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Abstract

On February 9, 2023, two significant earthquakes of magnitudes M,,7.8 and M,,7.7 struck southern
Turkey, devastating the Kahramanmaras region, causing nearly 50,000 fatalities, and displacing mil-
lions of people (Zhang et al., 2023). The first earthquake ruptured the Nurdadi—Pazarcik Fault, a
subsidiary of the East Anatolian Fault Zone (EAFZ), while the second occurred about 90 km away on
the Cardak—Sirgu Fault. This event later became known as the Kahramanmaras earthquake doublet.
With a combined magnitude of M8, it represents the largest recorded continental strike-slip earth-
quake sequence. The main strand of the EAFZ is a well-known seismically active zone, with many
seismic records and studies that has been conducted on the area. In contrast, the earthquake on the
Cardak—Siirgu Fault was unexpected, as it had remained quiet for several centuries. This has left the
Cardak—Suirgu Fault relatively understudied compared to the main strand of the EAFZ, particularly in
terms of its kinematics and seismic risk.

In this study, we estimate the slip deficit along the main strand of the East Anatolian Fault Zone (EAFZ)
and the Cardak—Sirgl Fault prior to the Kahramanmaras earthquake doublet, using elastic strike-slip
and dip-slip models combined with data assimilation. We find that the slip-deficit rates for the EAFZ
are estimated at 2—-8 mm/yr in the Anatolia-fixed frame and 0—11 mm/yr in the Arabia-fixed frame. For
the Cardak—Sirgu Fault, slip-deficit rates are 1-4 mm/yr in the Anatolia-fixed frame and 2—-11 mm/yr
in the Arabia-fixed frame. Dip-slip rates show wider variability. Along the EAFZ, they range from 0
to =12 mm/yr in the Anatolia-fixed frame and from —12 to 2 mm/yr in the Arabia-fixed frame. For the
Cardak—Sirgu Fault, dip-slip rates range from —4 to 5.5 mm/yr in the Anatolia-fixed frame and from -3
to 10 mm/yr in the Arabia-fixed frame.

To further evaluate our estimates, we compared the interseismic slip deficit with coseismic slip distribu-
tions from the 2023 Kahramanmaras earthquakes. The results indicate that the estimated slip deficit
is broadly consistent with the observed coseismic slip for the Amanos and Cardak segments, but un-
derestimates slip for the Pazarcik, Erkenek, and Goksun segments. A key limitation of the approach is
that the locking depth remains poorly constrained in the joint inversion, particularly when using GNSS
velocities in the Arabia-fixed frame rather than the Anatolia-fixed frame. In addition, the choice of kine-
matic representation for the joint fault mechanism exerts a strong influence on the results, leading to
notable differences in the estimated slip deficit.

Keywords:Slip deficit, East Anatolia Fault Zone, Cardak—Surgu Fault, Locking depth, Interseismic,
Data assimilation
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Introduction

1.1. Introduction

Earthquakes are among the most destructive natural hazards, capable of causing severe damage and
widespread catastrophe. Throughout history, we have seen how earthquakes devastated a region,
from the 1906 San Francisco earthquakes that caused nearly 30,000 deaths and half of population
displaced from their homes (Zoback, 2006); the 2004 Indian Ocean earthquakes and tsunami that
reached 224,000 fatalities and obliterated the coastal area in the Southeast Asia (Rossetto et al., 2007);
the 2011 Tohoku earthquakes in Japan that generated a 10 m tsunami leading to nearly 20,000 life loss
and hundreds of house destroyed (Uchida & Burgmann, 2021); and the 2021 Haiti earthquakes that
resulted in 2,200 fatalities and effected million of people (Miyamoto et al., 2024). Together, these four
events accounted for more than 250,000 deaths and millions of casualties worldwide, underlining the
catastrophic potential of large-magnitude earthquakes.

More recently, on February 9 2023, two earthquakes with a moment magnitude of M,,7.8 and M, 7.7
struck the region of southern Turkey. This incident left the Kahramanmaras region fatally destroyed,
causing a death toll of up to 50,000 and leaving millions of people displaced from their homes (Zhang
etal., 2023). The first M, 7.8 earthquake struck the Kahramanmaras region, with its epicentre located
approximately 40 km south of the city, along the Nurdagi—Pazarcik Fault (NPF), a subsidiary fault of the
East Anatolian Fault. The observed peak coseismic slip for the first earthquake is recorded around 8 m
near the Pazarcik segments. Nine hours later, a second earthquake of magnitude M,,7.7 ruptured the
Cardak—Surgu fault, about 95 km north of the first event, on the northern side of the EAFZ main strand,
with a more concentrated coseismic slip that reached up to 10 m, as reported by Jia et al. (2023). The
M,,7.8 earthquake reportedly ruptured three primary fault segments, namely the Amanos, Pazarcik,
and Erkenek, as well as the two secondary faults, the Nurdagi and Yarbasi and the M,,7.7 earthquake
ruptured four fault segments, the Goksun, Siirgi, Cardak, and Maras Fault (Zhang et al., 2023).

