolivet et al., 2015b, Khoshmanesh and Shirzaei 2018), the
Longitudinal Valley fault in Taiwan (Champenois et al., 2012; Thomas et al., 2014),
the Ismetpasa segment of North Anatolian Fault in Turkey (Ambraseys, 1970; Cakir
et al., 2005; Kaneko et al., 2013; Cetin et al., 2014; Bilham et al., 2016; Rousset et
al., 2016), the Izmit segment of the North Anatolian Fault (Cakir et al., 2012;
Ergintav et al., 2014; Hussain et al., 2016), the Haiyuan fault in China (Jolivet et al.,
2012, 2013, 2015a), the El-Pilar fault in Venezuela (Jouanne et al., 2011, Pousse-
Beltran et al., 2016), and the Chaman fault in Pakistan (Fattahi & Amelung, 2016).
These studies show that the spatial patterns (distribution along strike and depth,
magnitude) and temporal behavior of creep (steady versus sporadic [creep bursts]
creep) vary significantly. These variations may be exploited to develop a better
understanding of aseismic slip processes and their relationships with seismic hazard
(Avouac et al., 2015).
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Figure 2.3: Profiles of interseismic velocity and strain rate across a strike slip fault
using the combination of screw dislocation model (Savage and Burford,
1973) with opposite sense of motion and .Heavyside function (a)
Vertical cross section of simple layered elastic block model. The
vertical dark black line in the upper gray layer is elastic and
seismogenic part of the fault zone. The red line shows the freely
slipping part in the lower and upper part of the fault. In this
configuration, creep occurs from surface down to a shallow depth Da.
(b) and (c) are the results for a fixed slip rate (25 mm/yr), creep depth
(5 km) and locking depth (15 km) for the fault-perpendicular velocity
and strain rate, respectively, with a varying creep rate. Note how strain
rate becomes very localized at the fault for increasing creep rate.

2.3 The North Anatolian Fault (NAF)

The Anatolian plate is bounded by the right-lateral North Anatolian Fault and the left
lateral East-Anatolian Fault to the north and east-southeast of Turkey, respectively.

This plate is moving westward due to the convergence of the Arabian and Eurasian
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plates and slab suction from the Hellenic trench (Reilinger et al., 2006). The 1600-
km-long North Anatolian Fault is a major intracontinental strike-slip fault and known
as one of the most tectonically active faults in the eastern Mediterranean region, with
an average slip rate of 24+2 mm/yr (Reilinger et al., 2006). This right-lateral fault
has ruptured between 1939 and 1999 in a sequence of eight M>7 earthquakes, with a
westward migration that started near the Karliova triple junction in the east and
reached the Sea of Marmara in the west. This migration has been explained by the
Coulomb stress transfer during and in between the successive earthquakes along
strike (Stein et al., 1997). Assessment of seismic hazard in the Marmara region
suggests that a large and earthquake (M>7) may occur with a probability of >50% in
the next 30 years under the Sea of Marmara, 20 km south of Istanbul (Parsons et al.,

2004; Armijo et al., 2005).
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Figure 2.4: Anatolia plate’s relative motion with GPS horizontal vectors in Eurasia
fixed reference frame (Reilinger et al., 2006).

2.3.1 Postseismic creep along the North Anatolian Fault

The Ismetpasa and Izmit segments of the North Anatolian Fault are the two sections
on land that exhibit shallow aseismic creep in the uppermost few km of the upper
crust. Creep is also inferred below the Marmara Sea from the study of
microseismicity and geodesy (Ergintav et al., 2014; Schmittbuhl et al., 2016a and
2016b; Klein et al., 2017) and recent sea-floor observations have shown the existence
of transient creep events (De Michele et al., 2017; Martinez-Garzon et al., 2019).

Based on the observations of the slow displacement of a wall at the train station of
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Ismetpasa in the period 1957-1969, and railway maintenance reports, the fault
creeping behaviour of the NAF at Ismetpasa was first documented by Ambraseys
(1970), a decade after the first observation of this phenomenon on the San Andreas
Fault (Steinbrugge et al, 1960). Various measurements afterward (GPS, InSAR,
Light Detection and Ranging -LIDAR-, creep meter, field observations) allowed to
better characterize the spatio-temporal properties of creep along the Ismetpasa fault
section (Aytun, 1982; Eren 1984; Deniz et al., 1993; Cakir et al., 2005; Ozener et al.,
2012; Kaneko et al., 2013; Cetin et al., 2014; Rousset et al., 2016; Bilham et al.,
2016; Kaduri et al., 2017). The creep rate is decaying with time following the 1944
rupture (Cetin et al., 2014), so that creep has been interpreted as postseismic
relaxation (Cakir et al., 2005). Gouges formed within the fault zone rocks contain
low friction minerals that could explain the creeping behaviour of the fault (Kaduri et

al., 2017) and microstructures of deformation show the existence of both creep and

brittle deformation mechanisms in the fault zone (Kaduri et al., 2018).

Figure 2.5 : Creeping segments of the North Anatolian Fault. The active faults
(Emre et al., 2013) and creeping segments are drawn with thin black
and bold red lines, respectively.

The Izmit creeping section of the North Anatolian Fault was the locus of the My 7.4
Izmit earthquake on 17 August 1999. This earthquake ruptured 145 km of the
western section of this fault, along five segments separated by releasing step-overs.
The rupture extended from Dizce in the east to the submarine segment of the Hersek
delta in the Marmara Sea in the west (Barka et al., 2002; Figure 1). The 1999 Izmit
rupture propagated at a supershear rupture velocity (5 km/s) over a large part of the
fault zone (Bouchon et al., 2001). This earthquake was followed by the My 7.2
Dizce earthquake 86 days after, which ruptured a 45 km-long segment of the North
Anatolian Fault (Cakir et al., 2003a; Konca et al., 2010). The Izmit earthquake
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modified the stress distribution on this fault and played an important role in the
occurrence of the Dilzce event by promoting stress change and postseismic
deformation transients (Hubert-Ferrari et al. 2000; Cakir et al., 2003b).

First observation of creep along the central segment of the Izmit rupture was
documented by Cakir et al. (2012), using GPS and a Persistent Scatterer
Interferometry (PSI1) analysis of 24 ERS SAR images, acquired between 1992 and
1999, and 36 Envisat SAR images, acquired between 2003 and 2009. These authors
investigated pre- and post-earthquake surface deformation along the supershear
segment of the Izmit rupture and concluded that, as no creep was measured before
the 1999 Izmit earthquake, the surface creep is related to postseismic afterslip, with a
rate of 8-10 mm/yr. Using GPS data and additional Envisat images acquired between
2003 and 2012, from both ascending and descending orbits that allowed to better
separate the horizontal and vertical components of creep, Hussain et al. (2016)
reported that aseismic slip was confined to shallow depths (<10 km) and confirmed
its decaying creep rate through time. Their results showed that creep extends
spatially from the Gulf of 1zmit in the west to the east of Sapanca Lake in the east,
with an average horizontal, fault parallel slip rate of 6 mm/yr and a maximum rate of
11+2 mm/yr, which is nearly %40 of the annual tectonic loading rate (Reilenger et
al., 2006, Hussain et al., 2018). Such slip deficit implies that elastic strain is still
being accumulated on the fault along the Izmit section. Different models have been
proposed to explain such postseismic deformation after the 1999 Izmit earthquake.
Postseismic slip partly consists of afterslip on the fault plane and could be controlled
by the frictional properties of the fault zone after a stress perturbation (Marone,
1998). Using a three-dimensional viscoelastic finite element method, Hearn et al.,
(2009) and Wang et al., (2009) proposed that the postseismic deformations in the
region of the 1999 Izmit and Duzce events were the result of a combination of

shallow afterslip and viscoelastic relaxation of lower crust and/or upper mantle.

The most recent radar satellite constellations, with greater spatial and temporal
resolution, offer the opportunity to refine the measurement of aseismic slip
phenomena and to further understand the underlying processes. As mentioned before,
one goal of my thesis was to show the contribution of high-resolution TerraSSAR-X
and Sentinel-1 INSAR data sets to better characterize in space and time the aseismic

slip along the Izmit section of the North Anatolian Fault.
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2.4 Ground Subsidence

Ground subsidence is lowering of surface elevation. It represents widespread
problems in urban areas built on thick, unconsolidated loose soil layers consisting of
clay, silt and peat formations (Zeitoun et al, 2013; Changxing et al., 2007; Evinemi et
al.,, 2016). Ground subsidence can severely and adversely impact the surface
structures and infrastructure due to differential settlement of the ground elevation,
ground slope and through the development of surface cracks (Fergason et al., 2015).
Observation of subsidence is important for understanding the underlying geological
phenomena or human-induced causes. Therefore, ground deformation measurements
can provide very critical information for the protection of people’s safety and

property and for the prevention of geohazards.

Subsidence has been correlated to strata lithology, formation and structure (Wang et
al., 2013; Tornqgvistetal, 2008; van Asselen et al., 2011; Higgins et al., 2014).
However, excessive groundwater pumping is by far the largest cause of subsidence.
Dewatering of loose soil layers or highly porous rocks in which the water provides

structural support produces volumetric contraction and hence surface subsidence.

Since the 1960s, a considerable amount of literature has been published on land
subsidence using various methods of investigations, including conventional practices
and advanced ground sensing systems. Data acquisition techniques depend on the
spatial extent of the anticipated deformation and results were interpreted to
characterize deformation mechanism and their environmental consequences (Dang et
al., 2014). These conventional techniques include optical levelling surveys (Bitelli et
al., 2000), GPS surveys (Sato et al., 2003; Gourmelen et al., 2007), groundwater
monitoring (Taylor and Alley 2002) and tape-extensometers (Ireland et al., 1984;
Poland, 1984; Evseev et al., 2018). Advanced techniques include airborne and space
based observations such as INSAR (Hoffman et al., 2001; Rucker et al., 2013) and
LiDAR (Froese and Mei, 2008), which can provide high-resolution imagery of the

subsiding signal.

Following the development of new satellite technologies and advanced processing
techniques, INSAR has been successfully used to investigate deformation resulting
from subsidence due to withdrawal of groundwater or other fluids (Béjar-Pizarro et
al., 2017; Massonnet et al., 1997; Fielding et al., 1998; Wright et al., 1999; Crosetto
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et al., 2018), soil consolidation (Kim et al., 2010; Aslan et al., 2018), subsurface
mining or collapse of old mines (Carnec et al., 2000; Abdikan et al., 2014), thawing
subsidence (Rykhus et al., 2008), tectonic activity (Temtime et al., 2018), and
soluble earth materials (Baer et al., 2018). Besides, INSAR has also been used to
infer aquifer hydraulic properties such as compressibility and storage coefficient as
well as the mechanics of aquifer system (Galloway et al., 1998; Béjar-Pizarro et al.,
2017; Hoffmann et al., 2001; Tomas et al., 2009; Calderhead et al., 2011; Ezquerro et
al., 2014).

We demonstrate here (Chapter 5 and 6) the contribution of Synthetic Aperture Radar
(INSAR) time series analyses to better characterize the ground subsidence

particularly in urban areas in northwest Turkey.
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3. METHODOLOGY

3.1 Introduction

In this section, we outline the methodology of Interferometric Synthetic Aperture
Radar (InNSAR) processing and in particular the GMTSAR software and Persistent
Scatterer approach used in this study to generate Interferograms and displacement

time series.

INSAR data are widely being used in two main fields of applications: a) generation of
Digital Elevation Models (DEM), and b) spatio-temporal detection and monitoring of
surface deformation induced by various factors by combining a network of multiple
interferograms over a region. It is the latter on which we will focus here. Modern
spaceborne radar technology is a unique tool that provides great perspective for
monitoring the spatiotemporal evolution of different surface deformations. The
Synthetic Aperture Radar is a coherent active microwave imaging technique which
operates in various bands of microwave frequencies (X-, L-, S-, P- and C-band)
(Elachi, 1988; Curlander and McDonough, 199; Bamler and Hartl, 1998) (Table 3.1),
It detects backscattered responses from the terrain and objects on it of an
electromagnetic signal emitted by its own artificially-generated energy sources
during day and night and nearly all weather conditions. New very high resolution
(VHR) (down to to 1 m) X-band satellite missions (TerraSAR-X, Tandem-X,
COSMO-Skymed) offer new possibilities for monitoring surface elements with an
unprecedented level of spatial and temporal resolution, and accuracy thanks to high

revisit frequency that were previously unavailable.

Table 3.1 : Microwave radar frequencies and their wavelengths.

Band Frequency Wavelenght
(GHz) (cm)
P <0.3 100
L 1-2 15-30
S 2-4 7.5-15
C 4-8 3.75-7.5
X 8-12 2.5-3.75
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The conventional InNSAR is able to map ground displacement due to many
geophysical processes but mapping subtle and slowly evolving deformation
processes such as aseismic surface slip requires more sophisticated processing
approaches than the classical differential INSAR method which is often hindered by
signal decorrelation and atmospheric errors. Advanced processing techniques
increase the density of ground measurement and its robustness, reduce the associated
errors due to atmospheric effects, Digital Elevation Model (DEM) errors, and orbital
inaccuracies (Hooper et al., 2007) by using multiple SAR images of the same region
(Ferretti et al., 2000, 2001). Unlike conventional INSAR method, the advanced
techniques generate time series of surface displacement for every given ground
targets using multi-temporal stacks of SAR data when these targets have constant
echo over time. A velocity map shows the ground movement for each pixel averaged
over the observation period whereas the time series analysis depicts the history of the
surface position for each pixel at each acquisition time. In geophysics, scientists are
interested in phenomena that results in surface changes for example earthquakes,
landslides, volcanic activities and subsidence. That is why the time-series INSAR

products are very useful for monitoring the geophysical processes.

3.2 Principles of INSAR

In theory, the phase component of a single SAR image collected with a single
antenna is not meaningful and of no practical use (random noise). In order to perform
any type of interferometric processing we need at least two independent SAR images
(interferometric pair) acquired from slightly different viewing angles over the same
region at different times. In its most basic form, standard INSAR processing is based
on calculating the phase difference of the two acquired phase images (A¢) of the
reflected signals, which is known as radar interferometry, and the image form of A¢
calculated for each resolution element (pixel) of the surface is called interferogram
(Zebker et al., 1994). Typically, in InNSAR terminology, the first SAR image is
referred to as master and second image is labelled slave image. Prior to
interferogram computation, the pixels in slave image are required to be aligned with
that of the master to sub-pixel accuracy (e.g. Brown 1992; Hanssen, 2001). This
alignment is being realized by coarse- and fine-coregistration with cross correlation

in pixel and sub-pixel levels respectively.
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In the following sections | briefly discuss the different phase contributions and the
ways in which they can be estimated.

3.2.1 Contributors to signal phase

The computed differential interferometric phase (A¢), contains the surface
displacement phase component (Agg;sp;) due to movement of the pixel in the
satellite line-of-sight direction and a sum of “unwanted” (i.e. considered as noise for

our geophysical applications) phase terms arising from several contributions :

e topographic phase component (Agy,y,) arising from the different points of

view of the master and slave images on the terrain and inaccurate DEM

information,

e atmospheric phase contribution (A@,:,) due to variations of wave
propagation conditions (change in the atmospheric properties — pressure

temperature, humidity - and ionospheric dielectric constant),
e orbital phase contribution (A¢,,;) due to inaccurate orbital information, and

e the noise (n) term arising from the variability in scattering features of the

pixel, thermal noise and coregistration errors.

The interferometric phase can thus be expressed as

Ap = (A(pdispl + A§0t0p0 + A@orp + A@gim + 1) (3.1)

Apart from these phase contributions, another phase contribution may stem from the
presence of phase unwrapping errors due to incorrect estimate of modulo 2z radians

patterns (wrapped data).

To extract the true phase difference induced by the surface displacement, the phase
contribution from flat earth and surface elevation (topographic and orbital
components) needs to be accounted for by using precise orbits and a digital elevation
model (DEM) of the area (Hanssen, 2001). In this study, the topographic phase
contribution in the interferograms is removed using the SRTM 90-m posting DEM
data (Farr et al.,, 2007). To correct the interferometric phase (A¢) from the
atmospheric component for all interferograms generated in this dissertation, the
atmospheric phase delays were estimated using the ERA-Interim global atmospheric
model (Dee et al., 2011). We used the TRAIN (Toolbox for Reducing Atmospheric
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INSAR Noise) software toolbox (Bekaert et al., 2015) for estimating the radar delay
by interpolating the atmospheric variables to the INSAR pixel locations for each SAR

acquisitions.

