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Abstract

Quantifying interseismic deformation of fault networks which are predominantly deforming in a north-south direction is chal-
lenging, because GNSS networks are usually not dense enough to resolve deformation at the level of individual faults. The
alternative, synthetic aperture radar interferometry (InSAR), provides high spatial resolution but is limited by a low sensitivity
to N-S motion. We study the active normal fault network of Western Anatolia, which is undergoing rapid N-S extension, using
InSAR. In the first part of this study, we develop a workflow to assess the potential of decomposing InSAR line-of-sight (LOS)
velocities to determine the N-S component. We use synthetic tests to quantify the impact of noise and other velocity components
and outline the requirements to detect N-S deformation in future studies. In its current state, the N-S deformation field is too
noisy to allow robust interpretations, hence in the second part we complement the study by including vertical deformation.
Since most faults in the study region are normal faults, the high-resolution vertical velocity field provides new insights into
regional active faulting. We show that tectonic deformation in the large graben systems is not restricted to the main faults, and
seemingly less active or inactive faults could be accommodating strain. We also observe a potential correlation between recent
seismicity and active surface deformation. Furthermore, we find that active fault splays causing significant surface deformation
can form several kilometres away from the mapped fault trace, and provide an estimate of current activity for many faults in

the region.



This a preprint and has not been peer reviewed. Data may be preliminary.

6/v1

[

22541 /essoar.169447395.519

https://doi.org

All rights reserved. No reuse without permission.

The copyright holder is the author/funder.

Posted on 11 Sep 2023

38°E_ 27°E 28°E 29°E
T T =

38°N

An lian Mlcro
. 20-30 mmly
FEN

37°N

a2 r [
P e d) . .
——= Nocquet, 2012 i @ 0

——= Ozdemir and Karshoglu, 2019
——= England et al., 2016

T

° L L L

° . ®

S .

= . .

© ..

-
. . .
. LIy .
Lo s . L7 e

% Y e
Longitude NS (mml\l")\m (mm"l \\mﬂ“‘m




42

41

40

Latitude

37

overlaps

[ descending frames

1 ascending frames

Il 4 overlaps
OB 3 overlaps

).22541 /essoar

1(

doi

https:

- 3(a) Input N velocity (target) (mm/yr)

40|

7]
%

305/

39

385/

RMSE

35 :
25 26

27

28 29
Longitude

(b) inversion result 5% LOS noise (mm/yr)

5

o
4
3 s
2 39
L
0

)
-1

375,
-2
3 7
4 s
-5

MSE total
MSE 3-overlaps
MSE 4-overlaps

275

05

30 31

(c) inversion result 20% LOS noise (mm/yr)

32

-100

-150

5
noi

se on LOS input (%)




(@)

N-S deformation Vn (mm/yr)

(b)

vertical deformation Vu (mm/yr)

solving for N-S deformation (target checkerboard Vn = +/- 5 mm/yr)

varying Vu, constant Ve = -10 to -20 mm/yr (ramp)
positive squares

varying Ve, constant Vu = -5 mm/yr
positive squares

15
5
10 \’/__,_/\
\_v_’_’__f_\ 0
s 5
2 5 -0 5 0 5 10 15 20 20 5 0 5 0 5 10 15 20
negative squares 4 negative squares
5h
6F
10t
® 12
20 15 -0 5 0 5 10 15 20 20 15 10 5 0 5 10 15 20

vertical component Vu (mm/yr)

E-W component Ve (mm/yr)

=+ target velocity (+/-5 mm/yr)
inversion 2% noise

inversion 10% noise
inversion 20% noise

solving for vertical deformation (target checkerboard Vu = +/- 5 mm/yr)
varying Vn, constant Ve = -10 - -20 mm/yr (ramp) varying Ve, constant Vn = 5 mm/yr
positive squares positive squares
5 B et
49F 49 /\
48F 48t
47 47
20 15 10 5 0 5 10 15 20 20 15 -0 5 0 5 10 15 20
47 negative squares 47 negative squares
-4.8F 481
“or “e \/
5 5
20 15 10 5 0 5 10 15 20 20 15 10 5 0 5 10 15 20

N-S component Vn (mm/yr)

E-W component Ve (mm/yr)

---------- target velocity (+/-5 mm/yr)
inversion 2% noise

inversion 10% noise
inversion 20% noise




standard deviation (mm/yr)

40.5 -
(a)
1000
; 40 —
= 800
g 600
- 395 -
=} 400
: /\ 200
39| /
a min:251 max:1183
0
: 28 29 30
385 |-
| -
= // L 200
& i
/ 150
& 38 -
————7—' —d// 100 o
= B
£
E
50
375 s
®
5 £
0 S
@
= kel
g Y R s E=
g 37  orova ft ; %03
7 - 4 _{l:
= o h=
3 Vs - g 100 2
z 36.5 -150
-200
" 36 | | 1 | | |
27 275 28 285 29 29.5 30

No reuse

author /func

T'he cop;

d on 11 Sep 2023



Data ma;

viewec

Te

preprint anc

395.51957956

10.2254

doi.or

ithout permis

No reuse

author /func

T'he copy

2023

1 Sep

Posted on

40.5

38.5

Lat

[ (a) vertical deformation field (positive = uplift)y®
e s W - o %

Id -5
KMGEF - Kuiglik Menderes Graben
ABF - Agipayam Basin ft.
-YF - Yagcilar ft.

40.5

39

38.5

38

37.5

37

36.5

36

min:0 max:1

26

27 8 9 3

vertical velocity (mm/yr)



(b) swath profile across Halitpasa and Ozanca Ft. (1km wide) 10

I vertical velocity
mean velocity

J longitude 28.