Combined, these two earthquakes managed to reach a total moment magnitude of M,,8, which was
recorded as the biggest magnitude earthquake in terms of continental strike-slip fault. This event would
later be known as the Kahramanmaras doublet earthquake, as two concurrent earthquakes occurred
almost simultaneously in time, and the locations between them are only 90 km apart. Consecutive
earthquakes occurring in time and space proximity are rare, since a mainshock is usually followed only
by aftershocks, which typically have lower magnitudes than the main event. Before this event, the main
strand of the East Anatolia Fault Zone(EAFZ) had already experienced numerous seismic events and
therefore been the focus of several studies, as evidenced by the 1513 Pazarcik, 1822 Antakya, 1893
Celikhan, 1905 Pdtirge, and 1971 Bingdl earthquakes (Duman & Emre, 2013; Taymaz et al., 1991),
and more recently the Elazi§ earthquake in 2020 (Pousse-Beltran et al., 2020). On the other hand, the
second M, 7.6 is not well accounted for, as the Cardak—Siirgli Fault has been relatively understudied,
with historical sources indicating its last major ruptures occurred in 1544, while Guidoboni et al. (1994)
also reports an event in 584 along the Cardak segments. Although several earthquakes have occurred
in the past hundred years, almost none have exceeded a magnitude of M,,6 in the Cardak—Siirgu area
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according to data from the Bogazici University Kandilli Observatory and Earthquake Research Institute
National Earthquake Monitoring Centre (KOERI-RETMC, 2021). Because these events have generally
been small and treated as negligible, research on the Cardak—Sirgl segments has remained limited,
leaving their seismic potential and kinematics insufficiently characterised (Ko¢ & Kaymakeci, 2013).
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Figure 1.1: Region of Southern Turkey. Fault data from Styron and Pagani (2020), moment tensors obtained from U.S.
Geological Survey (n.d.).

The east Anatolia region is home to several fault segments, the most prominent of which are the East
Anatolia Fault Zone (EAFZ) and its counterpart, the North Anatolia Fault Zone (NAFZ). Duman and
Emre (2013) states that the EAFZ comprises multiple fault segments and bends, with strike orientations
ranging from east-west to approximately N75 ° E. Besides the main faults of the East Anatolia Fault and
the North Anatolia Fault, the Anatolia Plate also has multiple branches of faults, such as the Tuzgdld,
Malatya, and one of the faults that hosts the second earthquake, the Cardak—Suirgi Fault.

It was suspected that the Kahramanmaras doublet earthquake was driven by the interaction along
a segment of the plate boundary that remained mechanically locked during the interseismic period.
During an earthquake, the locked portion of the fault interface ruptured, allowing sudden slip along the
plate boundary and releasing the accumulated strain through elastic rebound (Govers et al., 2018).
The phenomenon of interlocking at fault lines, which predominantly occurs at plate boundaries, causes
motion near the fault to lag behind the far-field displacement of the plates (Herman et al., 2018). This
difference between the imposed tectonic displacement and the actual fault slip is known as the slip
deficit.

Slip deficit arises from the interlocking mechanism that takes place several kilometres beneath the
Earth’s surface. Despite modern technological advances, it remains impossible to observe the sub-
surface movement directly, especially at such depth. Thus, to approach this problem, several models
have been developed to link the geodetic measurements to the slip-deficit mechanism occurring be-
neath the surface. These models provide a crucial connection between the measurements obtained
from various observational techniques, such as INSAR, GNSS, and levelling, which primarily capture
the Earth’s surface deformation, to the underlying slip deficit mechanism occurring beneath the Earth’s
surface. By using these models, we can better understand the slip-deficit mechanism. The study of slip
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deficit itself has been conducted since the 1970s, as can be seen from the research done by Savage
and Burford (1973) that provides the 2D screw dislocation model. The 2D screw dislocation model
treats the strike-slip fault as infinitely long in an elastic half-space and assumes the fault is locked at
a certain depth below the surface. Significant modifications to the models have been made since the
introduction of the 2D screw dislocation model for estimating the slip deficit. A prominent example of
the modified model is the work of Hussain et al. (2018) in estimating the North Anatolia Fault Zone slip
deficit. In his research, Hussain et al. (2018) adds the rotational term to take into account the internal
rotation rate of the Anatolia plate and the static offset to have zero velocity on the plates that were
taken as a reference in measuring the slip deficit. The rotational terms are applied because it has been
indicated from (Kurt et al., 2023) that there is an internal rotational effect on the Anatolia Plate.