3.3 Overcoming Limitations due to Decorrelation Noise

The reliability and accuracy of an interferogram obtained by SAR processing is
limited by the problem of decorrelation on interferometric coherence (i.e., similarity
between the acquisitions). The decorrelation can be temporal decorrelation which
arises from changes on surface scatterer properties due to long period cover (such as
vegetation growth, soil moisture, glacier motion, etc.) and increase with time
between master and slave acquisitions. It can also be spatial decorrelation due to long
baselines (distance between two antennas). Quantitative coherence information is
very important for the performance of SAR processing. This decorrelation limitation
arising from different sources (as well as other limitations due to random
atmospheric delays for example) can be overcome by using new state-of-the-art
INSAR time series methods combining information from multiple SAR acquisitions
instead of just two images. Currently, there are two families of time-series INSAR
technique incorporating information from multiple SAR acquisitions — Persistent
Scatterer (PS) (e.g. Ferretti et al., 2001, Perissin and Ferretti, 2007, Hooper et al.,
2007) and Small Baseline Subset (SBAS) (e.g. Berardino et al., 2002, Lanari et al.,
2004, Biggs et al., 2007, Hooper, 2008) methods or a combination of both (Hooper,
2008) that identify areas where ground surface is least affected by spatial and

temporal decorrelation.

3.4 Persistent Scatterer Method (PS)

As discussed above, the PS approach is based on the use of co-registered long series
stack of SAR images (the larger the number of SAR data, the more precise and
robust the results are) to generate differential interferograms with respect to one
common master. It exploits the radar return signal backscattered from phase stable
targets that function as corner reflectors due to their coherent phase center. It is
developed to overcome some of the limitations of conventional INSAR decorrelation
problems that give rise to disconnected areas in the interferograms in space and time

(Hooper, 2006) and makes the geodetic interpretation difficult. Unlike the Small
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Baseline method, the single-master interferogram method uses all possible
interferometric combinations regardless of their spatial and temporal baselines values
and temporal differences by optimizing the each resolution call containing single
point scatterer. On the other hand, small baseline method is another INSAR stacking
method that relies on appropriate combinations of SAR image pairs characterized by
a small orbital separation (baseline) and with no selection of specific scatterers. PS-
INSAR method is able to generate the average velocity and time series of
displacements by measuring the displacements obtained with the set of

interferograms.

As of today, there are various methods for identifying the PS pixels in interferograms
(e.g. Ferretti et al. 2001; Crosetto et al., 2003, Adam et al., 2005 etc.). In this
dissertation, we used the Permanent Scatterers Interferometry Synthetic Aperture
Radar (PS-InSAR) technique to compute the displacement time series of each stable
Permanent Scatterer pixel (PS) in the study area, based on a single master network in
the Stanford Method for Persistent Scatterers (StaMPS) (Hooper, 2008; Hooper et
al., 2012) package, that takes advantage of the spatial correlation between pixels.
StaMPS uses only the selected pixels that show stable phase and amplitude noise
characteristic in time to compute average velocities and time series. This method is
considered to be a modified version of PS algorithm and is applicable in areas
undergoing non-steady deformation, such as aseismic slip, without using prior

knowledge of the temporal deformation model.
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Figure 3.1 : Schematic diagram illustrating the difference of the phase simulation for
100 acquisition iterations for (a) a pixel with distributed scatterers
showing dispersed signal values, and (b) a pixel with a dominant
Persistent Scatterer pixel with small phase variations (modified from
Hooper et al. (2007)).
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The cartoons in Figure 3.1 represent the scatterers contributing to the phase of one
pixel in an image. In case of non-stationary resolution elements such as vegetated or
cultivated areas where scatterers “move” with respect to each other between satellite
passes, the phase sum changes (Figure 3.1-a). In contrast, if the scatterers are
dominated by a stable large reflector called a persistent scatterer (can be either
manmade or natural features such as buildings, rock outcrop, towers etc.), it results in

a stable phase over time (Figure 3.1-b).

I am giving in the next sections a detailed description of the procedures used in each
step of the interferogram formation and the StaMPS PSI approach employed in this

dissertation.

3.4.1 Procedures: from SLC to geocoded interferograms

For processing interferograms, we used the open-source radar interferometry
software, Generic Mapping Tools Synthetic Aperture Radar (GMTSAR) developed
by Sandwell et al. (2011a,b) that is based on Generic Mapping Tools (GMT; Wessel
et al., 1998). Forming an interferogram using two Single Look Complex (SLC)
images involves three basic steps using GMTSAR’s main processors: 1) a
preprocessor to convert each satellite data type and orbital information into a generic
format; 2) an InSAR processor to focus, co-register images, remove topographic
phase, and form the complex interferogram; 3) post processor based on GMT, to
filter the interferogram and construct interferometric phase, amplitude, coherence
and phase gradient. Unlike many other INSAR systems such as ROl_PAC, GAMMA
and DORIS, GMTSAR relies on sub meter orbital accuracy, which greatly simplifies
the SAR processing algorithms.

The focused SAR image contains backscatter amplitude (intensity) and phase (range)
information for each pixel. This is the complex image. The amplitude component is
the strength of backscattered radar signal from each resolution element that contains
uncertainties that stem from terrain scattering features such as surface roughness, soil
moisture and dielectric constant. The phase is the fraction of the full wave that
represents the precise distance between satellite and target on the ground.
Multiplying the first image by the complex conjugate of the second image forms the
complex interferogram. The first step is coregistration of slave and master images in

sub-pixel accuracy. In GMTSAR, this is done by 2 dimensional cross correlation
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method of multiple small sub-patches taken from slave and master acquisitions
(xcorr.c in GMTSAR). Then GMTSAR uses 6-parameter (3 along range and 3 along
azimuth) affine transformation to align the images using the robust 2-D fit to the
offset data (esarp.c in GMTSAR). After this step, the phasediff.c program computes
the phase difference of the images by removing the effect of curved earth and
baseline dependent topographic phase contribution prior to cross multiplication. The
output file contains the real and imaginary components of a complex interferogram.
After all the position and phase corrections are applied, a spatial low-pass filter
(filter/snaphu) is applied in order to enhance the results of real and imaginary
components of the interferogram and compute standard products of amplitude, phase
and coherence. GMTSAR’s unwrapping processor is based on snaphu (snaphu.c)
unwrapping algorithm. Detailed description method of SNAPHU unwrapping
method can be found in Hooper (2010).

The final step in the processing is to geocode all of the final products by
transforming from radar (range and azimuth) coordinate system to geographical

coordinate system (longitude and latitude).

3.4.2 Procedures: from Interferograms to PS time-series

The idetification of the PS pixels for the time series analysis is performed using
single-look coherent interferograms. Following interferogram processing, we use the
Permanent Scatterers Interferometry Synthetic Aperture Radar technique to compute
the displacement time series at each PS in the study area using a single master
network with StaMPS (Hooper, 2008; Hooper et al., 2012). StaMPS is a Matlab-
based open source software that has been developed partially at Stanford University,
the University of Iceland and Delft University of Technology. This PS-InSAR
technique is an advanced method used to monitor surface deformation caused by
tectonic or anthropogenic activities. The PSI method allows monitoring subtle and
slow deformation signal, mitigating errors due to atmosphere, digital elevation model
and orbital inaccuracies using spatial and temporal filtering. Unlike the amplitude
based approach proposed by Ferretti et. al. (2001), StaMPS does not assume any
priori hypothetical model of the deformation. StaMPS uses both amplitude and phase
information to identify PS points. As the first step of pre-processing, the input dataset

is converted into a format readable by StaMPS and an area of interest is chosen, that

25



must be included in all slave images. In an initial step, the selection of PS points is
performed based on their noise characteristics, using an amplitude dispersion
analysis. The amplitude dispersion criterion is defined by: Damp = (6amp/Mamp)
where 6amp and map,, are the standard and mean deviation of the amplitude in time,
respectively (Ferretti et al., 2001). In the present studies, we selected a threshold
value of 0.42 for Dppp, that minimizes the random amplitude variability and
eliminates highly decorrelated pixels in some areas covered with vegetation,
agricultural fields or snow. Once coherent PS points have been selected based on this
amplitude analysis, the PS selection is refined by phase analysis in a series of
iterations, which allows the detection of stable pixels even with low amplitude. The
next steps of the StaMPS processing includes correction of the residual topographic

component and 3D unwrapping of the PS phase both in time and space.

Unwrapped interferograms after PS selection are corrected from stratified
tropospheric delays using the freely available Toolbox for Reducing Atmospheric
INSAR Noise (TRAIN, Bekaert et al., 2015), based on the ERA-Interim (ERA-I)
global atmospheric model. Corrected interferograms are then used to compute mean

velocity fields in StaMPSv maps in study areas.
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4. SHALLOW CREEP ALONG THE 1999 IZMIT EARTHQUAKE RUPTURE
(TURKEY) FROM GPS AND HIGH TEMPORAL RESOLUTION INSAR
DATA

4.1 Introduction

Earthquakes are the phenomena that caused by rapid release of elastic strain energy
by a sudden slip events propagate along a fault. Estimation of the energy released by
elastic strain for the future possible events are complicated by the occurrence of
asesismic creep. A better understanding of seismic and aseismic slip behaviors of
active faults is a crucial challenge for reliable assessment of seismic hazard (Avouac,
2015) as aseismically slipping part of the fault reduces the seismic moment that
capable to produce earthquake. While most active faults are interseismically locked
within the resolution of geodetic measurements and release abruptly the strain that
has accumulated over long time, some other faults in particular locations slip
continuously or transiently with an absence of destructive earthquakes (e.g. Thatcher,
1979; Burford & Harsh, 1980). Aseismic slip occurring within or around the
seismogenic zone along continental faults is usually referred to as creep and it is an
important indicator of the shear stress. Determining the lateral variation and temporal
characteristic (steady-state or transient) of aseismic creep is highly important for
understanding the mechanism of fault behavior (Galehouse, 1997; Lienkaemper et
al.,, 1997, 2001). In this regard, knowing how slip and creep rates vary
spatiotemporally has profound implications for seismic hazard assessment (Carpenter
etal., 2011).

Studies based on Interferometric Synthetic-Aperture Radar (InNSAR) and Global
Positioning System (GPS) satellite observations until 2012 have shown that the
central segment of the August 17, 1999 Mw 7.4 Izmit earthquake on the North
Anatolian Fault began slipping aseismically following the event. In the present study,
we combine new InSAR time series, based on TerraSAR-X and Sentinel 1A/B radar
images acquired over the period 2011-2017, with near field GPS measurement

campaigns performed every 6 months from 2014 to 2016.
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4.2 GPS Data and Processing

To complement INSAR Sentinel-1 data in modelling the most recent creep rate along
the 1zmit section of the North Anatolian Fault, we used GPS data that we acquired
from 2014 to 2016 during five campaigns (one every six months) along near field
zone. Figure 2 shows the corresponding GPS velocity field for the study area. Details
on GPS sites, velocities and associated uncertainties are provided in Appendix A.
GPS data were processed using the GAMIT/GLOBK (V10.6) software developed by
MIT (King and Bock, 2004; Herring et al. 2015), following the processing strategy in
Ergintav et al. (2009).
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Figure 4.1 : GPS velocities and 95 % confidence ellipses for the period 2014-2016
plotted in Eurasia fixed reference frame (defined as in Reilinger et al.,
2006). GPS profiles aa’, bb’, cc’, dd’ are projected onto InSAR profiles
shown in Figures 4.8 and 4.12 for joint GPS/INSAR inversion.

4.3 InSAR Data and Methodology

4.3.1 Multi-sensor insar time-series

To monitor the surface creep behavior along the 1zmit rupture in the period 2011-
2017, we processed radar images from two different satellites and three different
viewing geometries. In order to observe the deformation pattern at high spatial
resolution, we used one X-band dataset of 32 TerraSAR-X images, acquired in
StripMap mode along ascending orbit (track 24) between 2011 and 2015. TerraSAR-
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X data sets were obtained through the GSNL Marmara Region Permanent Supersite
(available at http://geo-gsnl.org/supersites/permanent-supersites/marmara-region-
supersite/). We also used three C-band datasets with 275 images in total, from three
tracks of the Sentinel 1A/B satellites operated by the European Space Agency (ESA),
acquired along descending and ascending orbits (Tracks 58 [Asc], 160 [Asc], 138
[Dsc], Figures 1 and 3). Data span the period from October 2014 until July 2017. The
25 km-long Izmit-Sapanca Lake segment of the 1999 Izmit rupture is entirely
covered by all tracks (Figure 4.2). The temporal resolution of the Sentinel 1 dataset
increased from 12 days until October 2016 to 6 days after it, after the launch (April
2016) and starting of operational phase of Sentinel 1B (Figure 4.3).
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Figure 4.2 : Tectonic setting and INSAR data coverage. Inset map shows relative
plate motions, with GPS vectors in an Eurasia fixed reference frame
(Reilinger et al., 2006). The study area along the North Anatolian Fault
is indicated with a black rectangle. Dashed rectangles in main figure
outline the location of processed radar images, with track numbers
indicated (S: Sentinel 1A/B, TSX: TerraSAR-X). Gray and black
arrows show line-of-sight and flight directions of the satellites,
respectively. Shaded topography is from Shuttle Radar Topography
Mission. The 17 August 1999 Izmit surface rupture trace (Barka et al.,
2002) and other active faults (Emre et al, 2013) are drawn with bold
black and thin black lines, respectively. The black star indicates the
epicenter of the Izmit earthquake.
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Table 4.1 : Characteristics of each processed track.

Time Interferograms
Track Sensor Geometry g
Interval Used
T24  TerraSAR-X  Ascending 2011-2015 31
T58 Sentinel Ascending 2014-2017 100
T160 Sentinel Ascending 2014-2017 88
T138 Sentinel Descending 2014-2017 84
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Figure 4.3 : Plot of baseline versus time of synthetic aperture radar (SAR) images
for different tracks and satellites (S: Sentinel-1, T: TerraSAR-X), used
to compute displacement fields and time series. Black dots indicate
SAR images and gray stars indicate the master image chosen for time
series analyses.
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4.3.2 PS-InSAR Processing

TerraSAR-X (TSX) interferograms were constructed using the DORIS software
developed by The Delft Institute of Earth Observation and Space Systems at Delft
University of Technology (Kampes et al., 2005). Sentinel-1 interferograms were
processed with GMTSAR software (Sandwell et al., 2011). In both cases, we used
the Shuttle Radar Topography Mission (SRTM) 3-arcsecond (~90-m spatial
resolution) digital elevation model for correcting topographic contributions to the
radar phase. The choice of the master images for each track has been made so as to
minimize the spatial and temporal baselines. For the sake of consistency between the
three Sentinel-1 tracks, the master image is chosen in November 2015 for all tracks.
For the TSX track, it is chosen in July 2014 (Figure 4.3).

Following interferogram processing, we used the Permanent Scatterers
Interferometry Synthetic Aperture Radar (PS-InSAR) technique to compute the
displacement time series of each stable Permanent Scatterer pixel (PS) in the study
area, based on a single master network and the Stanford Method for Persistent
Scatterers (StaMPS) (Hooper, 2008; Hooper et al., 2012). This PS-INSAR technique
is an advanced method used to monitor surface deformation caused by tectonic or
anthropogenic activities. It exploits the radar return signal reflected from persistent
scatterers (phase-stable targets) such as rooftops, large rock outcrops, bridges, or
motorways (Ferretti et al., 2001). It allows monitoring subtle and slow deformation
signal, mitigating errors due to atmosphere, digital elevation model and orbital
inaccuracies using spatial and temporal filtering. StaMPS uses both amplitude and
phase information to identify PS points. In an initial step, the selection of PS points is
performed based on their noise characteristics, using an amplitude analysis. The
amplitude dispersion criterion is defined by : Damp = (Gamp/Mamp) Where oamp
and mup,p are the standard and mean deviation of the amplitude in time, respectively

(Ferretti et al., 2001). In the present study, we selected a threshold value of 0.42 for
Damp, Which minimizes the random amplitude variability and eliminates highly
decorrelated pixels in some areas covered with vegetation, agricultural fields or
snow. Once coherent PS points have been selected based on this amplitude analysis,
the PS selection is refined by phase analysis in a series of iterations, which allows the

detection of stable pixels even with low amplitude. The next steps of the StaMPS
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processing include correction of the residual topographic component and 3D
unwrapping of the PS phase both spatially and temporally.