82

(c) swath profile across Gediz Graben Bounding Fault (1km)

young,
high-angle
faults

ol

6 8 10 12 14
distance across fault (km)

71957956

uplift (mm/yr)

throw rates (Kent et al., 2016)

doi.o

16

7(d) footwall uplift along Gediz Graben Bounding Fault

6 8 10 12
distance across fault (km)

1969 M, 7 rupture segment
B S

or
uplift (mm/yr)

40

distance along fault (km)
- (e) profile of footwall uplift along Manisa Ft.

1,68 (f) Manisa Ft.
! Ty
38.66’{ F2!
38.64
38.62 -

386 -

I s
38.58 A

No reuse

The cop, the author /func

I Sep 2023

25

distance along fault (km)

38.56 | s s B
. 1 mapped fault (simpliﬁed}l %
854" |. . . actual deformation front | B

N
&

70 80

Ménisa Ft:

273 27.35 274 27.45 275

N
3

® this study
¢ Poyraz et al. 2019 (GNSS)
+ Poyraz & Hastaoglu, 2020 (PSInSAR)

o S &

vertical deformation (mmiyr)
°

o
[
[ —
o
L

‘.
[

-20
ESME HDLL BMTF BHDL CRTK GRLL DGYF ALSE

(mmiyr)

c
o
T

£

£
L
5]
5O
©
i
£
g
2

ate (mm/yr)

throv

|
J

Ler >



Data may be preliminary.

This a preprint and has not been peer reviewed

7956 /v1

395.5195

7

10.22541 /essoar.16944

doi.org

https:

All rights reserved. No reuse without permission

T'he copyright holder is the author/funder

Posted on 11 Sep 2023

405

40

w w
el w ©
13 © 13

Latitude
w
©

375

371

36.5

(1A/wiw) Ayoojen SO

36
26

10

-10

-15

27 29 30 26 27 29

28
Longitude

28
Longitude

this study

VLM XTRACK-TG
VLM CMEMS-TG
VLM GNSS

VLM InSAR

HHH ®

1ﬁ@hﬁﬁkﬁﬁ




North-South and Vertical Deformation Across the
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Key Points:

 Studying N-S motions from InSAR in western Tiirkiye highlights key factors for
successful inversion are fast deformation rates and low noise

+ Vertical InSAR velocity field reveals shifts from uplift to subsidence spatially cor-
related with faults and fault splays

» Results indicate spatial variation in uplift rates along faults and could be used to
infer the relative activity of faults or fault splays
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Abstract

Quantifying interseismic deformation of fault networks which are predominantly deform-
ing in a north-south direction is challenging, because GNSS networks are usually not dense
enough to resolve deformation at the level of individual faults. The alternative, synthetic
aperture radar interferometry (InSAR), provides high spatial resolution but is limited

by a low sensitivity to N-S motion. We study the active normal fault network of West-
ern Anatolia, which is undergoing rapid N-S extension, using InSAR. In the first part

of this study, we develop a workflow to assess the potential of decomposing InSAR line-
of-sight (LOS) velocities to determine the N-S component. We use synthetic tests to quan-
tify the impact of noise and other velocity components and outline the requirements to
detect N-S deformation in future studies. In its current state, the N-S deformation field

is too noisy to allow robust interpretations, hence in the second part we complement the
study by including vertical deformation. Since most faults in the study region are nor-
mal faults, the high-resolution vertical velocity field provides new insights into regional
active faulting. We show that tectonic deformation in the large graben systems is not
restricted to the main faults, and seemingly less active or inactive faults could be accom-
modating strain. We also observe a potential correlation between recent seismicity and
active surface deformation. Furthermore, we find that active fault splays causing signif-
icant surface deformation can form several kilometres away from the mapped fault trace,
and provide an estimate of current activity for many faults in the region.

1 Introduction
1.1 Can we Extract North-South Deformation from InSAR?

Fialko et al. (2001) and Wright et al. (2004) first described the process of decom-
posing interferometric synthetic aperture radar (InSAR) line-of-sight (LOS) signals into
east-west, north-south and vertical components. Today, with the availability of high per-

formance computing, InSAR time series, and improved satellite systems (namely the Sentinel-

1 system), this process has become a well-established application. Nevertheless, one par-
ticular challenge is the accurate quantification of N-S deformation, due to the inherently
poor InSAR sensitivity to movements in direction of the satellite’s orbit (Wright et al.,
2004). Since the Sentinel-1 satellites (similar to previous SAR missions) are on approx-
imately N-S-oriented orbits, the LOS velocity is significantly less sensitive to north-south
deformation compared to movements in the vertical and east-west directions. Other stud-
ies solved the north component either by assuming it to be negligible (Hussain et al., 2016)
or performing a joint inversion of InNSAR LOS velocities while constraining the north com-
ponent using spatially smoothed GNSS velocities (Samsonov et al., 2008; Vollrath et al.,
2017; Hussain et al., 2018; Weiss et al., 2020), or by including other techniques, such as
azimuth offset tracking (Fialko et al., 2001; Hu et al., 2014). Despite these efforts, de-
termining N-S deformation remains difficult. This is a critical problem for regions that
predominantly deform in the N-S direction, since the real deformation is drastically un-
derestimated by LOS velocity maps. One such example is the Western Anatolian FEx-
tensional Province (WAEP) in south-west Tiirkiye. GNSS studies show that the region

is undergoing rapid N-S extension of ~20 mm/yr (Aktug et al., 2009; McClusky et al.,
2000) across a series of graben structures (McKenzie, 1972; Ten Veen et al., 2009) that
have hosted large infrequent earthquakes <My, 7.0 (Eyidogan & Jackson, 1985) . The
current state of activity on the graben fault systems is still not fully understood and so
investigations into the regional fault network and deformation patterns can contribute

to an understanding of fault activity and therefore seismic hazard.