Before the Kahramanmaras earthquake doublet, several studies were also conducted to understand
how the slip-deficit in this region behaves. The study of the slip-deficit is derived from the geodetic
measurements and geological studies. Based on geodetic and geological studies, it's been found that
the main strand of EAFZ has slip deficits ranging from 9— 10 mm/year in the Kahramanmaras region and
3 mm/year in the southern part of the EAFZ (Aktug et al., 2016; Ko¢ & Kaymakci, 2013). Reilinger et al.
(2006) also shows a 9 — 10 mm/year in the main strand part of the East Anatolia fault and systematically
decreases towards the west part of the fault.

These results are also coherent with more recent studies provided from Kurt et al. (2023), which indi-
cates that the EAFZ shows a slip deficit around 9 — 10 mm/year. As previously noted, there has been
limited research on the Cardak—Suirgu Fault, particularly before the Kahramanmaras earthquake. This
is mainly because the fault has remained inactive for the past 500 years, and as stated before, there
are no earthquakes that exceeded a magnitude of M,,6(KOERI-RETMC, 2021); the occurrence of the
M,,7.6 event was therefore not anticipated. This earthquake has highlighted the need for further study
of the kinematics and potential of the Cardak—Siirgi Fault, underscoring the importance of more thor-
ough investigations of its segments to better understand the potential risks and hazards they pose to
the surrounding region. Two studies examining the kinematics of the Cardak—Surgi Fault, conducted
after the Kahramanmaras earthquake doublet that also include analyses of the main strand of the EAFZ,
were conducted by Vavra et al. (2024) and Ozbey et al. (2024). The slip-deficit of the EAFZ, especially
in the western segment of the EAFZ, from the Amanos to the Erkenek segments, has been reported
to range from 2.0-5.0 mm/year, while the Cardak—Siirgil fault is estimated to experience a slip deficit
of approximately 4.0 mm/year (Vavra et al., 2024). While Ozbey et al. (2024) estimates a slip deficit
of around 5.0 mm/year for the western EAFZ and around 2.0 mm/year for the Cardak fault, their kine-
matic framework suggests that the Cardak fault continues into the Malatya Fault rather than the Sirgi
Fault. These previous observations highlight both the variability and the uncertainties in slip-deficit
estimates across the EAFZ and its connected faults. While they provide important context, they also
emphasise the need for a more comprehensive framework capable of jointly evaluating the EAFZ and
the Cardak—Surgu fault.

The main objective of this research is to identify the slip deficit that occurred in the Kahramanmaras
during the interseismic period, particularly in the segments affected by the earthquake doublet at the
end of the interseismic period, and to identify how the main strand of EAFZ and the Cardak-Sirgi
fault contribute to this mechanism, especially the Cardak—Sitirgu fault, since the kinematics and the slip
deficit that occur in that area are relatively understudied. In this research, we will use the approach
of Savage and Burford (1973). Savage and Burford (1973) provides a framework for estimating slip
deficit using a simple elastic model, which will be the model that we use in this research. The estimated
slip deficit will be determined, and its correlation with the recent earthquakes will be evaluated. In
this study, the slip deficit will be estimated using an inversion approach. Specifically, we employ an
inversion estimation framework based on data assimilation. Data assimilation is a sequential statistical
estimation methodology for incorporating observations into numerical models, in order to obtain an
improved description of the evolving state of a system (Evensen et al., 2022). This approach will
help estimate the target parameters and assess the suitability of data assimilation methods for such
applications. Specifically, this research aims to use a joint inversion on both faults simultaneously, thus
incorporating the effects of both the EAFZ and the Cardak—Siirgli. Moreover, the study will explore how
the estimated slip deficits align with those observed coseismic slip during the 2023 Kahramanmaras
earthquake. By increasing our understanding of these slip-deficit events, the findings will ultimately
support safety initiatives and preventive measures for the community and activities in the affected
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regions.

1.2. Research Question(s)

In line with the problem statement in the introduction part, the main research question is formulated as
such.

Main Question : What is the estimated slip deficit rate along the East Anatolian Fault Zone and
the Cardak—Siirgii Fault during the interseismic period, and how does it align with the 2023
Kahramanmaras doublet?

Question 1 What is the estimated slip-deficit rate along the main strand of EAFZ and Cardak—Sirgl
Fault during the interseismic period?

Question 2 How well does each model set-up fit the observation data for this research?

Question 3 How does the estimated slip-deficit align with the 2023 Kahramanmaras earthquake dou-
blet?

1.3. Thesis outline

This research is organised as follows: Chapter 2 will provide a literature review that outlines the theoret-
ical foundations of the study area, seismic cycle, and fault kinematics. Chapter 3 outlines the data that
will be used in this research. Chapter 4 introduces the model that we used for this research. In Chapter
5, we will describe the methodologies used, as well as the steps taken to address the research problem
and how to invert both faults at the same time using data assimilation. Chapter 6 reports the results
obtained from the applied methodologies and discussion, while Chapter 7 provides the discussion from
the final. Finally, an appendix is included to support the main text.