Unwrapped interferograms after PS selection were corrected from stratified
tropospheric delays using the freely available Toolbox for Reducing Atmospheric
INSAR Noise (TRAIN, Bekaert et al., 2015), based on the ERA-Interim (ERA-I)
global atmospheric model. Corrected interferograms were then used to compute
mean velocity fields in StaMPS. The effect of such corrections is shown on the

Figure S1 in the Supporting information.

Finally, we transformed the mean velocity fields of each track into an Eurasia-fixed
GPS reference frame, following the procedure described by Hussain et al. (2016),
using the GPS velocities around the 1999 Izmit rupture published by Reilinger et al.
(2006). These GPS velocities are derived from pre-1999 earthquake observations (i.e.

they do not include coseismic or postseismic deformation).

4.4 Results

4.4.1 Mean Line-of-Sight Velocity Fields

Figures 4.4 and 4.5 show the mean line-of-sight velocity fields calculated from PS-
INSAR time series analysis along the Izmit earthquake rupture with negative
velocities (cold colors) representing motion of the ground toward the satellite and
positive velocities (warm colors) motion away from the satellite. The change of
motion direction across the NAF is attested by the warm/cold color contrast across
the fault. Considering the different geometries of data acquisition (i.e., ascending or
descending), it is consistent with a right-lateral slip displacement on the fault, due to

the westward movement of the Anatolian plate relative to the Eurasian plate.

All line-of-sight velocity maps show a very sharp velocity gradient along the central
section of the lzmit rupture, in particular between the Izmit Bay and the Sapanca
Lake (Figures 4.4, 45 and 4.6), which constitutes evidence for shallow creep
(Blrgmann et al., 2002; Cakir et al., 2012). East of Sapanca Lake, the creep signal
seems to disappear, which differs from previous INSAR results derived from other
data sets spanning older periods (prior 2011) (e.g. Hussain et al. 2016). Negative
velocities (cold colors) represent motion of the ground toward the satellite and

positive velocities (warm colors) represent motion away from the satellite. Dashed-
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line red boxes indicate the coverage of close-up views of average line-of-sight (LOS)
velocity fields shown in Figure 4.6. Plain-line red boxes highlight the region selected
for decomposing horizontal and vertical velocity fields along the fault in Figure 4.9 -

a and 4.9-b. Black lines indicate active faults in the region (Emre et al., 2013).

The velocity gradient across the fault is sharp and similar in shape in all fault-
perpendicular line-of-sight velocity profiles from different, independent tracks and
viewing geometries (Figure 4.7). The sign difference for ascending and descending
tracks is as expected, and related to the projection of the right-lateral motion on two
opposite line-of-sights. The creep rate near the surface is proportional to the amount
of the line-of-sight velocity offset across the fault measured on these fault-
perpendicular profiles. The creep rates estimated for the three Sentinel tracks (T138,
T58, T160) that span the same time period and TerraSAR-X track (T24) are
consistent with each other and are around 5 mm/yr. In the next sections, we further
explore the spatial variations of the creep rate along fault (sections 4.4.2 to 4.4.4) and
its potential time evolution (section 4.6), through a time series analysis of surface

deformation using all tracks.
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Figure 4.4 : Mean line-of-sight velocity fields for the period 2014-2017, from Sentinel 1A/B descending track 138 obtained from PS-InSAR
time series analysis, and expressed in a Eurasia-fixed reference frame
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Figure 4.5 : Mean line-of-sight velocity fields for the period 2014-2017, from Sentinel 1A/B ascending tracks 58 (a) and 160 (b), and for the
period 2011-2015 from TerraSAR-X ascending track 24 (c), obtained from PS-INSAR time series analysis, and expressed in a
Eurasia-fixed reference frame.
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Figure 4.6 : Close-up views on average velocity fields on four different tracks (same
tracks as in Figure 4.4) along the Izmit Bay-Sapanca Lake segment of
the 1zmit earthquake rupture. The sharp velocity jump observed along
the fault is attributed to shallow creep. Red lines indicate 1999 Izmit
rupture (Barka et al., 2002) and black lines indicate active faults (Emre

et al., 2013). Boxes with dashed-lines contour data points selected to
plot profile of Figure 4.7.
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Figure 4.7 : Line-of-sight velocities from the four processed tracks along an unique
north-south profile perpendicular to the 1999 fault rupture near lzmit
(see dashed box in Figure 4.6 for the profile location). Black dots are
PS-INSAR data points within the swath profile, projected onto its
centerline. Gray error bars indicate 1o variations across profile.
Transparent red box indicates location of fault where PS points are not
taken into account for calculation of best linear fit to the velocities (red
lines). Jumps in the velocity profiles on the fault indicate surface creep
rate (green lines).
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4.4.2 Fault-parallel horizontal velocities versus vertical velocities

The InSAR technique measures projections of ground displacements only along the
line-of-sight look angle. In order to retrieve the components of 3D deformation,
INSAR line-of-sight displacement fields observed under different viewing directions
(i.e. different satellite tracks) over the same ground location must be combined
(Wright et al., 2004).

In order to analyze the spatial variations of horizontal creep rate along the fault, we
inverted the line-of-sight velocity fields to retrieve the horizontal (parallel to the east-
west fault strike) and vertical components using the formalism of Wright et al.
(2004) (Figures 4.8 and 4.9, see also Figures S5 in the appendix C for the associated
uncertainties). We neglected here the motion along the north-south direction, a
reasonable assumption for a strike-slip fault, consistent with observations of surface
displacement during and after the 1999 earthquake. Only the line-of-sight mean
velocity fields calculated from Sentinel 1 A/B images, that cover the same time
interval, were used. Initially we resampled the mean line-of-sight velocities for the
ascending and descending tracks onto a similar grid (with a 200-m pixel spacing)
using a nearest neighbor procedure. Subsequently we selected pixels existing in all
three velocity maps from ascending and descending tracks. Finally the inversion was
carried out for these pixels, taking into account the local incidence angle of the

satellite view.

The discontinuity observed in line-of-sight velocity fields along the North Anatolian
Fault is now much better pronounced in the east-west horizontal velocity field,
especially along the Izmit section of the fault, between Izmit Bay and Sapanca Lake
(Figures 4.8 and 4.9-a). This sharp discontinuity disappears in the east of Sapanca
Lake. We note a slight velocity gradient also along the Iznik fault ~40 km south of
the main North Anatolian Fault (Figure 4.8). The vertical component (Figure 4.9-b)
does not show any prominent discontinuity across the fault, which implies that
aseismic slip is mostly purely horizontal. Variations in the vertical velocity field are
seen at some places around the fault with various spatial patterns and rates,
particularly in the Adapazari basin, as reported previously by Cakir et al. (2012) and
Hussain et al. (2016) for the period between 2002 and 2010 (section 4.4.4).

38



s, g o
IR ' f 4 94, /
\ 2 « 3 . P ) v
3 S50 0 NDNKRY, AT i g . 4 / o) S
(A S PR Y > PO ‘ B p !
. - (f ) of y T
.0 g 58 8 < « " [&] radil /
r 22 WA A g g ] \
2 1 [ = = £ { . ( 1 {4 daadd P 1 IRY |(.(
. | \ . 1 A
1 I 0 Y //) £, Q,«;ﬁ Szl =1 S0
! § 48N
£y

" Izmit Ruptdre .
il

'~

1 1
2 7 S\ - 2 A Y X
by .\‘ /4 = e %k i, A s S \f
P ‘ ; Vs i & N B ¢ \

S 0" I'; () o L ‘,.v
- TR R : ; <ol A0
(,'u'\'.‘ ; o) *glé ¢ :‘J‘{ ! .)§ o
7} Iznik Fault ' 4, \&;‘\%‘Pﬂ \
b0 % B Y AN 6( ./ 4

4 RS pr 5 { ) i \‘\s\ § A'
; i\.‘((‘)‘('.‘ ~“ %“t}‘.“{i\al/“ . b « /FI > d%‘ }*’ . ” ﬁhos (& \’\“’

e

Figure 4.8 : Fault-parallel, horizontal velocity field inverted from line-of-sight
velocity fields of all Sentinel satellite tracks used in this study (2014-
2017). Black lines are mapped active faults in the region from Emre et
al, (2013). Red lines indicate the 1999 Izmit rupture. Lines labeled A-
A’, B-B’, C-C’and D-D’ show locations of profiles of Figure 4.11.
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Figure 4.9 : Enlarged view of the Izmit creeping section of the North Anatolian
Fault. Fault-parallel, horizontal (a) and vertical (b) velocity fields
inverted from line-of-sight velocity fields of Sentinel satellite tracks
used in this study (2014-2017). A sharp discontinuity observed along
the 1999 Izmit rupture reveals shallow creep between the Sapanca Lake
to the east and the Gulf of 1zmit to the west. The black rectangle with
dashed line labeled a-a' in east-west velocity field indicates the location
of the profile shown in Figure 4.10-a. It is superimposed as well on
vertical velocity field in (b) in order to highlight the continuity of the
vertical velocity across fault. The red box indicates location of maps
shown in Figure 13. (c) Geological map of the study region simplified
from MTA — Turkey General Directorate of Mineral Research and
Exploitation 1/500000 scale geologic map.
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4.4.3 Horizontal Creep Rate Distribution Along Fault

The E-W horizontal velocity field can be used to analyze the along strike variations
of the creep. We first use a similar approach as Kaneko et al. (2013). We plot a series
of 8 km-long, 2 km-wide velocity profiles perpendicular to the fault, every 7 km
along strike (Figure 4.9, showing one example of profile -aa’-, and Figure 4.10).
Velocities on both sides of the fault are fitted by a linear trend and the offset across
fault between these best-fit lines is measured, corresponding to the creep rate (Figure
4.10-a). Figure 4.10-c shows strong variations of this creep rate along fault. These
variations are at first order consistent with the results from Hussain et al. (2016),
with a maximum creep rate at the same location, south of Izmit, and an eastward
decrease of the creep rate from the Izmit Bay to the east of Sapanca Lake. However,
the maximum creep rate appears to have decreased from ~10 mm/yr during the 2002-
2010 period covered by their Envisat data to ~8 mm/yr for the 2014-2017 period
covered by our Sentinel-1 data. This is expected due to the temporal decay of the

creep rate since the 1zmit earthquake (Cakir et al., 2012).

4.4.4 Vertical Motion Along the 1999 Rupture

The vertical velocity field shows various anomalies along and near the Izmit rupture
zone (Figure 4.8b). While local subsidence and uplifts areas with varying spatial
extent and rate are observed in the vicinity of the fault, vertical motion localized on
the fault zone is observed only in the Golcuk pull apart basin bounded to the south by
an oblique normal fault, on which 2.5 meters of vertical offset was observed during
the 1999 Izmit earthquake (Barka et al, 2002). The subsidence with a rate of the
order of 10 mm/yr in Golcik is bounded by this normal fault. Figure 12 shows the
highest spatial resolution of the line-of-sight velocity across the fault from the
TerraSAR-X dataset, highlighting a high gradient at the fault location. Such a sharp
gradient across fault may be indicative of creep at shallow depth. However, without
any complementary data or modelling (out of scope of this paper), we cannot exclude
that the subsidence is related to compaction of unconsolidated sediments in the basin

or water pumping.

Another distinctive feature in the vertical velocity field for the studied period 2011-
2017 is the pattern of localized subsidence in the city of Izmit. This subsidence was

first reported by Cakir et al. (2012) using INSAR analysis of Envisat images between
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2003 and 2009. It likely results from urbanization along the northeastern boundary of

the Izmit basin.
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(a) Measuring horizontal creep rate along a fault-perpendicular
velocity profile (profile a-a’ in Figure 4.9). Black dots are E-W PS
velocities within the box projected onto profile centerline, with 1o
uncertainties shown by gray error bars (from data inversion, see text for
details). Red straight lines correspond to best fit to the data on both
sides of the fault (with data within a 200-m distance to the fault, marked
with transparent red box are ignored). The creep rate is the vertical
distance (green line) between the two red lines on the profile. (b) Map
of the 1999 Izmit rupture with (c) variations of horizontal creep rate
along fault, estimated as in (a), inverted using a Bayesian approach or
inverted from time-series analysis (black, red, blue dots and error bars,
respectively). Positive creep values in east-west direction indicate right-
lateral motion.
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As reported by Hussain et al. (2016) using Envisat ASAR images acquired between
2002 and 2012, the Adapazari basin, a deep sedimentary basin, is subsiding at a rate
of ~6 mm/yr. The most devastating effects of liquefaction were observed in this
basin during the 17 August 1999 Izmit earthquake (Bol et al., 2010). A clear velocity
gradient is observed west of the Adapazari, most likely marking a passive boundary
between competent bedrock in the north on Sapanca Lake and Holocene loose
fluvial, palustrine and lacustrine deposits in the Adapazari depression (no active fault
is known at this boundary). Finally, an area of uplift, with an uplift rate of ~6mm/yr,
Is observed in the Derince neighborhood in the province of Kocaeli northwest of the
Izmit bay (Figure 4.8b), as reported previously by Cakir et al. (2012).
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Figure 4.11 : (a) Close-up view of line-of-sight velocities across the Golcuk normal
fault calculated from TerraSAR-X ascending track 24 for the period of
2011-2015. Fault location is indicated by black solid line inland and
dashed lines offshore, inferred from fault geometry inland and
bathymetry and shallow seismic profiles in the Sea of Marmara (Barka
et al., 2002) (b). Line-of-sight velocity profile along profile a-a’shown
in (a).

4.5 Modelling Profile Velocities

To further investigate the variations of the creep characteristics along fault
(horizontal rate and depth), together with the tectonic loading (far-field loading rate
and locking depth of the fault), we invert 80 km-long fault-perpendicular horizontal
velocity profiles (Figures 4.8 and 4.12), chosen to represent the along-strike
variability of the creep seen in Figure 10. We use a Bayesian sampling algorithm,
which allows uncertainties on model parameters and trade-offs between these
parameters to be quantified (Figures 4.8 and 4.13). The shape of the velocity profiles

(Figure 11) confirms the existence of two different deformation signals: 1) the long-
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wavelength arctangent shape associated with the interseismic tectonic strain
accumulation, and 2) a sharp step at the fault (visible only between the Izmit Bay and
Sapanca Lake), due to surface creep. The interseismic slip rate V is modeled using a
screw dislocation at a depth Dy in elastic half-space (Savage & Burford, 1973). The
creep, from surface to depth D, with a rate C, is modeled using the back-slip
approach proposed by Savage (1983), as a combination of slip along the entire fault
plane and a screw dislocation at depth D, in reverse sense to the plate motion. In this
configuration, creep occurs from the surface down to a shallow depth D, only and
the fault is fully locked between depths D; and D,. The total horizontal slip rate v(x)

derived from INSAR can thus be expressed as:
\'% x 1 x
v(x) = — arctan (D_l) + C [E arctan (D_z) —H(x) ] + a, (4.2)

where x is the distance (km) along a direction perpendicular to the fault, and a is a

constant velocity of adjustment between measured velocities and model.

We use the Bayesian algorithm of Goodman and Weare (2010) with a Markov Chain
Monte Carlo (MCMC) sampler (Foreman-Mackey et al., 2013) to explore the model
parameter space (V, D1, C, D2, a) and their full uncertainties. We use Gaussian prior
distributions on the locking depth, centered on D; = 12 km (depth of seismogenic
zone) with a 1o value of 5 km (Ozalaybey et al., 2002), and on the tectonic slip rate,
centered on V = 25 mm/yr (e.g. Cakir et al. (2012), Ergintav et al. (2014)) with a 1o
value of 7 mm/yr. An important additional constraint we impose here is that the
maximum depth of the fault creep must be less than the locking depth, i.e. D, < D1 as
in Hussain et al. (2016). We assume a uniform prior probability distribution for C, D>
and a within the bounds 0<C<8 mm/yr, 0<D2<20 km, -20<a<20 mm/yr. For each
model parameters or combination of parameters, we obtain posteriori probability
density functions to analyze uncertainties and covariances and choose the mean of
posteriori solution as the most representative one, close to the maximum solution as

posteriori probability density functions are mostly Gaussian (Figure 4.13).