Here we use an alternative approach to determine the north-south component of
deformation, by constraining the E-W component with GNSS velocities and using an over-
determined inversion of InSAR time series LOS data. Our technique makes use of the
deviation of the Sentinel-1 orbits from north. The study area in SW Tiirkiye features
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rapid N-S extension, a set of well-studied fault zones, and a dense GNSS network allow-
ing the method to be tested in this region.

In the first part of this study, we explore the capabilities and limitations of detect-
ing N-S surface deformation using InSAR-derived deformation maps. We use synthetic
tests to determine general methodological constraints and possibilities to yield robust
interpretations from inverted N-S velocity fields. We outline the requirements to success-
fully extract N-S deformation, and show the impact of deformation in other directions
when decomposing LOS velocities. Using these insights, we apply the same process to
real data, trying to infer north-south velocities in SW Tiirkiye at resolution of individ-
ual faults.

1.2 Vertical Deformation of Active Normal Faults

The N-S deformation in western Anatolia is mostly accommodated by ~E-W trend-
ing normal faults (Bozkurt & Sozbilir, 2004; Ten Veen et al., 2009) . Since the extrac-
tion of reliable N-S deformation is challenging, we complement our analysis of the ac-
tive faults with vertical deformation rates. However, while InSAR is highly sensitive to
vertical movements, this comes with a different challenge; the studied faults are mainly
graben-bounding faults, separating flat, sediment-filled basins covered by agricultural land
from mountainous areas. Consequently, the effects of topography, atmosphere and sub-
sidence, owing to ground water extraction in the grabens, swamp the tectonic signal and
complicate the ability to quantify or even detect tectonic subsidence (Hastaoglu et al.,
2023; Aslan et al., 2022; Imamoglu et al., 2022). Therefore, the key challenge is to dis-
tinguish tectonic movements from other confounding influences. We navigate this prob-
lem by focusing on the footwall uplift of normal faults and neglecting the hangingwall
deformation. While subsidence in the basin (hangingwall of normal faults) can have a
variety of causes, footwall uplift can be mainly attributed to tectonic factors.

We quantify footwall uplift rates along active faults in the region and compare the
spatial uplift patterns with the mapped fault traces. This provides insights into the ac-
tivity of individual faults and fault splays, which are not detectable with other techniques.

2 Surface Deformation in the Western Anatolian Extensional Province
2.1 Regional Tectonics and Seismic Activity

Driven by the collision of the African, Eurasian and Arabian plates, the Anatolian
microplate escapes westward between the North Anatolian (NAFZ) and East Anatolian
(EAFZ) Fault Zones at a rate of 20-30 mm/year (Kurt et al., 2023). Owing to this move-
ment, combined with roll back from the Hellenic Arc subduction zone, western Anato-
lia and parts of the Aegean Sea are undergoing N-S extension at rates of ~ 20 mm / year,
forming the Western Anatolian Extension Province (Aktug et al., 2009; McClusky et al.,
2000; McKenzie, 1978, 1972; Jackson, 1994; Taymaz et al., 2007). The dominant style
of deformation in the WAEP is normal faulting on ~E-W-trending faults, forming a se-
ries of elongated basins (grabens). In the eastern Aegean Sea and coastal regions of Ana-
tolia, often referred to as the 'Izmir-Balikesir transfer zone’, a significant right-lateral com-
ponent of deformation is expressed in active strike-slip deformation on ~NE-SW-trending
faults (Uzel et al., 2012).

The most prominent structures in the study area are the E-W-trending Gediz and
Biiyiik Menderes Graben, the Simav Graben in the north and the Gulf of Gokova at the
Mediterranean coast (Fig. 1). Other basins, predominantly bounded by active, NW-SE
or NE-SW-trending normal faults, are distributed across the WAEP. For our study we
use a simplified fault network modified from the active fault database (Emre et al., 2018)
and the accompanying active fault map series (1:250k scale). Faults in the Denizli basin
after Kogyigit (2005), Cameli region after Algigek et al. (2006) and Yang et al. (2020).
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Figure 1.

a) Tectonic setting and major active fault zones of the Eastern Mediterranean (af-

ter Emre et al. (2018); Ganas et al. (2013, 2023)). Box indicates the extent of the study area.
NAFZ: North Anatolian Fault Zone; EAFZ: East Anatolian Fault Zone b) Simplified fault net-
work of the Western Anatolian Extensional Province (WAEP); KMGF: Kiiciikk Menderes Graben
Fault. ¢) GNSS velocity field of Tiirkiye. Grey-shaded area marks the profile depicted in d,e, and

f. GNSS velocities relative to stable Eurasia, hence the increase in both E-W and N-S compo-

nents with distance to the NAFZ.
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calculate time series.

Sentinel-1 frames, time span covered, and number of interferograms (n ifgs) used to

frame ID geometry start date end date n ifgs
036D_04976 descending 13/03/2015 30/01/2023 1258
036D_05175 descending 08/10/2014 28/06/2022 1003
138D_04954 descending 15/10/2014 29/07/2022 1173
138D_05142 descending 15/10/2014 13/01/2023 1498
138D_05325 descending 08/11/2014 29/07/2022 1147
058A_04914 ascending  09/01/2014 19/01/2023 1358
058A_05086 ascending  09/10/2014 27/08/2021 916

058A_05279 ascending  09/01/2014 09/09/2022 1293
131A_04951 ascending  02/01/2018 31/12/2022 1004
131A_05153 ascending  07/11/2014 28/07/2022 1053
131A.05336 ascending  07/11/2014 31/12/2022 1165

Fault traces were simplified to single lines and the location of the fault traces was mod-
ified based on morphology (DEM) and vertical deformation signals, where applicable.