[Literature Review

2.1. Study Area and Research Background

The study area of this research is in Turkey, specifically in the southern region of Turkey. Other research
would sometimes call this region the East Anatolia, as shown in Ergintav et al. (2023). This region
has been the subject of studies for understanding plate tectonics due to the existence of the plate
boundaries between the Arabian, Anatolian, and Eurasian Plates and their numerous records of seismic
activity. The Anatolian Sub-Plate is a continental block situated between the Arabian and Eurasian
plates. Its southern boundary interacts with the Arabian Plate, while its eastern boundary is in contact
with the Eurasian Plate.

Multiple fault systems confine this region, including the North Anatolia Fault Zone (NAFZ), East Anatolia
Fault Zone (EAFZ), and several minor faults such as the Cardak—Sirgu Fault, Malatya Fault (MF), Tuz-
golu Fault (TF), Cyprus Arc, and South Anatolia Thrust Zone. The kinematic character of this region is
primarily governed by two mechanisms: the Hellenic—Cyprus subduction zone and the continental colli-
sion between the Arabian and Eurasian plates in the west (Balkaya et al., 2023; Duman & Emre, 2013;
Reilinger et al., 2006). The latter collision has induced left-lateral strike-slip motion along the EAFZ,
while the boundary between the Eurasian and Anatolian plates accommodates right-lateral strike-slip
motion along the NAFZ. The Anatolia sub-plate shows an increase in velocities towards the Hellenic
and Cyprus arc subduction zone. These observations indicate that the subduction of the Eurasian
Plate beneath the African Plate is the primary driver of the Anatolian Plate kinematics, which caused
the Anatolian Plate to have a west/southwest movement by a counterclockwise rotation. Previous re-
search has shown that the Anatolian plate moves at a rate of ~20 — 25 mm/year relative to the Eurasia
plate (Ergintav et al., 2023; Kurt et al., 2023). The entire area of this research region is visible in
Figure 1.1, which also includes some of the fault networks provided by (Styron & Pagani, 2020).

2.1.1. East Anatolia Fault Zone (EAFZ)

The EAFZ is a ~600-km-long left-lateral strike-slip fault zone located between the Arabia - Eurasia
- Anatolia Plate Boundary(Arpat & Saroglu, 1972). The fault zone starts from the northeast of the
Karliova triple junction up to the Dead Sea Fault Zone in the southwest of the EAFZ (Balkaya et al.,
2023). There are many debates concerning the termination of the EAFZ in the west; either it assimilates
on the Levant Fault and continues southwards, or it terminates at the junction of the EAFZ and DSFZ
(Guvercin et al., 2022). Duman and Emre (2013) divide the EAFZ area into two strands: the northern
and the main strand. The main strand is further divided into seven segments. From east to west, the
main strand is divided into the Karliova, llica, Palu, Putlrge, Erkenek, Pazarcik and Amanos segments.
The EAFZ, along with the Bitlis-Zagros Fold and Thrust Belt and the Caucasus Fold, accommodates
the relative motion between Eurasia and Arabia (Vavra et al., 2024). Recent seismic observations allow
us to identify the stress regime in the eastern part of the EAFZ, where it showcases both maximum and
minimum compressional stress alongside left-lateral strike-slip movements that define the movement
of this fault (Kiratzi, 1993).
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Figure 2.1: East Anatolia Fault Zone with segmentation shown by colored polygons: Amanos (brown), Pazarcik (green),
Erkenek (yellow), Piturge (red), and Palu (blue).

This region itself has been the subject of recurring seismic events in the area, such as the earthquake
on the Amanos fault in the 19th century, with recorded A,,7.5 and M,,7.2in 1822 and 1872, respectively
(Ambraseys & Jackson, 1998). Earthquake in 1513 with A,,7.4, 1114 M,,7.8 earthquake in Pazarcik,
and most recently the Elazi§ earthquake near the PUtlrge segments. (Pousse-Beltran et al., 2020).
Previous research on slip deficit related to this study is available both immediately before and after
the Kahramanmaras earthquake doublet. Before the Kahramanmaras earthquake doublet, geodetic
and geological studies reported slip deficits of 9-10 mm/yr along the main strand of the EAFZ near
Kahramanmaras, decreasing to about 3 mm/yr towards the southern segments (Aktug et al., 2016;
Koc & Kaymakcl, 2013; Reilinger et al., 2006). More recent work confirmed similar values of 9-10
mm/yr (Kurt et al., 2023; Vavra et al., 2024).
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2.1.2. Cardak—Sirgii Fault
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Figure 2.2: Cardak-Surgi Fault with segmentation shown by colored polygons:
Cardak(Red), Surgu(Pink)