The results of the parameters inversion are shown on Figure 11. Figure 12 shows a
posteriori probability density functions for estimated parameters on profile b-b’ as an
example (with high mean values and low two-sigma values, as for all profiles (see
supporting information for profiles a-a’, c-c’ and d-d’-). The most prominent velocity

step i.e. the maximum creep rate (7£0.5 mm/yr) is observed on this profile b-b’ and
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IS consistent, within error bars, with the velocity surface offset measured directly
from a short-length profile (Figure 4.10c). Consistently as well, profile c-c¢’ show a
creep rate lower than for profile b-b’. No significant horizontal creep is required by
the models for the profile d-d’. This confirms that different segments of the Izmit
rupture have presently different slip behaviors. Trade-offs exist between some
parameters, as expected, especially between the rates and the depths, while the creep
velocity and the tectonic loading rate appear uncorrelated (Figure 4.13). Mean
solutions for the creeping depth vary around the value of 5.5 km (Figure 4.12¢),
consistent with previous studies (Cakir et al., 2012; Hussain et al, 2016) for the
central segment of the rupture.
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Figure 4.12 : Observed and modeled horizontal velocity profiles (a to d). Profiles
are perpendicular to the fault and are shown on Figure 4.8. Blue curves
show the mean solution of the interseismic model with shallow creep,
from the Bayesian inversion, with corresponding parameters and one-
sigma value given above each curve. Black arrows point to the location
of the mapped active fault. (e) Map view of profiles in a to d in the
near-field with spatial variations of locking depth and creep depth
estimated for each profile.
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Figure 4.13 : One-dimensional and two-dimensional sampled probability

distributions obtained from Monte Carlo Markov Chain exploration of
the model parameters assuming a priori uniform distribution for all
model parameters but locking depth D; (Gaussian distribution), for
profile b-b'. The diagonal plots display the one-dimensional marginal
distribution for each parameter independently in the histograms. The
panels with clouds of points display the marginal two-dimensional
distributions. The red solid lines indicate the mean value for each model
parameter. Blue dashed lines mark the 95% confidence interval of the
probability density functions. The values above each histogram indicate
the mean value.
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4.6 Temporal Evolution of Creep

In order to identify potential temporal variations of the creep rate, we performed a
time series analysis of the surface displacement using all Sentinel 1A/B data. For
each Sentinel track independently, we computed the temporal evolution of the fault
perpendicular line-of-sight displacement profile shown on Figure 4.6 and at each
time step of the time series, we computed the line-of-sight displacement offset at the
fault (corresponding to surface creep projected in line-of-sight), using the Kaneko et
al., (2013) approach as in section 4.4.1. These displacement offsets were then
converted into horizontal creep, assuming pure horizontal motion, as justified by the
results shown in Figure 4.10, and no motion along the north-south direction (i.e. pure

fault-parallel horizontal motion).

Figure 4.13 shows the derived temporal evolutions of this surface creep for all three
independent Sentinel tracks, and the creep rates appear remarkably consistent. The
mean creep rate is 6.5 £ 0.5 mm/yr, which is in a good agreement with the average
creep rate of ~7 £ 0.5 mm/yr estimated from the analyses presented Figures 4.9 and
11. In order to minimize noise and explore creep rate variations, the obtained
displacements (green, orange and magenta points on Figure 4.14a) were averaged
using 2-month bins (blue dots on Figure 4.14a show the average value with the
corresponding one standard deviation within the bin). This reveals a transient creep
event in the time series around December 2016 that lasted for less than one month. A
linear inversion of the creep rate, done separately for the periods before and after this
month, allows estimating 1) an amplitude of ~10 mm for this transient creep event,
which is equivalent to 1.5 years of steady creep at the mean rate of ~7 mm/yr, and 2)

its approximate duration of three weeks.

To test the statistical validity of this creep event detection from noisy INSAR time
series, we computed the Akaike Information Criterion (AIC, Akaike, 1974), as
currently done for the analysis of GPS time series (e.g. Nishimura et al., 2013). The
AIC is computed first for each time series independently, for a model of linear
velocity and a model with a transient in addition. The AIC difference between the
two models (AAIC) is indicative of the most robust model (Figure 4.14c, with a
positive difference AAIC when the transient model is favored). We then sum up the

AAIC of the three independent time series (Figure 14d).
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Figure 4.14 : Time series of horizontal creep estimated along a fault perpendicular
profile (see location of the profile in Figure 5) using all Sentinel data
sets and assuming pure horizontal motion parallel to the fault. (a) Blue
dots are the binned averages every 60 days. Error bars show one
standard deviation of the distribution of the points within each bin. A
clear transient event is seen around December 2016 (see inset). Red
lines are fitted to the two separate segments of the bin-averaged data
before and after this month. The vertical red line shows the transient
creep event amplitude calculated from the offset of the two red lines.
Black dashed line is the best fitting line for the entire data set points
that represent the mean rate (~6.5 mm/yr). The period of transient
creep, from mid-November to mid-December 2016, is highlighted by
the transparent red background in the inset. Blue dashed line shows
surface slip measured by the creep meter for comparison. (b) Raw data
showing estimated creep displacement with error bars that indicate two
sigma standard deviation of the measurements. (c) Difference of AIC
(Akaike Information Criterion) between linear creep rate models with
and without a transient, computed for each track independently. AAIC
is positive when the transient model is preferred. (d) Summation of all
three AAIC, highlighting one major creep burst.
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The one-month transient creep event of December 2016 discussed above has the
highest AAIC for all three tracks, thus for the summed AAIC. Two other minor peaks
of AAIC may also correspond to other transients during the earlier period, only

sampled every 12 days.

We also compared the temporal trend of the INSAR time series with that of a creep
meter installed near the epicenter of the 1zmit earthquake (see location on Figure 2).
This creep meter recorded two transient creep events in September 2015, with ~2.5
mm of slip, and in December 2016, with ~1 mm of slip (Figure 4.14a). We note the
temporal correlation with two of the transients detected by InSAR, although slip
amplitudes measured by the creep meter are up to ten times slower than the slip
amount (10 mm) estimated using INSAR time series. Such slip discrepancy is likely
suggesting that the creep meter underestimates the creep as it encompasses a small
fraction (about 10 m) of the fault zone.

4.7 Discussion

Our results derived from a PS-InSAR analysis using high-resolution multi-sensor
SAR images and GPS campaign measurements along the 1999 Izmit rupture reveal
that the fault section with supershear velocities during the earthquake, between the
Izmit Bay and Sapanca Lake (Bouchon et al., 2001), is still creeping 19 years after
the earthquake. The average creep rate during the 2014-2017 Sentinel-1 period
reaches up to ~8 mm/yr south of lzmit, a maximum value about half than that
reported after the Izmit earthquake and during the 2002-2010 Envisat period (Cakir
et al., 2012; Hussain et al., 2016). We discuss below the potential factors controlling
this long-lasting creep and its along-strike variations, as well as the mechanical
implications of the one-month creep burst detected during the 3-year period covered
by Sentinel-1 data.

4.7.1 Spatial Distribution of Creep and Geometrical and Lithological Control

Supershear velocity ruptures, as the 1999 Izmit earthquake, have mostly been
observed along major strike-slip faults with overall simple planar geometries (e.g.
Bouchon et al. 2010, Michel and Avouac, 2002), but with local geometrical
complexities, stress or/and frictional heterogeneities along faults that can favor the

transition to supershear velocities (Liu and Lapusta 2008). The spatial coincidence
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between the presently creeping and the 1999 supershear velocity segments of the
North Anatolian Fault may suggest similar controlling factors for these two
phenomena. A possible influence of fault geometry at all scales on creep has
previously been suggested (Jolivet et al., 2015b). The very linear geometry of the
Izmit-Sapanca Lake and Sapanca Lake-Akyazi segments may promote creep, with
fault steps and jogs at these segments extremities controlling the creep lateral extent

and first-order segmentation (Figure 10).

Several mechanisms of creep have been proposed that also correlate the existence of
creep with the nature of the rocks in the fault zone (Moore and Rymer, 2007; Moore
and Lockner, 2013). Along the Ismetpasa creeping section of the North Anatolian
Fault, Kaduri et al. (2017, 2018) showed the important role of lithology and mineral
transformation in the fault zone on frictional properties along fault, therefore on
creep distribution along fault. The clay gouges associated with the aseismic slip on
this fault section (Figure 4.9c) are rich in weak minerals, such as saponite and other
smectites (Kaduri et al., 2017). These low friction minerals have been observed as
well along the creeping segments of the San Andreas Fault in California, and the
Long Valley Fault in Taiwan (Moore & Rymer, 2007, Thomas et al., 2014). Along
the Izmit creeping section, similar detailed analysis of rocks compositions in the fault
zone remain to be done. However, geological maps reveal that the central section of
the 1999 Izmit rupture coinciding with the maximum surface creep puts in contact
Quaternary alluvial deposits in the central depression of the I1zmit basin, north of the
fault, and Eocene volcanic units south of the fault (Figure 9c). The weathering of
these lenses of volcanic rocks could produce weak minerals such as saponite,
favoring the persistency of high creep rate in this location (Kaduri et al., 2017).
These volcanic units become thinner to the east of Sapanca Lake, which could

explain why creep is vanishing eastward.

4.7.2 High Temporal Resolution INSAR Data Reveal Burst-Like Behavior of
Creep

The high temporal resolution provided by the Sentinel-1 data set reveals the
existence of at least one burst of creep at the end of 2016, with a good temporal
correlation with a transient slip event detected by a creep meter located nearby. Such

type of transient creep event had previously been reported along the Ismetpasa
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creeping section to the east, based on the analysis of short repeat time SAR
acquisitions from the COSMO-SkyMed constellation, over a limited one year period
(Rousset et al., 2016). The maximum amplitude (~10 mm in our case, whereas it was
~20 mm along the Ismetpasa section) and duration of these shallow bursts (~1
month) are similar. The growing number of evidence for such creep bursts along the
North Anatolian Fault, as also suggested by long time series of creepmeter
measurements (Altay & Sav, 1991, Bilham et al., 2016), and along other major
strike-slip faults worldwide (DeMichele et al., 2011; Jolivet et al., 2015a; Pousse-
Beltran et al., 2016; Khoshmanesh & Shirzaei, 2018), suggest that continuously
decaying afterslip or steady interseismic creep may not be the rule for creep
behavior. New mechanical models are required to account for coupling temporal
variations at shallow depth and recurrent creep bursts triggering. Long and
temporally dense sets of INSAR data will be a key to constrain these models and
further investigate the magnitude, depth, return period and dynamics of such

transient creep episodes, as well as their contribution to tectonic strain release.

4.8 Conclusion

We have studied the spatiotemporal evolution of surface displacements along the
central section of the 1999 Izmit earthquake with an unprecedented temporal
resolution, using 307 SAR images acquired between 2011 and 2017, combined with
GPS campaign measurements acquired every six months from 2014 to 2016. The
joint analysis of GPS data and all SAR images acquired from multi-viewing
geometries and multi-sensors, through a PS-INSAR data analysis, allowed to extract
both horizontal and vertical motion along the fault and relevant slip parameters on
fault.Subsidence in the Adapazari basin is still observed, at a rate of ~6 mm/yr, as
previously reported by Hussain et al. (2016) using Envisat ASAR images. Other
localized subsidence and uplift areas are identified around the Izmit Bay area. A
prominent subsidence is observed for the first time on the hanging wall of the Golcuk
normal fault, which marks the southwestern boundary of a releasing stepover along
the North Anatolian Fault, ruptured during the Izmit earthquake. The high velocity
gradient of ~10 mm/yr detected across this oblique normal fault could be due either
to passive subsidence in the basin located north-east of it or most likely to shallow

afterslip.
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Our results also show that creep along the Izmit section, previously interpreted as
afterslip following the 1999 earthquake, is still taking place and continues to decay
more than 19 years after the earthquake. The along-strike distribution of the average
creep rate is consistent with previous GPS and InSAR studies (Cakir et al., 2012;
Hussain et al., 2016), with a maximum creep rate now reduced to ~8 mm/yr. Creep is
spatially correlated with the presence of volcanic rocks on the southern side of the
North Anatolian fault that could produce weak minerals at the origin of creep. The
analysis of the high temporal resolution of Sentinel-1 data reveals the existence of
temporal fluctuations of the creep rate with the detection of a one-month burst of
creep in December 2016, with an amplitude of ~10 mm. The occurrence of this
transient event, together with similar observations along the Ismetpasa creeping
section of the North Anatolian Fault, suggests that fault afterslip is not evolving
continuously with time but can occur through a combination of continuous creep that

decays with time after a major earthquake and accelerating bursts of creep event.
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5. ANALYSIS OF SECULAR GROUND MOTIONS IN ISTANBUL FROM
LONG-TERM INSAR TIME_SERIES (1992-2017)

5.1 Introduction

Very rapid social and economic transformation in recent decades caused a huge
rural-to-urban migration all over the world, which fueled urban growth. This massive
population shift brings many complex challenges together with regard to the
sustainable development and natural disaster management. Istanbul is the largest city
in Turkey with a population of approximately 14 million inhabitants and one of the
most rapidly growing cities in Europe (Leeuwen et al., 2016). According to the
Istanbul Transportation Master Plan (ITMP), when taking into account the
consequence of Turkey’s economic growth in the last two decades and the large
immigration, projections indicate that the population will overcome 20 million
inhabitants in 2023 (E.B.R.D report. Available online:
http://www.ebrd.com/english/pages/project/eia/42163nts.pdf). This rapid population

growth poses major threats to the city’s development when considering its
vulnerability to natural disasters such as earthquakes, landslides and floods, due to
heavy and unplanned urbanization practices. Besides, the short distance (~20 km) of
the main active branch of the North Anatolian Fault to the city poses major threat for
Istanbul (Helgert et al., 2010)

Space-borne Interferometric Synthetic Aperture Radar (INSAR) is a powerful remote
sensing tool that enables observations of Earth’s surface day and night under all-
weather conditions with high precision. Over the past decades, the method has been
widely exploited to measure and monitor ground deformation induced by
earthquakes (Massonnet et al., 1994; Zebker et al., 1994; Cakir et al., 2003; Diao et
al., 2006) volcanoes (Biggs et al., 2016), withdrawal of ground water or other fluids
(Témas et al., 2011; Ruiz-Constan et al., 2016), soil consolidation (Kim et al., 2008;
Kim et al., 2010), mining (Abdikan et al., 2014), landslides (Colesanti et al., 2004),
permafrost melting (Liu et al., 2014), ground subsidence (Akarvardar et al., 2009;

Ferretti et al., 2015), land reclamation (Xu et al., 2016) and sinkholes (Intrieri et al.,
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2015). Previous studies have shown the capacity of INSAR methods to measure and
map land subsidence due to various anthropogenic factors including ground water
extraction in megacities such as Tianjin (Luo et al., 2014; Zhang et al., 2013),
Shanghai (Chen et al., 2013), Mexico City, (Osmanoglu et al., 2011) and lithological
factors in Bandung basin, Indonesia (Khakim et al., 2014). Among InSAR
techniques, Persistent Scatterer INSAR (PS-INSAR) was developed to tackle
limitations due to temporal and geometrical decorrelation and atmospheric effects
(Ferretti et al., 2000, 2001 & 2004; Colesanti et al., 2003a, 2003b, 2003c) It enables
to monitor the temporal evolution of the ground motion by exploiting multiple SAR
images acquired over the same area. It uses the radar return signal reflected from
persistent scatterers (PS, point-wise phase-stable targets) such as rooftops, large rock
outcrops, bridges or motorways, where the spatial density of such PS is high (Ferretti
et al., 2001). PS-InSAR analyses provide time series of PS displacements and
average surface velocities by searching a motion model relative to a reference point,

assumed to be motionless.

In the megacity of Istanbul, PS-INSAR time series analysis have allowed to monitor
ground motions induced by antropegenic activities (Calo et al., 2015), lithological
features (Walter et al., 2010) and tectonic activities (Diao et al., 2006, 2016).
However, there has been little discussion about the long-term temporal evolution of
the ground motion and its possible causes. This study presents a PS-INSAR analysis
of the secular ground motion in the urbanized metropolitan area of Istanbul. The
processed INSAR data (Figure 5.1) span nearly 25-years from 1992 to 2017, with
multi-sensor images acquired along ascending and descending orbits. All surface
motion anomalies that we identify are associated with ground subsidence induced by
various factors including natural compaction, and anthropogenic activities. These
subsidence anomalies are carefully measured and analyzed from the perspective of
urbanization and assessment of geohazard for the city of Istanbul. The causes of
subsidence in cities are diverse and include factors such as lithology, variations in
soil moisture content, groundwater exploitation and overburden load associated with
human activity. In Istanbul, considering the proximity of several segments of the
active North Anatolian Fault (NAF) in the Sea of Marmara that remains unbroken
since 1776, the characterization of subsidence susceptibility for Istanbul is crucial

with regards to hazard mitigation and urban planning, as it can allow to identify the
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vulnerable parts of the region prone to damage by a possible future earthquake. The
main goal of the present study is thus to use long-term PS-InSAR time-series 1) to
quantify subsidence phenomena and discuss associated causes such as lithology-
controlled natural compaction and anthropogenic activities, 2) to monitor the

temporal evolution of the subsidence.
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Figure 5.1: Study area and satellite synthetic aperture radar data coverage used in
the present study. The shaded topography is given by the Shuttle Radar
Topography Mission (SRTM) along the North Anatolian Fault (NAF)
in the Sea of Marmara and major faults are drawn in red (Emre et al.,
2003). Rectangles labeled with sensor and track number indicate the
coverage of the SAR images used in the present study. The red and
black arrows indicate satellite’s line-of-sight look and flight directions,
respectively. Circles with numbers show the study regions in the paper
(details are given in the text).
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5.2 Background of Study Areas

The present study primarily focuses on six areas where INSAR time-series allow to
detect anomalous ground displacement: the region of Haramidere where a series of
active natural landslides had been previously mapped (circle 1 in Figure 5.1 and 5.2),
the Ayamama flood plain (circle 2 in Figure 5.1), as well as several local subsidence
areas related to anthropogenic activities (circles 3 to 6 in Figure 5.1).