2.2 Tectonic and Non-Tectonic Surface Deformation

Hooper et al. (2012) and Weiss et al. (2020) computed the InSAR line-of-sight (LOS)
velocity fields throughout Anatolia. Weiss et al. (2020) decomposed LOS velocities of
entire Tlrkiye into east-, north- and vertical components, though the north component
was constrained by smoothed, interpolated GNSS velocities.

Surface deformation and aseismic creep is documented in several locations in the
WAEP, for example in the Afyon-Aksehir Graben (Ozkaymak et al., 2019). Particularly
fast deformation rates are observed at the Sarigol fault, the eastern segment of the Gediz
Graben system, which ruptured in the 1969 My, 6.9 Alagehir earthquake (Arpat & Bingdl,
1969; Eyidogan & Jackson, 1985). Vertical deformation at the fault was 70-87 mm/yr
between July 2017 and 2020, inferred from precise levelling studies (Dogan et al., 2022).
Other studies obtained vertical deformation of 60-85 mm/yr over a 10-year period (Koca
et al., 2011) or up to 90 mm/yr (Poyraz et al., 2019).

Most of the surface deformation observed is owing to subsidence in the grabens re-
lated to falling ground water levels, particularly in the summer. Since minor deforma-
tion continues throughout winter and spring, Dogan et al. (2022) conclude that tectonic
creep also contributes to the observed vertical deformation, possibly in a range of ~ 20
mm/yr. When removing the seasonal signal, which is mainly caused by groundwater level
changes, from the time series, Hastaoglu et al. (2023) determined between 10 and 62 mm/yr
of subsidence in the graben. Subsidence related to ground water level changes is known
from multiple basins across the region (Aslan et al., 2022; Imamoglu et al., 2022). It gen-
erally exceeds tectonic deformation rates and is difficult to deconvolute from the tectonic
subsidence. Therefore, we focus our analyses on the uplift signal of normal faults.

3 Methods
3.1 Preparing InSAR and GNSS Velocities

We computed InSAR time series of six ascending and five descending frames (Ta-
ble 1, Supplement 3) using LICSBAS (Morishita et al., 2020) with data downloaded from
the LiCSAR portal (Lazecky et al., 2020). This analysis included atmospheric correc-
tions using GACOS data (Yu et al., 2018). Following the approach of Hussain et al. (2016),
the InSAR LOS velocities are referenced to a stable Eurasia reference frame, using three
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sets of GNSS velocity data (Nocquet, 2012; England et al., 2016; Ozdemir & Karshoglu,
2019) . We combine the data, averaging values for duplicate stations, and calculate the
average InSAR LOS velocity in a square of ~ 1 km? around each GNSS station. GNSS
north (V,,) and east (V) velocities are converted into LOS velocities using the InSAR
LOS vector components (p, and p,) for the east and north directions, assuming that pro-
portions of InSAR velocities are comparable to GNSS velocities: LOSgnss = pe X Ve+
Dy X Vy. We then determine the best-fit planes through the InSAR and GNSS LOS ve-
locities. The difference between both planes reflects the difference of reference frames
between the GNSS (relative to stable Eurasia) and the InSAR velocities, and is subse-
quently removed from the InSAR LOS velocity field. The procedure is repeated for each
InSAR frame.

To use multiple InSAR data sets, combined with GNSS velocities, they must be
on the same geographic grid. We therefore create a grid covering the study area from
26 to 31°E and 36 to 40.5°N, with a grid size of 0.0045° (500 m). We interpolate the GNSS
velocities onto this grid, and then resample all InSAR LOS velocities on the grid, using
the nearest-neighbor method and preserving empty pixels.

The LOS velocities differ slightly between frames, even for frames on the same track.
These differences result in artificial steps at frame boundaries in the combined velocity
fields and later inversion results, and could mislead interpretations when falsely identi-
fied as natural features in the surface deformation rates. To reduce these artifacts, we
apply another correction step, without changing the relative signals within each frame.
For each geometry, one reference frame is picked (descending 138D 05142 and ascend-
ing 131A 05153), which is located in the centre of the study area and shows reasonably
good time series results. The secondary frame with the largest overlap area (omitting
empty pixels) with the reference frame is determined. To adjust the velocity field to a
similar range in velocities, the secondary frame (LOS,..) is corrected by the standard
deviation o of the overlapping parts of the reference frame: LOS;’gg = LOSsecX0ref/0sec
Then the median of velocities of both frames in the overlapping area is determined and
the reference frame is corrected: Losgglg' = LOSsectMpef—Mgec, Where myeyp, Mgec is
the median of the reference/secondary LOS velocities, respectively, in the overlapping
area. This process is repeated for all frames, each time the reference area is enlarged by
the newly referenced frame. Before the inversion, all frames are merged on the same track
into single data sets (two ascending and two descending tracks), averaging overlapping
pixels.

3.2 Inversion of the InSAR North Component

The line of sight (LOS) velocity can be decomposed into the three components of
displacement, Dg, Dy, and Dy, by

Dg
Dros = [sin(f)cos(a) —sin(f)sin(a) —cos(9)] | Dy (1)
Dy

The row vector is defined by the incidence angle # and the azimuth of the satellite track
a (Wright et al., 2004). It specifies the components of the vector p = (p, py, p-) point-
ing from a point on the ground to the satellite and thus determining the proportions of
eastward, northward and vertical displacement in the LOS velocity. Similarly, the LOS
displacement of each point can be defined by

Dros = p.Dg +pyDn + p. Dy (2)

Since equations 1 and 2 contain three unknowns, at least three data sets are required
to solve for the displacement vector D containing the east (Dg), north (Dy), and ver-
tical (Dy) components of displacement. Since the eastward velocities are well constrained
by GNSS data, we assume that D = GNSS..s and subsequently constrain the E-



198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

42

Latitude
w
©

w
o
T

w
~

35 !