The Cardak—Surgu fault is approximately 160 km long and classified as the northern strand of the East
Anatolian Fault Zone (EAFZ) (Duman & Emre, 2013). In comparison to the main strand of the East
Anatolian Fault, the Cardak—Surgl segment has a limited historical record of seismic activity. Cardak—
Siirgu Fault has been relatively understudied, with historical sources indicating its last major ruptures
occurred in 1544, while Balkaya et al. (2023) and Guidoboni et al. (1994) also reports an event in 584
along the Cardak segments. Besides the lack of sufficient seismic records, all earthquakes documented
along the Cardak—Surgu Fault fall below M,,6(KOERI-RETMC, 2021) and are therefore considered mi-
nor. Consequently, research on this fault has remained limited, and its seismic potential and kinematics
are still not well understood (Ko¢ & Kaymakci, 2013). The lack of previous studies and the absence
of well-documented seismic events that could serve as benchmarks for identifying the Cardak—Sirgu
Fault have led to ongoing debate regarding its kinematics. Koc and Kaymakci (2013) suggest that
the western segments of the Slirgl Fault are characterised by dextral strike-slip motion with a reverse
component, whereas the eastern segment shows a normal component. In contrast, Duman and Emre
(2013) describe the Sirgl Fault as predominantly left-lateral strike-slip. In the Kahramanmaras earth-
quake doublet event, the derived moment tensor predominantly shows left-lateral strike-slip motion (Jia
et al., 2023). After the Kahramanmaras earthquake doublet, more research was put on the Cardak—
Sdrgu fault to understand the kinematics and underlying slip deficit that occur in this area during the
interseismic period. Ozbey et al. (2024) and Vavra et al. (2024) investigate the slip deficit in the main
strand of EAFZ and Cardak—Siirgu Fault, they found that the slip deficit occurring in those areas is
2 — 5 mml/yr for the western EAFZ (Amanos—Erkenek) and about 2 — 4 mm/yr for the Cardak—Siirgu
Fault. Balkaya et al. (2023) provided evidence that the Cardak—Surgl Fault is capable of producing an
earthquake of this magnitude, given its segment length and the fact that the last major event occurred
in 584 (Balkaya et al., 2023; Duman & Emre, 2013), allowing strain to accumulate over more than a
thousand years.
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Siirgli Fault

The SurguFault is an active sinistral-strike slip fault that extends for about 70 km. Balkaya et al. (2023)
proceeds to explain that the Sirgl Fault is dipping in different directions, with the eastern segments
dipping 85 degrees to the north, and the western segments dipping to the south. The 50 km long
section of the fault starts in the south of Elikhan, passes through the village of Siirgi and ends in the
village of Klgukll, which runs in an east direction (Balkaya et al., 2023).

Cardak Fault

The Cardak fault is a ~80 km long fault, located between Nurhak and Goéksun. The fault runs through
Goksun with a concave geometry (Balkaya et al., 2023). The Cardak fault is generally divided into two
sections, one 35-km-long eastern section that has a strike orientation of N75°W and connects with the
Nurhak fault, and another section located at the 50-km-long western part of the Cardak Fault that cuts
the old thrusts and folds with a left-lateral fault morphology, This section includes the Go ksun bend,
which trends N45°E at its western tip (Duman & Emre, 2013).

2.2. Earthquake Cycle

An earthquake, by definition and by its name, is a quake or tremor that occurs in the lithospheric part
of the Earth. Earthquake magnitudes range from very small, when no one can feel them, to very
large, which can generate tsunamis or destroy entire regions within seconds. The shaking during
an earthquake results from accumulated strain that is suddenly released by rupture along the fault
interface, releasing energy and generating seismic waves (Reid, 1910). This is why most earthquakes
occur in areas where faults are present. Earthquakes follow a cycle, which refers to the phenomenon
of repeated events on the same fault as a result of continual stress accumulation and periodic stress
release in the same area (Scholz, 2002). In general, the earthquake cycle is divided into four stages:
interseismic, coseismic, early post-seismic, and late post-seismic (Golriz et al., 2021).

The interseismic period is the long phase prior to an earthquake, marked by the gradual accumulation
of strain over years to centuries. This build-up is driven by coupling across plate boundary segments,
where the interface remains mechanically locked between earthquakes. During the coseismic stage,
the locked section of the plate interface suddenly decouples, allowing slip to occur and initiating the
elastic rebound that releases seismic waves. Observed horizontal and vertical surface displacements
are well reproduced by elastic half-space models with fault slip consistent with seismological data (Gov-
ersetal., 2018). When the accumulated stress exceeds the rupture threshold, the fault breaks and both
sides rebound toward their previous positions, releasing stored elastic strain. When the interseismic
slip deficit is combined with the coseismic slip, their sum equals the long-term motion of the plate(Segall,
2013).

The early postseismic period begins immediately after rupture and is characterised by aseismic afterslip
on surrounding or deeper fault patches (Marone et al., 1991; Perfettini & Avouac, 2004). Afterslip often
persists for months to years and can explain rapid transient deformation observed geodetically (Freed,
2007). Additional processes, such as poroelastic rebound in the crust, may contribute to this phase.
Afterslip may last from weeks to several years and contributes significantly to rapid post-earthquake
deformation.