5.2.1 Geological setting

The Haramidere and the Ayamama streams are located near the boundary between
the Istranca Methamorphic Unit (Paleozoic-Mesozoic) and Istanbul Unit (Paleozoic).
These units are covered by the Eocene sedimentary sequence of the Thrace basin
(Okay et al., 2001). The Paleozoic metamorphic basement of the study area consists
in the east in a thick turbiditic sandstone-shale sequence of Carboniferous age while
the Eocene cover is made of limestone, marl and claystone units, transgressive on

Catalca metamorphic units in the west (Figure 5.2).

5.2.2 Study Area 1: Haramidere valley and Avcilar neighborhood

The Haramidere valley is located between Buyukcekmece Lake and Kucukcekmece
Lake in the Avcilar Peninsula, located about 15 km north of the NAF which cuts
across the Sea of Marmara (Figure 5.2). Although the Avcilar district is located at a
distance of 120 km west of the epicenter of the August 17, 1999 Izmit earthquake, it
was the only area in the Istanbul metropolitan region that suffered extensive damage
(Tezcan et al., 2002). During this earthquake, 27 buildings collapsed and 2076 other
buildings were heavily damaged and 273 casualties were reported in Avcilar (Ozmen
2000; Sen 2007). The maximum ground acceleration measured on soft sediments
was 0.25 g, six times higher than the peak ground acceleration recorded on the
bedrock in the center of Istanbul (Tezcan et al., 2002). This difference is the result of
the amplification of seismic-waves in surficial layers with soft lithology (Tezcan et
al., 2002; Sen 2007; Meremonte et al., 2000; Ozel et al., 2002; Ergin et al., 2004).
Despite a low background seismicity, which suggested no active faulting in the
region (Eyidogan 2006), destructive and widespread damage during the 1999 Izmit
earthquake drew a considerable attention on this area, requiring the reassessment of

active faulting. In order to investigate any relationship between faults and damage
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observed in Avcilar and vicinity, faults mapping was refined from field studies and
seismic reflection analyses (Ergintav et al., 2001; Sen 1994, 1996; Koeri 2000).
These studies showed that the presence of secondary faults might be an important
driving factor for the localized seismic amplification (Diao et al., 2006; Dalgic et al
2004).
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Figure 5.2 : Simplified geological and structural map of study areas 1 and 2.
Numerous active landslides (dark green patches) were mapped between
Kiglikcekmece and Buyukgekmece lakes (simplified from Ergintav et
al., 2001; Duman et al., 2004; Ozgul et al., 2005). Inset map shows
figure area north of the Sea of Marmara and the main segments of the
NAF in red (Emre et al., 2005).

Landslides have been identified as another important geohazard in the suburb of
Avcilar for many years (Duman 2004; Duman et al., 2005a; 2005b). Recent events in
that area often result from the reactivation of old landslides due to the overloading of
the existing landslides by new constructions. The investigation of these old
landslides in more detail is very important to anticipate measures that could be taken
to avoid future possible damage in the urbanized center of the Avcilar peninsula. A
total of 391 landslides are mapped (Figure 5.2) in the region (Duman 2004).
Approximately half of all landslides are distributed between Buyukcekmece and

Haramidere valley, which are important local landforms in the region (Figure 5.2).

57



Based on field geological observations, Duman et al. (2005a; 2005b) have argued
that the parameters that control landslide initiation are shallow groundwater level,

lithology and liquefaction.

5.2.3 Study Area 2: Ayamama river valley

The Ayamama valley is located in the western part of Istanbul, east of the
Haramidere valley (Figure 5.2). The river flows north-south from the eastern part of
Basaksehir district and towards the Sea of Marmara in Bakirkoy district (Einfalt &
Keskin 2010). It runs through the heavily urbanized and highly populated area of the
European side of Istanbul. The lower parts of its basin show various land use patterns
and a high density of population (Komuscu et al., 2013). The Ayamama stream is
known to produce seasonal flooding. According to the municipality of Istanbul,
sedimentation and illegal urbanization in riverbeds have decreased floodplain
capacity, which has caused periodic floods and over flows. One of the worst flooding
events has affected the region in September 9, 2009 and has caused 31 casualties and
50 injuries. In the city’s development plan, the Ayamama river basin and its
surrounding zone had been set aside for recreational areas. However, after an
amendment had been made to develop it into residential area in 1997, industrial and
residential land use rapidly increased along the axis of the stream (Ozcan &
Musaoglu 2010).

5.2.4 Study Areas 3 to 6: Subsidence events associated with land reclamation

and urbanization

Istanbul lies on both sides of the Bosphorus strait (Istanbul Bogazi) and has been
subjected to heavy and unplanned urbanization. This rapid urbanization gave rise to
land reclamation along the coastal areas of the Marmara Sea in order to provide new
recreational areas to compensate for the destruction of green areas (Burak &
Kucukakca 2015). Nearly 2.6 square kilometers of land have been gained from
Istanbul coast by filling up the sea since 2000. We have focused on the two
recreational areas on the Yenikapi neighborhood and Maltepe district to investigate
the ground deformation related to land reclamation by PS-InNSAR method (sites 4 and
6). Another two local subsidence phenomena have been observed along the banks of
the Golden Horn (Halig, site 3) and around a skyscraper located in the Levent

neighborhood of Istanbul (site 5).
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5.3 Datasets

The SAR data used in the present study consist of 291 C-band (5-6 GHz, ~6 cm
wavelength) images acquired with various sensors, including 51 ERS 1/2 images on
two overlapping ascending tracks spanning from 1992 to 2001, 52 ENVISAT images
on two overlapping ascending tracks spanning from 2003 to 2011 and 188 Sentinel
1A/B TOPS images in one ascending and two descending orbits acquired between
2014 and 2017 (Figure 5.3, see Table 5.1 for details). The Istanbul metropolitan area
is entirely covered by all tracks. These multi-orbit/sensor datasets enable us to

examine the consistency between different sets of observations by inter-comparisons.

ERS 1/2 and ENVISAT ASAR are the C-band satellites and acquire SAR images
since 1992 which are characterized by a medium spatial resolution (20 m x 4 m) and
35 days revisint time. Sentinel-1 constellation offers an improvement in revisiting
time (12-day) over ERS-1/2 and ENVISAT ASAR but acquaring higher resolution.
In this study, we used Single Look Complex (SLC) Interferometric Wide (IW) mode

products. It acquires the data with a 250 km swath at 5 m by 20 m spatial resolution

Table 5.1 : Characteristics of each processed track.

Track Satt; ?Ir:?é Geometry  Time Interval Irg:]i;fg;g (I.é;r/]lS(&y;)
T107 ERS 1/2 Descending 1992-2001 28 93
T336 ERS 1/2 Descending 1992-2001 21 212
T107 ENVISAT  Descending 2003-2011 25 190
T336 ENVISAT  Descending 2003-2011 25 176.8
T58 SENTINEL 1 Ascending 2015-2017 56 250.4
T36  SENTINEL 1 Descending 2014-2017 65 289.6
T138 SENTINEL 1 Descending 2014-2017 65 252.7

L SENTINEL 1 A/B TOPS; 2 Density of Permanent Scatterers (PS) in the urban
areas.
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Figure 5.3 : Baseline versus time plots for the seven tracks used in this study. The

red dots indicate the master image used as a reference for each track.
For the Sentinel data, the period when the two satellites 1A/1B were
operational is indicated in orange (before this period only satellite 1A
was operational).
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5.4 Results and Discussion

5.4.1 Main deformation patterns

Figure 5.4 shows the mean line-of-sight velocity fields calculated from PS-INSAR
time series on the metropolitan city of Istanbul with varying time-spans depending
on sensor. Negative velocities (cold colors) represent displacement of the ground
toward the satellite and positive velocities (warm colors) indicate displacement away
from the satellite. Red lines in the Sea of Marmara indicate the submarine branches
of the NAF. Average line-of-sight velocity (a) for Sentinel ascending track 58. (b) for
SENTINEL 1A/B descending track 36, (c) for Sentinel descending track 138, (d) for
Envisat descending track 107, (e) for ERS descending track 336, (f) for ENVISAT
descending track 336 and (g) for ERS descending track 107. A main deformation
feature, common to all tracks, is the NNW-SSE elongated area in the southwest
region of Istanbul, along the Haramidere valley on the Avcilar peninsula (Figure 5.4,
circle 1 in a, site 1 described in section 5.2.1 and 5.2.2). The associated motion is
away from satellite for both descending and ascending tracks, suggesting a dominant
subsidence signal, peaking at up to 10 mm/year in the line-of-sight. We identify
another likely subsiding area along the Ayamama stream valley. This anomaly is
elongated in a WNW-ESE direction and located along the western side of the
Kucukcekmece Lake (Figure 5.4a circle 2, named as site 2). The area labeled with
circle 3 in Figure 5.4a (named as site 3) covers the primary inlet of the Bosphorus
called Golden Horn urban waterway. This Golden Horn’s bank is also likely subject
to subsidence. Other potential subsidence anomalies caused by the settlement of the
reclamation in the coastal areas are identified along the northern coast of the
Marmara sea (circles 4 and 6 in figure 5.4a corresponding to sites 4 and 6). Lastly,
we point to a local subsidence signal at a rather fast rate observed around a
skyscraper (Figure 5.4a, circle and site 5) located in the Levent neighborhood of
Istanbul. The spatial and temporal variations of these different deformation patterns

are discussed with their possible underlying causes in the next sections.
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Figure 5.4 : Averaged line-of-sight velocity maps of Istanbul metropolitan area, from InSAR time series analysis, with varying time-spans
depending on sensor
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We first quantitatively assess the consistency of INSAR mean velocity measurements
calculated from different datasets across different time periods, for the widest areas
of subsidence in the Haramidere Valley and Avcilar valleys. An inter-comparison of
the displacement rates in these areas is performed using a two-step procedure. In a
first step, the mean-velocity fields are down-sampled by a factor of 10 to minimize
errors of geo-localizations (spatial mismatch between measurements). In a second
step, we select all pixels in the localized deforming areas of Haramidere Valley and
Avcilar neighborhood that are common to a pair of overlapping tracks, and compare
the distribution of their subsidence rates for each pair of tracks (figure 5.5). The
consistency of velocities is good in overall (mean correlation = 0.62). The observed
differences could originate from various factors: (1) different temporal coverages, (2)
geo-localization uncertainty, (3) INSAR processing errors, and (4) seasonal effects
(Ge et al., 2014).

5.4.2 Site 1 : Haramidere valley

Close-up views of the elongated pattern of subsidence in the Haramidere valley are
shown on figure 5.6 for all tracks. In order to quantify the vertical, subsidence
component of the motion, we have decomposed the mean PS-InSAR line-of-sight
velocity fields into east-west and vertical components using the method described by
(Samieie-Esfahany et al., 2009). We only used the velocity fields calculated from
Sentinel 1A/B images (two tracks, 58 [Asc] and 138 [Dsc]) that cover the same time
interval, to calculate this decomposition. We assume there is no north-south
displacement. Doing so, we reduce the number of unknown variables for each
permanent scatterer point to two displacement components, d,., the vertical
displacement (positive downward) and d,,,- the horizontal displacement in the east-
west direction (positive toward west). In a first step, we resampled the mean line-of-
sight velocities for the ascending and descending tracks onto a 0.0005° x 0.0005°
regular grid (approximately 10 m spacing). We used the nearest neighbor procedure
in the resampling of persistent scatterer pixels within 30 m of the center of each grid
nodal point. In a second step, we selected all the pixels that exist in both the
ascending and descending tracks. For further interpretation of the displacements, we
referenced the two tracks using reference points located in an area assumed to be

stable (circle in NE part of figure 5.6). In a third step, the decomposition of line-of-
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sight velocity fields into east-west and vertical components was calculated taking

into account the local incidence angle of the satellite view (figure 5.7).

(dasc) — (Coseasc —COS0,sc Sineasc) (dver> (5 1)
ddsc Cosedsc —COSUgsc Sinedsc dhor 1 .

where 6,;.and 44, represent the local incidence angles and a,,. and a . are the

satellite heading angles of Sentinel-1’s ascending and descending modes,

respectively.

Track 336
ERS /DSC

Track 107
ENV /DSC

Track 336
ENV /DSC

Track 58
SEN/ ASC

Track 36
SEN/DSC

Track 138
SEN /DSC

Figure 5.5 :
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T
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Quantitative comparison of the displacement rates between all tracks
used in the present study. In upper-right triangle matrix, pairwise
correlations of different tracks are shown, with correlation values and
color intensities (blue and red indicate low and high correlation,
respectively). In lower-left triangle, black dots denote the points that
can be extracted on both tracks. SEN and ENV in the panel represent
SENTINEL and ENVISAT, respectively.
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Figure 5.6 : Zoom views of displacement rates in the Haramidere Valley and its surrounding area.
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In Figure 5.6, the mean velocity value of the PS-InSAR points within the solid black
circle in the center of maps has been used to illustrate the temporal evolution of the
subsidence associated with weak-lithology (figure 5.8). It is referenced to the mean
value of PS-InSAR points within the circle labeled R which is considered as a stable

area. DSC and ASC labels are for descending and ascending orbits.

In Figure 5.7-c, the vertical displacement field shows that subsidence occurs on both
banks of the Haramidere valley and follows an elongated area in the valley in a

northwest-southeast direction.
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Figure 5.7 : Decomposition of horizontal and vertical components of ground
displacement using only S-1 datasets. (a) The shaded topography is
given by the Shuttle Radar Topography Mission (SRTM) along the
Avcilar region. Fault lines are simplified from Ergintav et al., 2001. (b)
Vertical component. Patches with thick dark boundaries correspond to
landslides identified on geological maps and shown on Figure 2
(simplified from Duman2004; Ozgul et al., 2002). (c) Horizontal
component in the east-west direction. (d)Valley-perpendicular elevation
profile extracted from (a). (e) and (f) are horizontal and vertical velocity
profiles extracted from (b) and (c) respectively.

This region has a long, slow-moving landslides history and is located in an area with
shallow water level, poor soil conditions and weak lithology, all parameters
considered as favoring landslides (Akarvardar et al., 2009; Tezcan et al., 2002;

Dogan et al., 2012). The subsidence we observe coincides in overall with previously

66



mapped active landslide zones. However, contours of these mapped landslides do not
match precisely with areas of highest subsidence in our vertical velocity map. The
horizontal component in the east-west direction derived by decomposition shows the
horizontal movement of both banks of the valley in opposite direction, toward the
valley center, which is in agreement with the expected horizontal movement induced

by subsidence.

To analyse the subsidence temporal evolution (figure 5.8), we select permanent
scatterer points located in an area previously detected as undergoing landslide
activity and where the subsidence rate is among the highest observed in the present
study. For the sake of consistency between datasets acquired from different viewing
geometries, these selected PS points are from an area where the horizontal velocity is
considered neglectible (circle in center of Figure 5.6), so that line-of-sight velocities
are converted into vertical velocities by a simple geometrical equation. The date of
the first SAR image used here is taken as the reference time of the time series. As
seen in Figure 5.8, the three datasets used for the Haramidere valley and Avcilar area
have different starting dates and temporal coverage. For comparison, we set one
reference time as 26 May 1992 for the three datasets and the time series mapped
from Envisat and Sentinel datasets were shifted with a constant, which was
calculated by assuming the site is undergoing subsidence with a constant rate (Figure
5.8).