[ descending frames
[ ascending frames
Il 4 overlaps

0@ 3 overlaps

25 26

Figure 2.

28

29

Longitude

30 31 32
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ing the study area. The central region is covered by four overlapping tracks.

W component by a smoothed interpolated GNSS velocity field. The study area is cov-
ered by Sentinel-1 ascending tracks 058 and 131 and descending tracks 036 and 138 (Fig.
2). For each pixel, data from at least two overlapping frames are available and the cen-
tre of the study region is covered by up to four overlapping frames. Therefore, for the
central part of the study area we have an over-determined system with up to five data
sets (4 x InSAR and 1 x GNSS) but still only three components to solve for. A least
squares inversion is used to solve for D, following the general equation
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The number of InSAR data sets in the matrix varies between two and four, using the
maximum of available look angles for each pixel. The east component p, is constrained
with GNSS velocities, thus Dg is effectively removed from the system. Although the in-
version is theoretically solvable with only two LOS velocities, the resulting north-component
is highly erroneous and noisy, likely owing to the poor north-sensitivity. To account for
this issue, only pixels covered by at least three InSAR tracks are included, thus using
an over-determined system. This increases the robustness of the inversion results, but
at the expense of spatial coverage, since areas only covered by two overlapping frames
are now excluded. Since we work with displacement velocities, in the following we will
refer to the E-W, N-S, and vertical components of deformation as V., V,,, and V,,, re-

spectively.

3.3 Synthetic Data Tests

Tests with synthetic velocities are used to simulate inversion with known north-
south and vertical velocities, to determine if these are identifiable after converting into
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with alternating V,, = +5 mm/yr. We combined the velocity components to the LOS and added
random noise between 0 and 20% of the LOS velocity. b) and c¢) show the results of the inversion
solving for V,,. The checkerboard pattern is clearly visible for 5% noise, but unclear by noise at

20%. This gives approximate input data quality boundaries for inversion of real N-S velocities.

LOS velocities and decomposing back into the three components. For the north com-
ponent a checkerboard pattern is used, each square with a size of 0.5° x 0.5° and ve-
locities of +5 and -5 mm/yr (Fig. 3). The east component is defined by a ramp signal
increasing from -10 in the west to -20 mm/yr in the east of the study area, which is sim-
ilar to the real westward motion of Western Anatolia (Kurt et al., 2023). The vertical
velocities are kept constant across the study region; vertical velocities are varied between
-1 and -10 mm/yr to test the impact on the inverted N-velocities.

Synthetic components are converted into LOS velocities using Equation 2 and the
look vector components p,, py, and p, for each frame. To simulate noise of the radar ac-
quisition, for example from residual atmosphere, normally distributed noise is added to
the LOS data. Noise is varied between 0 and 25% of the maximum LOS velocity to test
its impact on the inverted N-S velocity (Figure 3). The synthetic InNSAR frames have the
same look vectors and spatial extent as real data. A series of tests with variable noise
in the LOS input is performed and the goodness of the inversion is quantified with the
root mean square error (RMSE) to compare areas covered by 3 vs 4 tracks, and the im-
pacts of varying V,, and V,, input velocities on the inverted V,, (Fig. 4). As input noise
introduces a random component, all tests were repeated three times and outputs aver-
aged to ensure reliable results.

Additionally, the impact of the V,, and V,, components on the inversion is assessed,
again simulating these with a checkerboard pattern of alternating +5 mm/yr velocities.
Varying one component at a time, the mean inverted velocity in the positive and neg-
ative checkerboard squares is determined (Fig. 5), and compared to the input velocity
(£5 mm/yr).

3.4 Inversion of Vertical Velocities

Inversion of the vertical velocity field follows the same routine as solving for the
N-S component, with the difference that Equation 3 is solved for V. and V,, and V,, is
constrained with the GNSS velocity field. The vertical velocity is computed for the en-
tire study area, with a pixel resolution of 100m.
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4 Results
4.1 Synthetic Tests

Tests with synthetic velocity fields are performed to quantify the impact of noise
and different velocity components on the inverted N-S and vertical deformation field (Fig.
4). All tests show a linear relationship between noise in the LOS data and RMSE, and
errors are significantly reduced in areas covered by four overlapping frames (Fig. 4a).
Rapid subsidence can have a minor impact on RMSE (Fig. 4 b). Surprisingly in the tests,
increasing N-S deformation yields a slightly increased RMSE (Fig. 4c). Additionally the
input N-S and vertical deformation fields (checkerboard pattern) are compared to the
inverted deformation (Fig. 5). V,, is increased both in positive and negative squares, across
the entire range of tested V,, with constant V. gradient of -10 to -20 mm/yr. Similarly,
inverted V,, are shifted towards negative values at a constant subsidence of 5 mm/yr and
varying V. (Fig. 5a). The inverted vertical deformation (V,,) is generally much closer
to the target velocity of £5 mm/yr and RMSE is usually <2 mm/yr. V,, is generally un-
derestimated independent of V,, input, with clear correlation between V. and the inverted
V. (Fig. 5b). Impact of the other components on the inversion results increases with noise.