Finally, the late postseismic period is dominated by viscoelastic relaxation in the lower crust and up-
per mantle, redistributing stresses over decades to centuries (Hu & Wang, 2016; Pollitz et al., 2003).
These processes gradually dissipate coseismic stress and restore the fault system toward interseismic
conditions, completing the cycle.

2.3. Plate Boundaries

According to Palin and Santosh (2021), a plate is defined as a discrete mass of lithosphere, which may
be entirely continental, entirely oceanic, or a combination of both. The zones of interaction between
neighbouring plates are referred to as the plate boundaries according to Eagles (2020). Plate bound-
aries are further classified based on their kinematics and the effects they have on the surrounding
area. Plate boundaries are classified as divergent, convergent, and conservative boundaries, with a
subclassification depending on the component of the lithosphere (Dong et al., 2025).
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Transform Settings

Continental transform faults are major strike-slip faults that cut through the continental lithosphere and
connect continental plate boundaries. Transform faults are further classified based on the type of plate
boundary they intersect. Dong et al. (2025) classifies the continental transform boundary further into
rift-suture zone type, subduction-subduction zone type, and subduction-suture zone type. The region
of interest of this research, the East Anatolia Fault, is a strike-slip fault that connects the Arabia and
Anatolia Plates. The East Anatolia Fault is categorised as a subduction-suture zone type, as seen from
the map, where in the southwest part of the fault, the EAFZ is connected to the triple junction between
the Cyprus Arc and the Dead Sea Fault, where the subduction on the Cyprus Arc and rifting on the Dead
Sea Fault Zone occurred. In the north eastern part of this fault, we can see that the EAFZ connects to
Karliova Triple, where collision tectonics is observed (Emre et al., 2011; Sengor et al., 2014).

Although transform faults are primarily driven by strike-slip motion, which serves as their main kinematic
mechanism, they can also be influenced by dip-slip components, as observed along the East Anatolia
Fault. In such cases, the strike-slip motion remains dominant, but minor dip-slip components may arise
due to local compression or extension across the fault. When both components act simultaneously, the
resulting displacement is termed oblique slip, in which the fault exhibits a combination of strike-slip and
dip-slip motion.
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Figure 2.3: Strike-Slip Fault. Top Images show Dextral Strike-Slip and Bottom Images show Sinistral Strike-Slip

2.4. Slip Deficit

The phenomenon of interlocking at fault lines, which predominantly occurs at plate boundaries, causes
motion near the fault to lag behind the far-field displacement of the plates and thus accumulate slip-
deficit at a relative rate of the plate velocity (Herman et al., 2018). Figures below will show the illustration
of the slip-deficit that happens between a transform plate boundary.

In the ideal case, both sides of the fault should move relative to each other at a uniform velocity (2.4a),
regardless of the perpendicular distance to the fault, but due to the locking mechanism, the velocities
of the plates near the fault when the interlocking happens slow down considerably (2.4b). The slip-
deficit that accumulated for years would eventually be released during an earthquake, and that sudden
release of accumulated slip during those years created the earthquake.

Researchers have been studying the slip deficit since the early 1960s. One of the simplest and oldest
models is the 2D Screw Dislocation Model by Savage and Burford (1973). This model assumes fault as
an infinitely long object from the surface to the centre of the Earth, assuming there is no friction between
the atmosphere and the Earth’s outer layer, and it lies in a half-space. This model remains widely used
in research due to its simplicity and ability to estimate the slip deficit. Vavra et al. (2024) correlates the
estimated accumulated slip deficit with the coseismic slip released during the earthquakes. By calcu-
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(a) Plate tectonics (idealised). (b) Plate tectonics with an interlocking fault.

Figure 2.4: Comparison between (a) idealised plate tectonics and (b) plate tectonics with an interlocking fault in a strike-slip
fault.

lating the slip deficit rate and the recurrence interval of seismic activity, it becomes possible to forecast
the potential magnitude of future earthquakes. The estimation of slip deficit during the interseismic
period would allow for the implementation of preventive measures to mitigate future hazards, reducing
both potential losses and fatalities.



Data

This chapter outlines the datasets and methodological steps used to achieve the research objectives. It
begins with a general description of the data sources, followed by a brief overview of the methodologies.
The research methods are divided into three main parts: velocity transformation and projection to the
fault, model set-up, and configuring the data assimilation process. Each step and method is then
discussed in detail to provide a clear understanding of the overall research framework.

3.1. Data

The GNSS data used in this study are provided by Kurt et al. (2023). The dataset spans the period 1992—
2020 and comprises 836 stations across the Anatolian Plate and its boundaries, with 78% campaign-
type sites and 22% continuous stations. These observations were collected through the joint efforts of
several projects and authorities, including the Turkish National Fundamental GPS Network (TNFGN),
the CORS-TR network, TUBITAK’'s MAGNET network, the Turkish National Sea Level Monitoring Sys-
tem, and various municipal agencies (BUSKI, SASKI, ISKI). The raw phase data were processed using
the GAMIT/GLOBK software package, daily solutions were aligned to ITRF2014, and the final veloci-
ties were expressed in a stable Eurasia reference frame after correcting for offsets, seasonal signals,
and outliers.