To analyse the subsidence temporal evolution (figure 5.8), we select permanent
scatterer points located in an area previously detected as undergoing landslide
activity and where the subsidence rate is among the highest observed in the present
study. For the sake of consistency between datasets acquired from different viewing
geometries, these selected PS points are from an area where the horizontal velocity is
considered neglectible (circle in center of Figure 5.6), so that line-of-sight velocities
are converted into vertical velocities by a simple geometrical equation. The date of
the first SAR image used here is taken as the reference time of the time series. As
seen in Figure 8, the three datasets used for the Haramidere valley and Avcilar area
have different starting dates and temporal coverage. For comparison, we set one
reference time as 26 May 1992 for the three datasets and the time series mapped

from Envisat and Sentinel datasets were shifted with a constant, which was
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calculated by assuming the site is undergoing subsidence with a constant rate (Figure
5.8).
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Figure 5.8 : Time series of the vertical displacement at the selected PS points circled
in center of figure 5.6 (referenced to points in area labeled R in figure
5.6).
Although the subsidence rate calculated from ERS and Envisat datasets are
consistent with each other and match well, the subsidence rates obtained from
Sentinel datasets are slightly smaller. Two reasons might lie behind this difference.
The first reason is related to the relatively short duration of SENTINEL 1 A/B time
series, which could alter the accuracy of the rate estimate, and the second reason may
be the retardation of the settlement, due to a long-term decay of the soil consolidation
rate related to ground water extractions. Such an exponential decay of ground
subsidence was proposed to explain INSAR time series on Great Salt Lake in Utah
(Hu etal., 2017).

Ground subsidence in the Avcilar peninsula has been previously reported at a mean
rate of 6 mm/yr using INSAR analysis of ERS-1 and ERS-2 satellite images between
1992 and 1999 (Akarvardar et al., 2009), and at a rate of 10 mm/yr using ERS 1/2
and ENVISAT satellites from 1992 to 2010 (Ge et al.,, 2014). These authors
concluded that the spatial coverage of the land subsidence in this area, in overall
consistent with ours, is associated with partially saturated and unconsolidated
shallow layers of soil formation with a relatively weak lithological profile. The
results of the present study thus support the observation of land subsidence in
Awvcilar, at similar to higher rates. Such type of lithology-controlled subsidence has
also been observed in Bandung basin on the island of Java in Indonesia, using

ALOS-1 dataset, although at much higher rates (up to 12 cm/yr), along the
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boundaries between consolidated rocks and unconsolidated sediments (Khakim et al.,
2014).

5.4.3 Site 2 : Ayamama river

Another subsidence zone lies along the dense settlements of Ayamama stream banks
in the western part of Istanbul (site 2, figure 5.4a). Here, the river has the typical
morphology of a delta and the streambed is mostly composed of young alluvial
deposits, varying in thickness in the range 3-10 m (Kilic et al., 2005). The subsidence
rates we measure are about 6 mm/yr at maximum in the line-of-sight, corresponding

to a maximum vertical subsidence rate of about 10 mm/yr (Figure 5.9).
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Figure 5.9 : Spatio-temporal characteristics of subsidence along the Ayamama river
valley study area. (a) Mean displacement rates in line-of-sight obtained
from track 336 ERS dataset. The black dashed lines indicate two
profiles, one in an area with active subsidence (profile labeled 1-4), and
the other one with the same length in an area considered as stable and
used as a reference (profile labeled 1°-4’). Inset map indicates the
temporal and spatial pattern of subsidence for the region, from 1992 to
2017. (b-h) Rates along the profiles 1-4 (black) and 1°-4’ (red) taken
for each track. (i) Temporal evolution of coastal subsidence of selected
points around point 3 in Figure 5.9a.
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The area affected by subsidence is shrinking gradually (Figure 5.9) during the
observation period, which we interpret as resulting from the flood prevention and
remediation project of the river and stream system, which has started in 2008. The
subsidence pattern along the Ayamama stream was firstly reported by (Walter et al.,
2010) with a more limited data set, who suggested that the ongoing land subsidence
in the region is related with sediment consolidation process and might be direct or
indirect consequences of the destructive flood events, such as one in 2009. This is
thus consistent with our interpretation of recovery of the region following the

restoration of the river and stream system.

5.4.4 Sites 4, 6 and 3

We also identify other sites along the terrestrial and coastal region of Istanbul
undergoing ground subsidence. The subsidence that we relate to land reclamation in
two recreational areas on the Yenikapi neighborhood (Figure 5.10a, site 4 in Figure
5.4a) and Maltepe district (Figure 5.10d, site 6 in Figure 5.4a), which were
constructed in 2014, is observed at a vertical rate of 10 mm/yr. This subsidence is
presumably related to the compaction induced by primary consolidation process of
the alluvial clay beneath the reclamation zone. The subsidence rates measured in
both reclamation areas are likely dependent on the physical characteristic and
thickness of the underlying alluvial deposit and used matrix of filling material (Kilic
et al., 2005; Plant et al 1998) Another local subsidence area related to a similar
phenomena is observed along the shores of the Golden Horn (Halig) (Figure 5.10b,
site 3 in Figure 5.4a). A significant part of this subsidence is located on reclamation
areas transformed into parks and recreational facilities along both banks of the
Golden Horn. Besides that, the shorelines in this area have undergone significant
urban changes within the frame of the renovation project of all the waterfronts in
Istanbul. During the renovation, sediments made of loose clay deposits were
removed from the shallowest parts of the Golden Horn, which might have triggered
subsidence in the nearby waterfront areas. The subsidence pattern along the Golden
Horn that we observe is consistent with the coastal subsidence previously described
in the figures 5.5 and 5.7 of (Colesanti et al., 2003) that used a dataset of high-
resolution TerraSAR-X SAR images covering the period 2010-2012. In their

analyses of subsidence evolution over the urbanized region of Istanbul, these authors
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similarly concluded that the pattern of settlement along the Golden Horn shores are
caused by anthropogenic factors arising from unsustainable urban development.

% 20}.4 4 T58[Asc] ‘ % | 4 T58[Asc
2 10 B . 4 T36 [Dsc] o 104 . i 4 T36 [Dsc]
5¢ W A T138[Dsc]|| |§ To AN AN et aRdia 4 T138 [Dsc]
= £ 0 , T e ‘ﬁuu\:“,:.‘ . = E i A‘A‘A‘l‘“‘._;‘.‘\. s

8 E 10 el L, . 8E AT TR RINNT e R oA

5 20 v Stihbesd e | (T ‘ Ay A-.g‘.. a2
> =Ml a4

2015-01-01 2016-01-01 2017-01-01 2015-01-01 2016-01-01 2017-01-01

41.01-§
41.06f

7 41.05/
41§
41.04/
Vertical velocity

(mm/yr)

40.99 41.03}

41.08 el

0

». )
28.995 29.005 * 29.015 291 29.12 29.14
% 10¢ A T58 [Asc] - ) —
] [ T 15/ 4 T58[Asc]
7] 5L aa e h A ukiag 4 T36 [Dsc| @ 100 4 a s 4 T36 [Dsc]
SF 0 “aderiinde S a8 dea | s T138[0sdl)|| S 80 PAIa% gseat ., S 4 T138 [oqu
RE 5™ K . LAy B - SR = AT e s Y " A i e
ks Fat b || 155 2 S G
g 15} PO TR v T s LG .
> L . . 2 LA, > A9 ¢ . A, ;
2015-01-01 2016-01-01 2017-01-01 | 2015-01-01 2016-01-01 2017-01-01

Figure 5.10 : Vertical velocities obtained by decomposition of mean velocity fields
of Sentinel 1 data (T58 ascending track and T138 descending track)
superimposed on Google Earth image in Istanbul, and relevant time
series of the vertical displacement. Black, red and blue triangles
represent the ascending T58, descending T36 and descending T138
tracks, respectively. (a) Yenikapi coastal and land reclamation area
(circle 4 in Figure 4a). The color scale represents the vertical
displacement of the surface. (b) Golden Horn area (circle 3 in Figure
5.4a). (c) Highly urbanized area of Istanbul, with subsiding persistent
scatterer points clustered around the highest skyscraper of Istanbul
(circle 5 in Figure 5.4a). (d) Maltepe reclamation zone (circle 6 in
Figure 5.4a).
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5.4.5 Site 5

High skyscrapers might suffer rapid settlement and declination and cause local
ground surface subsidence due to consolidation of the underlying soft soil deposits.
In this study, we detect a very localized subsidence pattern around a skyscraper built
in 2010 and other high-rise buildings in Levent neighbourhood of Istanbul, starting
from 2016 with an average subsidence rate of about 15mm/yr (Figure 5.10c). Time
series analysis of point targets surrounding the skyscraper shows very rapid increase
of subsidence rate during the first four months of 2016, which might be related with
groundwater lowering around the foundation of the building that may cause

downward movement of the surface surrounding the building.

5.5 Conclusion

Istanbul has been subject to intense industrialization and population increase
especially since the 1960’s and this is causing very rapid urbanization and heavy
land-use changes. We identified several sites along the terrestrial and coastal region
of Istanbul undergoing vertical ground subsidence at rates ranging from 5 to 15
mm/yr. In the present study, a PS-INSAR time series analysis was performed using
291 C-band SAR images to characterize these subsidence phenomena by combining
multi-track/sensor INSAR datasets to provide insights into the potential hazards
induced by local soil conditions and human activities. Using the PS-InSAR
technique, enough time-coherent pixels were obtained over six different sites in
Istanbul. The most extended, clearly visible subsidence signals have been detected
over the western part of Istanbul consistently in all the frames. The spatio-temporal
variability of the ground displacement was measured over the last 25 years in
Avcilar, which suffered extensive damage during the 1999 Izmit earthquake and
along the Haramidere valley where a long-lasting landslide history has been reported.
The time series analysis in this region reveals that Haramidere valley banks are
undergoing ground vertical subsidence at a rate of 10 £ 2 mm/yr. Another subsidence
area has been reported along the Ayamama river banks, made of shallow alluvial
deposits due to the local substratum consolidation process, at a rate of 10 + 1.8
mm/yr, and the surface area affected by subsidence is shrinking gradually following
the restoration of river and stream system, which has started in 2008. The inter-

comparison of PS-INSAR measurements from different satellite sensors for the
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western part of Istanbul show that the correlation between the mean velocity fields
are high between 1992-2011 and decrease with time due to spatio-temporal change
of the ground deformation. Sentinel-1A/B INSAR measurements acquired between
2014 and 2017 show that reclaimed lands in both European (Yenikapi reclamation
area) and Asian (Maltepe reclamation area) coastlines of Istanbul underwent
significant subsidence of up to 8 £ 1.3 mm/yr as a result of primary consolidation
process of the alluvial clay beneath the filling material. Lastly, a very localized
subsidence pattern has been detected around a skyscraper with average subsidence

rate of 15 £ 1.2 mm/yr.

On the whole, we can conclude that during the interseismic period human-driven
changes produce a more significant control on the coastal subsidence in Istanbul than
natural factors. In future studies, such high-resolution SAR data over the very dense
urban area of Istanbul could help monitoring continuously the urbanized areas
suffering from the land subsidence. With this purpose, future plans include the
processing of high-resolution X-band sensors COSMO-Skymed and TerraSAR-X
datasets to better quantify the surface settlement and reveal the underlying causes of
these settlements in order to provide more complete data to public organizations in
charge of sustainable urban policies and hazard mitigation.
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6. INVESTIGATING SUBSIDENCE IN THE BURSA PLAIN, TURKEY,
WITH SATELLITE RADAR INTERFEROMETRY

6.1 Introduction

Subsidence is one of the most diverse forms of ground vertical displacement, varying
from local collapses to regional-scale sinking. Depending on the deformation
regimes of the subsidence, vertical displacement may also produce horizontal
deformation that may have significant damaging effects. A previous study has shown
that the Bursa plain in Turkey has been subsiding (Kutoglu et al., 2014). The first
INSAR-derived observation of land subsidence was documented using four ALOS
PALSAR (L-band) images acquired between 2007 and 2010 (Kutoglu et al., 2014).
These authors investigated the surface deformation using differential INSAR
technique and concluded that Bursa plain is subsiding at a rate of 10.9 cm/yr. They
suggested that this subsidence is driven by local tectonic activity, where a pull-apart
basin geometry is caused by strike-slip faulting. However, it is well known that
subsidence may also occur due to the compaction of unconsolidated sediments that
results from exploitation of groundwater (Galloway et al., 1998; Béjar-Pizarro et al.,
2017). It is therefore important to determine the mechanism of subsidence and its
spatiotemporal characteristics because it allows developing better mitigations that

could minimize the risk of damage to surface structures and infrastructures.

Ground subsidence is a common phenomenon in urban areas built on thick,
unconsolidated loose soil layers consisting of clay, silt and peat formations (Zeitoun
et al., 2013), as it is the case in the Bursa basin. Subsidence has been correlated to
strata lithology, formation and structure (Wang et al., 2013). Dewatering of loose soil
layers in which the water provides structural support produces volumetric contraction
and surface subsidence. Consequently, the depth of groundwater exploitation strong

controls the magnitude of land subsidence.

Space-borne Interferometric Synthetic Aperture Radar (INSAR) is an observation
technique that uses differences in reflected radar signals acquired at different times to

detect and monitor different forms of ground deformations over wide areas (up to

75



400x400 km) in high resolution and precision. Due to the development of new
satellite technologies and advancing processing techniques, INSAR has been
successfully used to investigate deformation resulting from subsidence due to
withdrawal of groundwater or other fluids (Béjar-Pizarro et al., 2017; Massonnet et
al., 1997; Fielding et al., 1998; Wright & Stow 1999; Crosetto et al., 2018), soil
consolidation (Kim et al., 2010), subsurface mining or collapse of old mines (Carnec
& Delacourt 2000; Abdikan et al., 2014), thawing subsidence (Rykhus et al., 2008),
tectonic activity (Temtime et al., 2018), and soluble earth materials (Baer et al.,
2018). Besides, INSAR has also been used to infer aquifer hydraulic properties such
as compressibility and storage coefficient as well as the mechanics of aquifer system
(Galloway et al., 1998; Bejar-Pizarro et al., 2017; Hoffmann et al., 2001; Tomas et
al., 2009; Calderhead et al., 2011; Ezquerro et al., 2014).

The present study focuses on the surface deformation associated with groundwater
extraction, and its temporal evolution in the Bursa Plain in order to understand how
surface subsidence evolves in response to changing aquifer and soil properties. We
investigate this evolution by integrating SAR interferometry and geological and
hydrogeological data in order to shed insight on the underlying processes governing
subsidence. We have restricted our study to the Bursa Plain located in the east of
Bursa basin along the northern slope of the Uludag Mount (Figures 6.1, 6.2a). We
use PS-INSAR time series with data acquired between 2014 and 2017. The observed
subsidence signal is interpreted by comparison with spatiotemporal piezometric level
variations in the aquifer, and analyzed in terms of local geological conditions. We
first describe the tectonic and geological setting of the study area, and other
morphological characteristics. After summarizing the Sentinel-1 SAR data used and
its processing methodologies employed, we present mean velocity fields obtained
from different viewing geometries, and their vertical components. Finally, we
compare vertical INSAR velocity fields with hydrologic and geologic data in order to
constrain the compressibility of the underlying aquifer that compacted due to
reduction of water level. In addition, we apply visual interpretation on Landsat 8
images to better understand the relationship between subsidence and the spatial
pattern of alluvial fans, bare lands, urban and agricultural areas and other land-use

patterns.
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Figure 6.1 : Study area and Sentinel synthetic aperture radar data coverage used in the present study. (a) Map shows North-West of Turkey and
the major active faults drawn in red (Emre et al., 2003) with GPS vector in a Eurasia fixed reference frame (Reilinger et al., 2006).
Plain red box highlights the region of Interest. (b) The shaded topography is given by the Shuttle Radar Topography Mission
(SRTM) along the South of Marmara Region with major active faults.. Red dots depict the seismicity of the region since 2005
(KOERI-RETMC). Black arrows are GPS velocities with respect to fixed Eurasia (Reilinger et al., 2006). (c) The view of the Bursa
Plain, looking to the North from the hills of Mount Uludag (Wikipedia- Available Online: https://tr.wikipedia.org/wiki/Bursa
(accessed on 26 November 2018)).
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6.2 Study Area

Located on the northern slope of the Mount Uludag (2543 masl) in North-West
Turkey, the city of Bursa is one of the most industrialized and populated cities of
Turkey with a population of 2.9 million inhabitants (TUIK - Available online:
http://www.tuik.gov.tr/HbGetirHTML.do?id=27587) The Bursa plain is located 5 km
to the north of the city and bordered by the Mount Uludag to the south and Mount
Katirli to the north (Figure 6.1b). The plain has a high agricultural potential due to its
rich underground aquifer and surface water resources, and its fertile soils (Serbetci
2018). Consequently, the plain exerts considerable impact upon Turkey’s national
economy, which led to rapid population inflow over the past few decades and
consequently rapid expansion of industrial and residential zones into the fertile Bursa

plain that was used previously mainly for farming activities.