4.2 North-South Deformation

The resulting N-S velocity field indicates that the majority of velocities (within 30)
are in a range of +448 mm/yr (Fig. 6), exceeding realistic values. Notable differences
in N-S velocities are observable between areas covered by different tracks. The central-
northern region of the study area, which is covered by four overlapping tracks, has the
lowest standard deviations. This area also shows the most consistent and realistic ve-
locities, mostly in a range of < £50 mm/yr.
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the V,, inversion results. In short: westward motion leads to false northward motion in inversion,
whereas subsidence leads to southward trends. b) Inversion for vertical velocities, generally show-
ing much less deviation from the target (input) velocity (V). V, is decreased for both positive
(uplift) and negative (subsidence) areas, across all tested V,, values, implying a general influence
of the E-W component. The right plots confirm this, showing that V,, tends to decrease with

increasing V., though deviations from the input velocity are <0.25 mm/yr.
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Table 2. Footwall uplift rates of faults with clear tectonic uplift signal, determined from
across-fault swath profiles. Maximum is the fastest uplift rate of all profiles, mean is the average

of maximum velocities from all profiles. See Figures 7 and 8 for fault locations.

Fault mean max. comments
(mm/yr)  (mm/yr)
Killik ft. 1.83 6.24
Kemerdamlari ft. 3.43 6.38
Halitpasa ft. 1.82 4.21
Ozanca ft. 2.87 6.01
Golmarmara ft. -2.99 2.72  only eastern segment shows deformation
Akselendi ft. 3.73 5.35
Akhisar ft. 2.10 5.20
Pamukkale ft. 0.34 2.68  Denizli basin
Honaz ft. 0.97 2.39
Asagidagdere ft. 0.16 1.48
Kalekoy ft. -0.33 1.92 naming adapted from Kogyigit (2005)
Soke ft. 3.82 1.19
Milas ft. 1.38 3.44  only western segment shows clear deformation
Gokova ft. 1.54 4.60
Civril ft. 2.29 4.01
Baklan ft. 1.65 3.60
S Acigol Graben ft. 2.66 4.35
N Acigol Graben ft. -2.15 1.57
Acipayam Basin ft. 2.13 3.99 2019 My/5.8 source (Yang et al., 2020)
Yagcilar ft. 5.09 6.19

4.3 Vertical Deformation and Relative Fault Activity
4.3.1 Regional trends

The vertical deformation field broadly shows uplift in the northern parts of the study
area, whereas the central and southern region, especially the region around the Biiyiik
Menderes Graben, are dominated by subsidence of up to -12 mm/yr (Fig. 7).

Several, but not all active faults show a difference in vertical deformation across
mapped fault traces, with uplift in the footwall and subsidence in the hangingwall. The
fastest deformation is observable at fault zones in the Gediz Graben. Other faults show-
ing active deformation are, for example, the Pamukkale fault in the Denizli basin, the
Civril, Baklan and Acigdl graben faults in the north-east and the Gékova and Stke faults
in the south. Uplift rates were determined for all faults that show a clear tectonic de-
formation signal approximately along the mapped fault traces (Table 2). Faults with un-
clear or weak uplift signal are, for example, the Mugla, Yatagan, Babdag and Kusadasi
faults. Faults in the Izmir region, which have a notable strike-slip component, mostly
show very little vertical deformation (with the exception of the Yagcilar ft.) similar to
faults in the Cameli basin. We also investigated several faults with uncertain Holocene
activity, the Gelenbe fault north of the Gediz Graben and the Kizilyaka fault east of the
Gulf of Gokova, which unsurprisingly show no surface deformation. In contrast, the Kugtik
Menderes Graben features notable uplift along the northern margin, where no active fault
is known to date, as well as a weak signal at the southern margin, which likely hosts the
Kiiciik Menderes Graben Fault (KMGF), though its recent activity is not clear (Seyitoglu
& Isik, 2009). Several faults which are clearly active, such as the BMGF, show very slow
active surface deformation. Note that uplift rates can be influenced by regional uplift
or subsidence and thus are not directly convertible to fault throw/slip rates.
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4.3.2 Notable Characteristics of Active Deformation in the Gediz Graben

The dominant tectonic structure of the Gediz (Alagehir) Graben is the detachment
fault at the southern side, which has been active since Miocene, exhuming the Menderes
Massif. It forms a low-angle detachment dipping ~15-30° to the north and is believed
to be inactive, while the active high-angle Gediz Graben Bounding Fault (GGBF) formed
in its hangingwall (Gessner et al., 2001; Seyitoglu et al., 2002; Bozkurt & Sozbilir, 2004;
Purvis & Robertson, 2004; Cift¢i & Bozkurt, 2009). The GGBF consists of three seg-
ments, the eastern Alagehir segment, the central Sahlili segment and the western Turgutlu/Armutlu
segment. Naming and mapped fault traces, especially for the western segment and ad-
jacent faults, vary in literature. Kent et al. (2016) used cross-sections interpreted from
published seismic and outcrop maps and the relationship between throw and relief to de-
termine the long-term slip rates along the GGBF. Throw rates (vertical part of slip rates),
are in the range of 0.4 — 1.3 mm/yr (Kent et al., 2016), accelerating to up to 2.0 mm/yr
at about 0.6-1 Ma (Kent et al., 2017). The northern side of the graben hosts the anti-
thetic Killik and Kemerdamlar: Faults. In the west, the graben splits up into several sub-
basins hosting multiple active faults.