11
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Figure 3.1: GPS Observations with velocity w.r.t Eurasian Plate (Kurt et al., 2023)
Table 3.1: Examples of GPS station coordinates and velocity components from (Kurt et al., 2023)
Station Lat [°] Lon[°] Vg [mmlyr] Vy[mmlyr] og ON PEN
KBSK_GPS 35.36931 37.56012 -15.79 6.50 0.39 046 -0.092
BUNY_GPS 35.88127 38.87002 -17.31 7.18 0.26 0.26 -0.070
OGUZ_GPS 36.18838 38.65116 -16.48 7.82 0.22 0.24 -0.013
ADN1_GPS 35.34374 37.00418 -13.34 6.23 0.21 0.22 0.001

3.2. Velocity Transformation and Projection
This section will explain the information about the projection and transformation of velocity in detail

3.2.1. Velocity Frame Transformation
The dataset in this study came from previous studies by Kurt et al. (2023). This data is still showing
the velocity relative to the Eurasia plate. This research will use the velocity relative to the Anatolia and
Arabia plates since the EAFZ is located between these two plates. The transformation is done based
on the Euler-Pole theorem. The Euler Pole of the Anatolia Plate with respect to Eurasia is provided by
Kurt et al. (2023).

1) 26.880°

Pole= |\ | = | 32.643°
Q 0.84° /Myr

Using the obtained Euler Pole, the transformation of the velocity from the Eurasian reference to the
Anatolia reference is performed using several steps as seen in Algorithm 1.
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Algorithm 1 Velocity Frame Transformation

1: Input:
Uobs: Observed ENU velocity (GPS)
Euler poles : (¢, A, §) in degrees and deg/Myr
GPS station coordinates: latitude and longitude in degrees

2: Output:
Urei: GPS velocity relative to a reference frame

3: Steps:
4: Convert ¢, A from degrees to radians
5: Convert angular velocity 6 to radians per year:
. . 1
Oag < 0 — - —
rad 180~ 106

6: Compute angular velocity vector &:

Oraq - COS P - cos A

W = |Baq - COS P - sin A
Oraq - sin ¢

COs ¢ - cos A
7= |cos¢-sin A

sin ¢

7: Compute unit vector 7 from station coordinates:

8: Compute plate velocity in XYZ:
Upyz =W X T

9: Transform to ENU velocity using rotation matrix Renu:

—sin A cos A 0
Renu = |—singcos A —singsin A cos¢
cos ¢ cos A cos ¢ sin A sin ¢
genu = Renu . gxyz
10: Convert units:
Tplate = Penu - 10 (miyr to mmiyr)
11: Compute plate rotation relative to Arabia:

WEurasia w.rt. Arabia = QEurasia w.rt. IGS — QArabia w.rt. IGS

UEurasia w.r.t. Arabia = wEurasia w.rt. Arabia X 7
12: Compute relative velocity:

Urel = Vobs — VUplate
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Figure 3.2: GPS Observations with velocity w.r.t Anatolia Plate

This figure shows the transformed velocity from the Eurasian reference plate with respect to the Anatolia
plate. We can clearly see the distinction between the velocity with respect to the Anatolia plate and
the Eurasian Plate. The GPS station located in the reference plate, in this case, the Anatolia plate
has smaller velocities in comparison with the GPS stations located in the Arabia or Eurasia plate. This
phenomenon occurs because when using a specific plate as a reference, the GPS stations that are
located on that plate are going toward zero. Similarly, velocities with respect to the Eurasian plate are
smaller for stations located on the Eurasian plate. Using a similar procedure to obtain the velocity from
the Eurasia to the Anatolia plate, we also transform the velocity relative to the Arabia plate.
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Figure 3.3: GPS Observations with velocity w.r.t Arabia Plate

This figure shows the transformed velocity from the Eurasian reference plate with respect to the Arabian
plate.



Model

In this research, we employ the elastic 2D screw dislocation model proposed by Savage and Burford
(1973) together with the 2D dip-slip formulation of Segall (2013). These models are used simultane-
ously to capture the combined deformation mechanisms, namely strike—slip and dip-slip along the main
strand of the EAFZ and Cardak—Sirgu Fault. We assume an elastic half—space for the lithosphere (Sav-
age & Burford, 1973; Segall, 2013), which demonstrated that over interseismic timescales, long-term
displacement can be assumed to have an elastic behaviour. Previous research that uses this model
can be seen in Savage and Prescott (1978) with some modification on its part in Hussain et al. (2018)
and Shen et al. (2024) and Aktug et al. (2016).