The southern branch of the North Anatolian Fault (NAF) in the Marmara region
controls the long-term tectonic evolution of the Bursa basin. The segments of the
NAF in the region cause a roughly N-S extension, which in turn produces the Bursa
Plain in the eastern part of E-W trending Bursa-Génen Depression, bounded to the
north and the south by the Bandirma-Mudanya and Uludag-Sularya uplifts (Figure
6.1b). These highlands consist of metamorphic and granitic basement rocks and are
dominant morphological features along the southern branch of the NAF (Selim et al.,
2013-a). Tectonic models suggest that the depressed areas opened as pull-apart
basins and are filled with Upper Pleistocene fluvial terrace and alluvial fan materials
(Figure 6.2b) (Selim et al., 2013-b). The Quaternary sediments thicken to the south
and exceeds 300 m in the Bursa basin (Imbach, 1997), suggesting that the deposition
pattern is tectonically controlled (Selim et al., 2013-a). The alluvium has high
transmissivity in comparison with the Neogene deposits surrounding the Nilufer
Valley (Bursa Environment Project Report on Hydrology and Water Quality
Modelling, 1991). The city of Bursa is located within the area with the highest
probability of strong earthquakes in Turkey (i.e. first-degree seismic hazard zone).
The seismicity of the region is controlled mainly by active faults such as the Gemlik
Fault, Geyve-lznik Fault Yenisehir Fault, Bursa Fault and the Inonu-Eskisehir Fault
Zone (Gok & Polat, 2012). Bursa also hosts thermal springs that follow major

fracture zones (Eisenlohr, 1995).
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62821, wellNo
AS8581

m Alluvium Central uludag Granite Bilecik Formation
(Quaternary) (Granite, metagranite) (Neritic limestone)
Old alluvium

Sazak Formation - Bogazkoy Metaophiolite
(Quaternary) W (Metatuff, metavolcanite, phyllite, schist) 20AEE0Y, "
Seben member T Volcanite member Cal formation
Claystone, siltstone, sandstone and tuff (Rhyolite, rhyolitic tuff) (Sandstone agglomerate and tuff)

Yenipazar Formation Torasan Formation
Terrigenous rocks and micritic limestone (Phyellite, schist, metavolcanite)

Karakaya Formation Gokdere Formation -
oy Marbie member
sandstone, shale, mudstone, radiolarite - (Quartz-feldspathic gnesis and amphibolite lenses)

Figure 6.2 : (a) Topographic view of the Bursa Plain. Elevation contours at 130 m
surrounding the Bursa Plain shown in red solid line. Shaded area shows
the extent of urbanization for Bursa. (b) Geological map of the study
area simplified from MTA — Turkey General Directorate of Mineral
Research and Exploitation 1/100000 scale geology map. Red triangles
show the locations of wells (well #58581 and 62821). The black star
shows the area to which InNSAR velocities are referenced. (c) North-
South geological cross section of the Nilufer Valley from (Bursa
Environment Project Report on Hydrology and Water Quality
Modelling, 1991).
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6.3 Datasets

We use C-band (5. GHz, ~6 cm wavelength) Sentinel 1 A/B TOPS images to map
the rate and spatial distribution of subsidence in the Bursa Basin. The data used in
the present study consist of two datasets with short temporal coverage, under the
assumption of a linear model of the deformation during the observation period. 105
images were acquired on ascending Track 58 between 21 October 2014 and 28
December 2017, and 96 images were acquired on descending Track 138 between 8

November 2014 and 4 December 2017. The study area is fully covered by all tracks.
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Figure 6.3 : Baseline configurations of single-master interferograms. Baseline versus
time plots for Sentinel ascending tracks 58 and descending track 138
used in this study with red dots donating the time of image acquisitions.
The blue dots indicate the master image used as a reference for each
track. Gray lines connect pairs (interferograms). Temporal resolution of
the dataset increased from 12 days until mid-2016 to 6 days after it,
after the launch and starting of operational phase of Sentinel 1B
indicated in gray zone.

6.4 Deformation Decomposition of Sentinel -1 Data

The subsidence signal in the Bursa plain is covered entirely by Sentinel — 1 data from
two different orbits and therefore only two different viewing geometries are
available. Consequently, we can only retrieve two of the three components of the
actual deformation vector. We decomposed the mean PS-InSAR line-of-sight
velocity fields into east-west and vertical components. We assumed that the north-
south displacement was negligible because the near polar orbits of the SAR satellites
produce a low sensitivity to the north-south component of displacement (Wright et

al., 2004). In a first step, we resampled the mean line-of-sight velocities for the
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ascending and descending tracks onto a 100x100 m regular grid, which is used as
input for displacement decomposition. We used a nearest neighbor procedure to
resample the persistent scatterer pixels that are within 200 m of the center of each
grid nodal point. In a second step, we selected all the pixels that exist in both the
ascending and descending tracks. Before decomposition, we transformed InSAR
mean velocity fields of both tracks into the same reference frame using the reference
point considered as a stable area (black star in Figure 6.4). In a last step, the line-of-
sight velocity fields were decomposed into two components: the horizontal
component along the azimuth look direction (dy,) and the vertical component (dye,)
were computed, taking into account the local incidence angle of the satellite view by
solving the following equation (Fialko et al., 2001; Motagh et al., 2017)

(dasc) _ (Coseasc —COSUy5¢ Sineasc) (dver) 6.1)
dgsc cosBgsc  —COSUgsc SiNBgse/ \dpor/’

where 0,,. and 4. represent the local incidence angles and a . and a . are the
satellite heading angles of Sentinel-1’s ascending and descending modes,

respectively.

6.5 Results

6.5.1 INSAR-derived land subsidence maps

Figure 6.4 shows the InNSAR-derived mean line-of-sight velocity fields calculated
from PS-InSAR time series analysis for the Bursa Plain. There is no ground-truth
data (i.e. data collected at the ground surface) available in the study area.
Consequently, the mean phase values for both tracks are initially used for referencing
the velocity fields in time series analysis. The area in the south of the subsiding basin
located within the shaded polygon representing the extension of the Bursa city was
chosen as the reference area because it is considered as a stable area (black star in
Figure 6.3). Referencing has been performed by considering the local incidence

angles.

The main subsidence signal is located in the eastern part of the basin, to the northeast
of the metropolitan city of Bursa. The velocity fields of both tracks exhibit similar
spatial patterns. This similarity suggests that the LOS velocities show mostly vertical

deformation with negligible horizontal motion and atmospheric effects. In order to
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assess the consistency between ascending and descending orbits, we perform an
inter-comparison of the line of-sight displacement rates (Section 6.6.1). Differences
in the locations of the subsidence patterns is also discussed below. While near-urban
areas (marked by shaded polygon) have high density of PS points, such points are
scarce in the basin due to dense vegetation coverage and higher deformation rates.

away from I toward >
< the satellite i m m/ y r I‘ the satellite

Figure 6.4 : Line-of-sight (LOS) velocity maps from Sentinel 1A/B time-series
analysis for the time period 2014-2017. Positive velocities (cold colors)
represent stable areas and displacement of the ground toward the
satellite and negative velocities (warm colors) indicate displacement
away from the satellite. Average line-of-sight velocity (a) on Sentinel
ascending track 58, and (b) on Sentinel descending track 138. Elevation
contours at 130 m around the subsiding Bursa Plain are shown in black
solid lines. Shaded area shows building stock of Bursa city. The mean
velocity value of the PS-InSAR points within the solid black point is
used later to illustrate the temporal evolution of the subsidence (Figure
6.8). It is referenced to the mean value of PS—INSAR points within the
black solid star, considered as a stable area.

The spatial distribution of subsidence rates for the period 2014-2017, obtained from
the vertical component of the average yearly subsidence rate, are shown in Figure
6.5¢c. Figure 6.5¢ shows that the city of Bursa, which is settled on the northwest slope
of the Uludag Mountain, is not affected by the subsidence. The maximum subsidence

rate at the center of the depression is ~25 mm/yr. Comparison shows that the shape
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and the location of the subsidence pattern agree with the agricultural zone whose
activity relies heavily on groundwater exploitation.
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Figure 6.5: Decomposition of LOS displacement from Sentinel data for the time
period 2014-2017 to vertical component. (a) Vertical mean velocity
map. The warm colors represent the land subsidence relative to the
reference point. Contour maps for certain elevations are superimposed
onto the vertical velocity field map. The shaded area shows Bursa city.
(b) Cross section showing vertical deformation rates in black and
altitude in red taken from East-West a-a’ profile. () 5 mm/yr interval
contour maps superimposed onto the Landsat 8 image of April 23, 2018
in RGB combination of band 7, band 6 and band 4. Agriculture areas
appear in shades of light green and yellow during the growth season
and are located where the subsidence is the highest. Urban areas are in
white, gray or light purple color (Focareta et al., 2015).
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6.6 Discussion

6.6.1 Impact of the looking geometry on self-consistency checking between the

ascending and descending INSAR observations
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Figure 6.6: Quantitative comparison of the line-of-sight displacement rates between
ascending and descending tracks. (a) Correlation between the point
measurements. (b) Differences analysis between T58 Ascending and
T138 Descending tracks.

Figure 6.6 shows the correlation between the point measurements within the region
of interest. In order to show the self-consistency between INSAR measurements, we
first quantitatively assess the consistency of INSAR mean velocity measurements
calculated from the two different Sentinel 1A/B datasets for the subsidence area in
the Bursa plain and its surrounding region. An inter-comparison of the line-of-sight
displacement rate in this area is performed using a two-step procedure. In the first
step, the mean velocity fields are resampled to a grid of 100x100 m to minimize the
error of geo-localization (spatial mismatch between measurements). In the second
step, we selected all pixels in the localized deforming areas that are common to the
pair of overlapping tracks. Then, we compare the distribution of the subsidence rates
for both tracks. We find a root-mean-square value of 1.53 mm/yr and the coefficient
of determination (R?) is close to 0.85. These values indicate that the two subsidence
patterns (mean velocity) obtained from the different datasets are correlated with each
other. This agreement demonstrates that the deformation obtained from both datasets
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exhibits similar linear motions between 2014 and 2017, lending confidence to the
subsidence patterns and amplitude determined by these datasets.

Comparison of the deformation rates between ascending and descending INSAR
measurements of the same or different sensors is a common practice for
quantitatively checking the consistency of measurements. The observed differences
could stem from insufficient acquisitions, georeferencing uncertainty, seasonal
biases, long temporal gaps, different temporal coverage and most importantly,
different looking geometries. In order to show the impact of the looking geometry on
the observed differences of the land subsidence induced by a single point source, we
simulated a simple subsidence depression (Figure 6.7a).

(b)

@ Subsidence Model @ Descending pass

Ascending pass

0
X[km]

=)

@\ o subsidence model e
N n
(®)

o =) &

N
o

Subsidence [mm/year]

,Observed deformation frgm Asc orb. [mm/yr]

n
@

-25 - -15 -10 -5 0
Observed deformation from Dsc orb. [mm/yr]

Figure 6.7 : Effect of the looking geometry on the INSAR observations. (a)
Simulated subsidence model induced by a single point source. (b)
Ascending observation. (c) Descending observation. (d) Comparison of
deformation rates observed from ascending and descending orbits. (e)
Cross section of the subsidence observations along the azimuth look
directions (ALD).

When this synthetic subsidence signal is observed with an incidence angle of 37.5°,
considered as a mean incidence angle for Sentinel 1, and a heading angle of —13.5°
for ascending orbit, and —166.5° for descending orbit, the deformation pattern
depends on the looking geometry of the sensor (Figure 6.7b and 6.7c). The maximum

subsidence value moves away from the center along the azimuth look directions
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between the ascending and descending tracks. This deformation of the idealized
subsidence pattern is giving a large dispersion and low correlation between the
ascending and descending tracks due to the dispersion of the data points around the
line of best fit.

6.6.2 Water table variations and InSAR time series

Using piezometric measurements, we can better constrain the geologic processes that
produce the observed subsidence. Agricultural activity that relies significantly on
irrigation contributes to the groundwater depletion in aquifer systems of fine-grained
sediments (Castelazzi et al., 2016). Ground-truth monitoring, satellites (Catelaazzi et
al., 2018), InSAR (Béjar-Pizarro et al., 2016), GPS (Liu et al., 2018) and numerical
modeling have been utilized to understand the spatiotemporal variations of
groundwater depletion. Many studies have shown that INSAR-derived subsidence
patterns agree with water budgets (Castellazzi et al., 2016; Chaussard et al., 2014;
Calo et al. 2017). Exploitation of aquifers decreases the groundwater volume,
causing land subsidence that can be detected by InSAR. Given the lithological and
hydrogeological data throughout the subsiding basin, we can constrain the amount of

the groundwater depletion from the inversion of INSAR-derived land subsidence.

The Bursa ground water basin has a surface area of 208 km?. In order to investigate
the correlation between groundwater exploitation and surface deformation, we
compared the temporal variation of the water table measured in two wells available
for the period of INSAR measurements (2014-2017) in LOS component that fall
within 1 km radius around the wells. As seen in Figure 8, the decreasing trend
between INSAR-derived deformation rate and water level data show good agreement.
The pressure head variations of both wells show ~10 and ~20 m of water level

decrease in mid-2017. These decreases overlap the trend of ground deformation.
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Figure 6.8 : Temporal evolution of the subsidence of selected points within the black
solid circle shown in Figure 6.4. Locations of well #58581 and #62821
are shown in Figure 6.2b. The blue line represents the displacement
measured using T138 descending data, and red line represents the
displacement measured using the T58 ascending Sentinel 1 data.
Orange and purple lines represent water level at wells #58581 and
#62821, respectively.

6.6.4 Compressibility of the aquifer in the Bursa plain

We now use the subsidence measured using the INSAR data and the level of water in
the two wells (Figure 8) to estimate the compressibility of the aquifer that compacted

due to water level decrease. The compressibility of an aquifer is defined as o =

dvr
dO'eVT

, Where Vr is the total volume of the aquifer and do, is the change in

effective pressure in the aquifer (Hiscock & Bense 2009). We consider an increment
of drawdown dV,, due to pumping of water in the aquifer. This drawdown induces an

increment of subsidence at the surface, dS, related to a compaction of the reservoir

such that i{ﬁ = —%, where b is the thickness of the aquifer taken here as equal to
T

50 m. The change in effective pressure is do, = p,,gdV,,, where p,, = 1000 kg.m™

and g=9.81 m.s? are the density of water and the constant of gravity, respectively.

dsy
pgdVy’

The compressibility can be calculated as a = - Applied to the Bursa basin and

considering a unit surface area of 1 m?, the Figure 6.8 shows that the drawdown
increased in the range 9 < dV,, < 18 m during the year 2017 and the surface
subsidence increased in the range 0.035 < dS, < 0.045m. As a result, the
compressibility is in the range 0.5-107°% < a < 2-107° Pa?, which falls in the

range of values typical for clay and sand sediments (Hiscock & Bense 2009). These
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values are in agreement with the alluvium sedimentary filling of the Bursa basin (see
geological map in Figure 6.2).

6.6.3 Lithological and tectonic control over land subsidence

Alluvial deposits in the Bursa plain area in which we observe subsidence are made of
Neogene and Quaternary deposits (Selim et al., 2013-a). The thickness of these
deposits varies from 50 to 300 m (Imbach, 1997). They are composed of
predominantly soft clay and loose silt and sand (Selim et al., 2013-b) Such highly
compressible lithological units are more vulnerable to land subsidence due to
groundwater extraction. We estimate a maximum vertical subsidence rate of 25
mm/yr for the 2014 — 2017 time period in the Bursa plain. The spatial distribution of
subsidence is characterized by an east-west oriented, elongated, elliptical shape of
deformation along the axis of the Bursa plain, in areas where agricultural activities
are well developed (Figure 6.5c). The vertical mean velocity field shows the
subsidence to be on the order of 10 mm/yr in the part of the alluvial plain that
extends for approximately 200 km? in the northern part of the Bursa city center.
Within this subsidence zone, an oblong subsidence lobe (red in Figure 6.5a) is
subsiding the fastest, sinking at a maximum rate of 25 mm/yr. The overall subsidence
pattern in the study area shows very clear correlation with the shape of the basin,
agricultural land use and geological units of the study area. These correlations
suggest that the land deformation is partially controlled by lithology and human
activities. The fact that the pattern of subsidence mimics the shape of the basin may
suggest that the alluvial thickness of the basin impacts the subsidence rate.