Almost all mapped faults in the graben show a clear deformation signal. We quan-
tify deformation using 1 km wide swath profiles across the fault traces, perpendicular
to the mean fault strike (see Fig. 8c). For robust quantification of the maximum uplift,
we first take the average of all values along the profile (red line), then we determine the
maximum of this within the footwall (dark grey) of the profile. The maximum value (grey
shaded) of the red curve and the spread of values at this point are used to create along-
fault uplift profiles (Fig. 8d&e). Assuming that the slip distribution of the observed tec-
tonic deformation is comparable to long-term fault slip, a triangular, or elliptical slip dis-
tribution would be expected, with the maximum slip in the fault centre, decreasing to-
wards the tips (Cowie & Roberts, 2001; Manzocchi et al., 2006; Roberts, 2007; Schla-
genhauf et al., 2008).

The vertical deformation field can be used to infer relative fault activity (see Sec-
tion 5.3.3). Furthermore, detailed analyses reveal insights into several commonly mis-
interpreted characteristics of regional faulting; Firstly, vertical deformation is not focused
on the southern side of the graben, which hosts the main graben bounding fault. While
all faults in the graben show vertical deformation, the antithetic faults in the north (Ke-
merdamlar: and Killik Ft.) in some parts appear to be moving faster than the GGBF.

In the graben centre, the Halitpaga and Ozanca faults are uplifting and tilting smaller
blocks at ~3-5 mm/yr (Fig. 8b). Secondly, the southern graben margin shows two de-
formation fronts (Fig. 8c). These correlate with the locations of the active GGBF in the
north and the low-angle detachment fault in the south, suggesting that the Gediz de-
tachment, contrary to established opinions (Gessner et al., 2001; Seyitoglu et al., 2002),
might still be active. Thirdly, deformation at the GGBF (Fig. 8d) is faster on the west-
ern and central segments with up to ~6 mm/yr uplift, but comparably slow on the east-
ern (Alagehir) segment, which ruptured in a My, 6.9 earthquake in 1969 (Eyidogan &
Jackson, 1985; Arpat & Bingol, 1969).

Finally, the Manisa Ft. shows a fast uplift of ~5-7 mm/yr along most of its length,
exceeding long-term slip rates based on 36Cl-dating (Mozafari et al., 2022). The east-
ern part of the mapped fault, connecting to the GGBF, shows no active deformation.
Noticeably, the mapped fault trace and morphologic scarp and the active deformation
front mismatch by up to ~6 km in the western part of the fault (Fig. 8e & f).

5 Interpretation and Discussion
5.1 Imsights from Synthetic Data Tests

The main factor determining the accuracy of N-S inversion is noise in the LOS ve-
locity. Synthetic tests show that the noise in LOS data must be approximately < 5% to
reasonably invert for the N-S component. Although noise in real LOS velocities is dif-
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ficult to quantify, this shows that solving for V,, is theoretically possible if the signal /
noise ratio can be improved. Although two data sets are mathematically sufficient to solve
the regression (with one component constrained by GNSS data), we found that only an
overdetermined system with at least three LOS velocities from different tracks leads to
sensible results. As shown in Figure 4, the results are further improved when using four
overlapping InSAR frames.

RMSE increases slightly with increasing V,,, this is likely due to the parallel increase
of input errors in the tests. In general, the ratio of the three velocity components has
minor impact on the RMSE, but fast deformation in the other directions can cause sys-
tematic shifting of the inverted signal. A shift of N-S velocities towards positive values
(motion to the north) is observable, independent of vertical velocities and LOS noise,
hence we interpret that the fast westward movement of Anatolia, which is also simulated
in the synthetic velocities, induces a false northward signal. This shift minimally affects
velocity gradients across faults, but it needs to be considered when interpreting abso-
lute velocities. Similarly, the constant subsidence modelled in the tests appears to in-
duce a false negative signal in the inversion for V,,.

When solving for vertical deformation (V,,), its absolute value decreases with in-
creasing V., whereas V,, does not appear to influence it. Owing to the higher sensitiv-
ity to vertical deformation, the shift induced to V,, is <0.25 mm/yr across all tests, while
it can be up to 8 mm/yr for V,,. Elevated noise generally results in systematic errors in
all tests.

5.2 North-South Deformation

The inverted N-S deformation field for the study area in its current state is not suf-
ficient to quantify deformation rates for individual faults or determine the most active
fault zones. The central part, covered by four overlapping frames, shows the most re-
alistic and consistent deformation rates. Based on these results and insights from syn-
thetic tests, the following criteria are outlined for successful inversion of the N-S com-
ponent: (1) maximum noise ~ 5% in the LOS velocities; (2) a study site covered by at
least three, better four overlapping Sentinel-1 frames; (3) relatively low V. and V,,, which
can induce systematic errors, and (4) a discrete, fast N-S deformation signal (e.g., a N-

S trending strike-slip fault), which is easier to quantify than deformation distributed over
multiple fault zones. Additionally, we encourage the use of synthetic data tests (not only
when solving for V,,), which are easy to perform and can provide valuable insights, in-
cluding potential systematic errors which otherwise go unnoticed. Synthetic tests can

be adapted to specific study conditions.

5.3 Vertical Deformation
5.3.1 Accuracy of Velocity

The propagated standard deviation of our inverted vertical velocities (Fig. 6b) is
in the range of 0-1 mm/yr, though the real deviation could be larger. We compare our
vertical velocity rates with those determined by other studies. Poyraz et al. (2019) and
Poyraz and Hastaoglu (2020) determined deformation rates in the eastern Gediz graben
from GNSS and persistant scatterer InSAR (PSInSAR). Vertical deformation from mul-
tiple sensors is also available for several coastal locations (Erkog et al., 2022); however,
comparison with these data is less accurate owing to decorrelation in the coastal areas
(see Supplement 2). For comparison with other studies, we average InSAR velocities in
a box of ~1 km around the sites of other studies, error bars display three standard de-
viations of the averaged velocities. The InSAR velocities are lower (more negative) than
the GNSS and PSInSAR velocities at most locations (Fig. 9). If GNSS/PSInSAR ve-
locities are more accurate than InSAR, and the observed differences are representative
for the entire study region, uplift rates could be systematically underestimated in our
study by several mm/yr. For the broad deformation field, this would not make a notable
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Figure 9. Comparison of vertical deformation rates from InSAR (this study) to GNSS
(Poyraz et al., 2019) and persistent scatterer InNSAR (Poyraz & Hastaoglu, 2020) for nine lo-

cations in the eastern Gediz Graben.

difference, however slip rates at individual faults would be faster than the rates we ob-
serve.

Short term deformation rates (GNSS, InSAR, PSInSAR) are ~5 times faster than
long-term rates from cross-section profiles or river profile analysis (Kent et al., 2017, 2020)

and 36Cl-dating (Mozafari et al., 2022), depending on the conversion from uplift to throw /slip

rates. Long-term slip rates average deformation over multiple seismic cycles, whereas In-
SAR velocities represent short-term movements within the interseismic period. Accord-
ingly, uplift rates and respective throw rates of faults from InSAR are not necessarily
representative of the long-term throw rates and should not be used for modelling inter-
seismic deformation or estimating earthquake recurrence times.

5.3.2 Tectonic vs. Non-Tectonic Signals

Where the uplift signal correlates spatially with fault traces, we are confident that
the observed deformation is due to tectonic processes. The topographic contrast between
footwall and hangingwall at many of the fast-deforming faults, e.g., the Halitpasa fault
in the Gediz Graben, is negligible. So the clear deformation signal along the fault scarp
cannot be attributed to topographic or atmospheric effects. Our data generally agree with
the non-tectonic deformation signals found by other studies. However, as these almost
exclusively focus on the subsidence in grabens, we are unable to confirm deformation rates
due to large uncertainties and decorrelation of the InSAR velocities in the grabens.

5.3.3 Vertical Deformation Rates

Footwall uplift along active faults in the study region (Figs. 6 & 8, table 2) varies
significantly. Most of the known active faults show a clear tectonic deformation signal
along the mapped fault traces. However, several known active faults show no detectable
deformation signal. Fault slip rates vary over a range of timescales, influenced by fault
linkage, interaction with other faults, and earthquake clustering (Cowie & Roberts, 2001;
Friedrich et al., 2003; Mildon et al., 2022). Therefore we suggest that these faults with
no detectable deformation signal should not be considered inactive on the basis of our
study, and instead we hypothesise that these faults could be undergoing a period of lower
deformation/slip rate.

Detailed investigation of active faulting in the Gediz region (Fig. 8) further high-
lights the following aspects relevant to the regional seismic hazard: (1) The antithetic

—17—



444

467

469

470

471

474

475

476

faults, commonly considered less important, show faster deformation over the studied
time period than the main graben bounding fault and therefore should be considered as
equal seismic hazard potential. (2) The old, low-angle detachment fault, contrary to es-
tablished belief, appears to be active as there is a change in uplift rate coincident with
the fault trace. (3) The GGBF has spatial correlation between current deformation rate
and the 1969 My, 6.9 earthquake on the Alasehir segment, which is not observable in
long-term throw rates of the fault segments (Kent et al., 2017). We interpret that the
reduced deformation rate at the ruptured segment relates to stress released due to the
earthquake. If correct, this would imply that the other segments are still stressed, and
potentially capable of producing a damaging earthquake of similar magnitude. (4) Fault
zones constantly evolve and the active fault splays can be far from the mapped active
fault trace, most clearly seen at the Manisa fault. While using geological mapping and
geomorphological analyses may be challenging to identify these shifts in the location of
deformation and active faulting, the InSAR velocity is able to detect the active defor-
mation on unknown faults or fault branches.

6 Conclusions

In the first part of the study, we outline the potential of currently available Sentinel-
1 InSAR datasets to extract N-S surface deformation rates. We present an approach us-
ing a combination of synthetic tests and real data and an over-determined inversion pro-
cess to constrain the north component of deformation as accurately as possible. At the
current state the technique is suitable to detect trends/patterns of deformation and give
an idea of the regional deformation, though improvements are needed to quantify defor-
mation rates on individual faults.

Our synthetic tests show that the key factor for successful derivation of N-S mo-
tions is the signal/noise ratio. With potential future improvements, this technique can
become applicable, at least in selected study sites that meet the criteria we outline. We
encourage the use of tests with synthetic data, not only for extraction of the N-S com-
ponent, but also for E-W and vertical. These are easy to perform and can provide in-
sight into biases due to other velocity components.

The overarching objective of this study is to investigate the deformation field of
the Western Anatolian Extensional Province with respect to active normal faults. Re-
gional fault activity varies both spatially and temporally. We observe surface deforma-
tion at the majority of faults in the WAEP, with apparent footwall uplift up to ~5 mm/yr.
We demonstrate that vertical deformation can be used to determine faults/branches that
were previously not inferred to be active, including low-angle normal faults along the Gediz
Graben, or the newly detected fault splay of the Manisa fault. Finally, we show a pos-
sible correlation between active deformation at the Gediz Graben boundary faults and
the 1969 rupture with potential implications for seismic hazard of the other segments.

7 Open Research

All used interferograms are available via the COMET LiCS portal at https://comet
.nerc.ac.uk/comet-lics-portal/ (Lazecky et al., 2020) and were processed with the
open-source software LICSBAS, available via https://github.com/yumorishita/LiCSBAS
(Morishita et al., 2020).
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