Similar to our results, Kutoglu et al. (2014) have detected a subsidence signal in the
Bursa plain between 2007 and 2010 and interpreted this signal as due to movements
of the active faults that in the long term have created the Bursa basin. However, the
subsidence rate of 10.9 cm/yr proposed by Kutoglu et al. (Kutoglu et al., 2014) is too
high to be attributed to tectonic movements such as shallow (surface creep) or lower
crust deep creep. This is because, as shown with GPS velocities in Figure 1b, N-S
horizontal velocity difference between the northern and southern shoulders of the
Bursa basin that may cause aseismic slip on the basin boundary faults is negligible or
too small to be detected in a few decades. As seen in Figure 6.9, there are no

differences in the InNSAR velocity across both the southern and northern boundary
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faults, confirming that there is no shallow creep on them. A deep creep would cause
subsidence in the entire basin, not only in the alluvial plain. Therefore, these
observations and the strong correlation between the subsidence rate and ground water
level suggest that most of the current subsidence detected in the past years is most
likely due to decline of ground water table, rather than tectonic movements.
Extremely high subsidence rate for the period of 2007-2010 was probably due to

either droughts or over pumping of the aquifer.
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Figure 6.9 : Cross section showing vertical deformation rates in red and altitude in
black taken from b-b’ profile shown in Figure 6.5-a.

6.7 Conclusion

The population of Bursa is increasing due to the city’s growing economy. This
growing population is causing rapid urbanization; heavy land use and land cover
change. This rapid land development is forcing the land use to change from
agricultural to more urban activities on the city’s outskirt and hinterland. We have
detected ground subsidence in the northern part of Bursa at rates ranging from 5 to
~25 mm/yr in an area of 200 km? from Sentinel 1-A/B images collected between
2014 and 2017.

In order to investigate the possible correlation between detected INSAR-derived land
subsidence and water level change, we analyzed piezometric records between 2014
and 2017. These records show a water table drop in mid 2017 that correlates with the
INSAR-derived time series. The coincidence of the INSAR subsidence spatial extent
with the alluvial deposits suggests a hydrogeological control of the Bursa plain on

the observed subsidence. The eastern part of the subsiding area is sinking at a
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maximum rate of ~25 mm/yr where agricultural activities rely significantly on
groundwater extraction. The spatial pattern of subsidence reveals that the urban
environment is not yet affected by significant subsidence. All these observations
indicate that the subsidence in Bursa plain is due to excessive groundwater

extraction, not tectonic motions
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7. CONCLUSIONS AND PERSPECTIVES

In this dissertation, we measured and analyzed the temporal and spatial
characteristics of small surface deformation signals in northwest Turkey by
integrating SAR interferometry, GNSS measurements, geological and
hydrogeological data and ground-truth observations such as creep meter data to
discuss their origin and driving mechanisms. Throughout three case studies in this
work, we highlighted the ability of InNSAR time series analysis to understand
different geophysical phenomena such as aseismic slip and subsidence and natural
hazard events. More specifically, this work addresses three cases that include the
present-day behavior of shallow aseismic slip along the 1999 Izmit rupture on the
North Anatolina Fault, subsidence induced by different factors in the urban areas and

sedimentary basins near Istanbul and south of the Marmara Sea.

Improving our understanding of shallow creeping continental faults and its role on
the earthquake cycle requires detailed obsersarvations and analyses of slow
deformation related to active faulting. In the first case study, we have investigated
the spatial and temporal distribution of aseismic shallow creep along the 1999 Izmit
earthquake using Sentinel 1 A-B and TerraSAR-X images in both ascending and
descending viewing geometries from 2011 to 2017 in combination with GPS
measurements. Our results show a very clear discontinuity in the LOS velocity fields
obtained from each SAR dataset, particularly along the central segment of the 1999
rupture. During the INSAR and GPS observation period, the fault creep occurs at an
average rate of 8 mm/year in the shallow uppermost 5 km of the crust that extends
from Gulf of Izmit in the west to the Sapanca Lake in the east. Considering the
frictional heterogeneities and simple planar geometry of the 1999 rupture that can
favor the supershear velocities, there is a spatial coincidence between the presently
creeping section and the 1999 supershear velocity fault section. This coincidence
along the very linear geometry of the Izmit-Sapanca Lake and Sapanca Lake-Akyazi
segments of the rupture may suggest that fault geometry partly control the creeping

behaviour. Geological maps shows that the maximum surface creep puts in contact
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Quaternary alluvial deposits in the central depression of the Izmit basin, north of the
fault, and Eocene volcanic units south of the fault that can also favor the aseismic
behaviour in the region. Our results obtained from high temporal resolution of
Sentinel-1 data also reveals the existence of temporal accelerations of the creep rate,
with the detection of a one-month burst of creep in December 2016, with an
amplitude of ~10 mm, consistent with creepmeters observations. We also find a
prominent subsidence on the hanging wall of the Golcuk Normal Fault ruptured
during the Izmit earthquake. The velocity discontinuity along this oblique normal

fault could be due to subsidence in the basin or shallow afterslip on the fault.

The current rate of energy release due to aseismic slip in the upper shallow layer of
the fault is about 30-40 % of the annual tectonic loading rate. Therefore, we conclude

that a significant strain accumulation remains in this region of the NAF.

In the second case study, we presented the surface displacements associated with
ground subsidence along several selected sites in the terrestrial and coastal region of
Istanbul. Spanning almost twenty-five years of satellite radar observations, we
computed InSAR time-series of multiple satellites data in order to provide insights
into the potential hazards induced by local soil conditions and human activities.
Using the PS-INSAR technique, abundant number of time-coherent pixels were
obtained over six different sites in Istanbul. The most prominent and clearly visible
subsidence signals have been detected over the western part of Istanbul consistently
in all the frames. The spatio-temporal variability of the ground displacement was
measured over the last 25 years in Avcilar that suffered extensive damage during the
1999 Izmit earthquake and along the Haramidere valley where a long-lasting
landslide history has been reported. The time series analysis in this region reveals
that Haramidere valley banks are undergoing ground vertical subsidence at a rate of
10 £ 2 mm/yr. Another subsidence area has been reported along the Ayamama river
banks, made of shallow alluvial deposits due to the local substratum consolidation
process, at a rate of 10 + 1.8 mm/yr. The surface area affected by this subsidence is
shrinking gradually with time following the restoration of river and stream system in
2008. The inter-comparison of PS-INSAR measurements from different satellite
sensors spanning different periods for the western part of Istanbul shows that the
correlation between the mean velocity fields is very high between 1992-2011 and

decreases with time due to spatio-temporal change of the ground deformation.
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Sentinel-1A/B InNSAR measurements acquired between 2014 and 2017 show that
reclaimed lands in both European (Yenikapi reclamation area) and Asian (Maltepe
reclamation area) coastlines of Istanbul underwent significant subsidence of up to 8 +

1.3 mm/yr as a result of primary consolidation processes of the filling material.

Over all, we conclude that during the interseismic period human-driven changes
produce a more significant control on the coastal subsidence in Istanbul than natural
factors. In future studies, such high-resolution SAR data over the very dense urban
area of Istanbul could help monitoring continuously the urbanized areas suffering
from land subsidence. With this purpose, future plans include the processing of high-
resolution X-band sensors COSMO-Skymed and TerraSAR-X datasets to better
quantify the surface settlement and reveal the underlying causes of these settlements
in order to provide more complete data to public organizations in charge of

sustainable urban policies and hazard mitigation.

As a final case study, we present a detailed map of the subsidence of Bursa Plain in
southern Marmara region of Turkey using Sentinel 1-A/B images collected between
2014-2017, and reconsider the origin of the subsidence, previously proposed to result
from tectonic motions in the region. We investigate the possible correlation between
INSAR-derived land subsidence and water level changes between 2014 and 2017.
These records show a water table drop in mid 2017 that correlates with velocity
change in the INSAR-derived time series. This observation and the coincidence of the
INSAR subsidence spatial extent with the alluvial deposits suggests a
hydrogeological control on the subsidence of the Bursa plain. The eastern part of the
subsiding area is sinking at a maximum rate of ~25 mm/yr where agricultural
activities rely significantly on groundwater extraction. The spatial pattern of
subsidence reveals that the urban environment is not yet affected by significant
subsidence. All these observations indicate that the subsidence in Bursa plain is due

to excessive groundwater extraction, not to tectonic motions.
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APPENDICES

e APPENDIX A: Supplementary documents of GPS horizontal vel. (Chapter
4.2).

e APPENDIX B: Supplementary documents of atmospheric phase removal
(Chapter 4).

e APPENDIX C: Supplementary materials of uncertainties on horizontal and
vertical velocities obtained from InSAR data inversion (Chapter 4.4.2).

e APPENDIX D: Supplementary materials of the probability distributions

obtained from Monte Carlo Markov Chain exploration of the model
parameters (Chapter 4.5).
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APPENDIX A: Components of GPS horizontal velocities.

Table Al : Components of horizontal velocities (Ve, Vn) relative to the Eurasian
fixed reference frame for the period 2014-2016, one-sigma uncertainties
(0_g,0_n) and correlation coefficient (p_gy). The flag in the second
column ‘F’ distinguishes survey (s) and continuous (c) sites.

F | Longitude | Latitude Ve VN g O_N P_EN
SITE
(deg.E) (deg.N) mm/yr

KR30 | s | 30.43646 | 40.69154 | -13.41 -2.12 1.38 1.68 -0.040
KR29 | s | 30.40741 | 40.70456 | -12.01 2.10 2.01 2.45 -0.015
KR25 | s | 30.39755 | 40.71614 -5.73 -10.99 2.16 2.96 0.006
KR22 | s | 30.38343 | 40.79281 -4.11 -4.72 1.40 1.70 -0.013
KR26 | s | 30.36171 | 40.70220 | -12.52 -0.03 1.91 2.29 -0.005
KR23 | s | 30.36040 | 40.72286 | -10.99 -2.90 2.18 2.15 0.021
KR31 | s | 30.36036 | 40.67031 | -13.48 -0.49 1.49 1.83 0.004
KR28 | s | 30.35320 | 40.69616 | -12.77 0.99 1.46 1.76 -0.000
KR24 | s | 30.32734 | 40.71603 | -12.28 -0.89 1.72 2.09 0.000
KR32 | s | 30.32520 | 40.61163 | -18.16 -5.41 2.05 2.18 -0.069
KR27 | s | 30.32509 | 40.69855 | -11.38 -9.30 1.82 2.66 0.013
SMAS | s | 30.13402 | 40.68972 | -15.36 -2.40 2.49 3.42 -0.003
SISL | s | 30.13027 | 40.74533 -8.85 -2.85 1.53 1.89 -0.028
KR11 | s | 30.04048 | 40.78280 -6.04 -6.06 2.39 2.94 0.059
KR16 | s | 29.99286 | 40.70874 | -14.30 -1.07 1.50 1.81 -0.032
KR12 | s | 29.98820 | 40.73070 -5.63 -2.40 1.74 2.13 -0.018
KR19 | s | 29.98775 | 40.62831 | -16.79 -6.68 1.82 2.79 -0.042
KR18 | s | 29.96542 | 40.67467 | -13.97 1.24 1.29 1.50 -0.082
IZMT | ¢ | 29.95093 | 40.80198 -5.19 -0.93 0.73 0.76 -0.020
KR14 | s | 29.94658 | 40.72038 | -15.64 -2.46 2.59 3.05 0.078
KR13 | s | 29.93895 | 40.72426 -4.10 -2.12 1.99 2.24 -0.014
KR10 | s | 29.93512 | 40.80328 -7.94 -2.03 2.28 2.13 -0.029
KR15 | s | 29.93050 | 40.70578 | -15.90 0.18 2.02 2.74 -0.052
KRO9 | s | 29.81917 | 40.67286 | -15.42 -1.12 1.65 1.71 -0.011
KRO8 | s | 29.80409 | 40.70503 -8.53 -3.90 1.74 2.05 -0.134
KRO7 | s | 29.80093 | 40.71685 | -13.08 -1.14 1.47 1.82 0.005
KRO3 | s | 29.79821 | 40.72727 -8.73 -2.05 1.34 1.65 -0.022
KRO1 | s | 29.79660 | 40.78389 -5.41 -1.18 1.63 1.98 0.004
KRO6 | s | 29.79564 | 40.72295 | -11.36 -2.24 2.68 2.94 0.062
KRO4 | s | 29.79505 | 40.72645 -6.96 -0.56 1.72 2.09 -0.015
KRO2 | s | 29.79466 | 40.74347 -7.41 -6.60 1.27 1.51 -0.036
KROS5 | s | 29.79145 | 40.72215 -8.21 -2.56 1.80 2.20 -0.073
TUBI | s | 29.45068 | 40.78672 -4.47 -1.42 0.68 0.72 -0.023
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APPENDIX B: Supplementary documents of atmospheric phase removal.

APPENDIX B1:

T138

29‘5'
orrected Mean Velocity

Figure B.1 : InNSAR observations and atmospheric corrections. (a) Mean velocity
field from Sentinel 1 A/B descending track T138, (b) corrected mean
velocity using ERA-Interim model, (c) atmospheric delay map
predicted from the ERA Interim model.

APPENDIX B2:
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Figure B.2 : INSAR observations and atmospheric corrections. (a) Mean velocity
field from Sentinel 1 A/B ascending track T58, (b) corrected mean
velocity using ERA-Interim model, (c) atmospheric delay map
predicted from the ERA Interim model.

120



APPENDIX B3:
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Figure B.3 : INSAR observations and atmospheric corrections. (a) Mean velocity
field from Sentinel 1 A/B ascending track T160, (b) corrected mean
velocity using ERA-Interim model, (c) atmospheric delay map
predicted from the ERA Interim model.
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Figure B.4 : InSAR observations and atmospheric corrections. (a) Mean velocity
field from TerraSAR-X ascending track T24, (b) corrected mean
velocity using ERA-Interim model, (c) atmospheric delay map
predicted from the ERA Interim model.
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APPENDIX C: Supplementary materials of uncertainties on horizontal and vertical
velocities obtained from INSAR data inversion.

APPENDIX C1:

eIOC|ty Uncertainty

Figure B.5 : Uncertainties on horizontal (a) and vertical (b) velocities obtained from
INSAR data inversion, following Wright et al. (2004) procedure.
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APPENDIX D: Supplementary materials of the probability distributions obtained
from Monte Carlo Markov Chain exploration of the model parameters.

APPENDIX D1:

Velocity
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D.1 One-dimensional and two-dimensional sampled probability

distributions obtained from Monte Carlo Markov Chain exploration
of the model parameters assuming a priori uniform distribution for
all model parameters but locking depth D1 (Gaussian distribution),
for profile A-A’. The diagonal plots display the one-dimensional
marginal distribution for each parameter independently in the
histograms. The panels with clouds of points display the marginal
two-dimensional distributions. The red solid lines indicate the
mean value for each model parameter. Blue dashed lines mark the
95% confidence interval of the probability density functions. The
values above each histogram indicate the mean value.
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APPENDIX D2:

Velocity
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Figure
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One-dimensional and two-dimensional sampled probability
distributions obtained from Monte Carlo Markov Chain
exploration of the model parameters assuming a priori uniform
distribution for all model parameters but locking depth Di
(Gaussian distribution), for profile C-C’. The diagonal plots
display the one-dimensional marginal distribution for each
parameter independently in the histograms. The panels with
clouds of points display the marginal two-dimensional
distributions. The red solid lines indicate the mean value for each
model parameter. Blue dashed lines mark the 95% confidence
interval of the probability density functions. The values above
each histogram indicate the mean value.
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APPENDIX D3:
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Figure D.4

Creep Velocity Velocity Creep depth (km) Locked depth

(mm/yr) (mm/yr) (km)

One-dimensional and two-dimensional sampled probability
distributions obtained from Monte Carlo Markov Chain
exploration of the model parameters assuming a priori uniform
distribution for all model parameters but locking depth Di
(Gaussian distribution), for profile D-D’. The diagonal plots
display the one-dimensional marginal distribution for each
parameter independently in the histograms. The panels with
clouds of points display the marginal two-dimensional
distributions. The red solid lines indicate the mean value for each
model parameter. Blue dashed lines mark the 95% confidence
interval of the probability density functions. The values above
each histogram indicate the mean value.
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