4.1. Elastic Strike-Slip Model

The elastic strike-slip model assumes that the fault is locked from the surface down to a specified depth
during the interseismic period, while uniform slip takes place below the locked zone (Savage & Burford,
1973). The Earth and underlying mantle are treated as an elastic half-space, and the fault is considered
vertical and assumes there is no interaction between the crust and the atmosphere (Segall, 2013).

Figure 4.1: lllustration of a Screw Dislocation Model. The circle represents the side of the fault that goes out of the plane, and
the cross represents the side of the fault that goes into the plane. The dashed line indicates the interlocking part of the fault,
while the continuous line indicates the continuous slip beneath the locking depth.

16
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M-

Figure 4.2: lllustration of an interseismic model of a locked fault. The fault is locked up until depth D, and beneath the locking
depth, the fault moves uniformly. Images reproduced from (Savage & Burford, 1973)

Figures 4.1 and 4.2 illustrate the elastic strike-slip fault model, represented by a screw dislocation in a
half-space. The images with circles illustrate the side of the plates going inwards from the image, and
the cross illustrates the side of the plates going outwards from the image. The dashed line represents
the locking depth of the fault, the part where the fault does not slip up until a point D. Beneath the
locking depth D, the fault is assumed to be uniformly slipping as seen in Figure 4.2.

Vs x
Upar(Y) = - arctan (5) (4.1)

In Equation 4.1 and other equations that follow, the slip deficit is denoted as V;, the locking depth as
D and z as the distance perpendicular to the fault. Another variation of the elastic dislocation model
introduces a modified model with an offset . The offset is meant to accommodate the influence of
other driving forces that the equation does not take into account. As a result, the surface expression
of slip deficit is:

Vs
Vpar(y) = — arctan (%) +a (4.2)

Outlook on the Elastic Strike-Slip Model

This section provides a more detailed examination of how each parameter in the elastic strike-slip model
used in this study influences the results. Several graphs are presented to illustrate these effects and
to provide clear examples of the model’s behaviour.
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Figure 4.3: Image is reproduced based on the Strike-Slip Model by Savage and Burford (1973)

Figure 4.3 shows how the model works in a varied strike-slip rate and locking depth. From the graph,
we can observe that indeed the velocities from each side of the fault are different. As seen in the figures,
the graph shows that when the slip deficit (V) is small, the difference between the velocities at each
side of the fault is also small, indicated by the small discourse at the fault (X = 0). V's = 10 shows a
larger disparity in the fault compared to Vs = 5. This graph also demonstrates that the fault-parallel
velocity asymptotically approaches half of the slip rate at locations far from the fault trace (e.g., z = 150),
as mentioned in (Hussain et al., 2018). In our case, the negative slip rates indicate a right-lateral strike
slip, and the positive slip rate indicates left-lateral strike slip.

The next variable that will be discussed is the locking depth. A shallow locking depth would show a
more abrupt/steeper shift in velocity near the fault, while a deeper locking depth shows the other way
round. As the D goes to oo, the arctan function term approaches a straight line, producing a nearly
linear velocity profile. This indicates that the surface deformation is distributed very broadly across the
crust, or the fault behaves as if it were fully creeping. This implies that a larger locking depth spreads
the velocity gradient over a wider region, whereas a small locking depth localises all deformation at the
fault trace.

Ideally, the model should demonstrate zero parallel velocity at the fault (4.3, with a differing velocity
direction across the fault, similar to what is shown in Figure 2.4. However, due to various forces that
affect plate movement, it is common to find locations where the model does not show zero velocity
at the fault and where the velocities are moving in the same direction. The bias term « (or offset) is
introduced to account for additional forces or background block motions. In many applications, the
offset is taken as V's/2, which corresponds to the far-field velocity on either side of the fault, having
a to V's/2 will result in having 0 parallel velocity at one side of the fault. But in some cases it's found
that the offsets are more than V's/2 because there's another driving forces that possibly drive the plate
motion.
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Effect of @ on Fault-Parallel Velocity v
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Figure 4.4: Strike slip model with various «

4.2. Elastic Dip-Slip Model

The original model was designed specifically for strike-slip fault settings, as it was initially developed
to estimate the slip deficit on a strike-slip fault (Savage & Burford, 1973). The East Anatolian Fault
Zone (EAFZ) primarily exhibits left-lateral strike-slip motion. However, the main strand of EAFZ and
the Cardak-Sirgu Fault also show evidence of reverse and normal faulting (Balkaya et al., 2023; Du-
man & Emre, 2013; Guvercin et al., 2022). It has also been noted that even a strike-slip fault would
have extension and shortening at some point (Dong et al., 2025), which means the force that acts on
the fault is not purely strike-slip motion; thus, to achieve a more accurate estimation of slip behaviour,
it is essential to account for dip—slip motion as well. In this research, | incorporate dip—slip deformation
following the approach proposed by Segall (2013). Similar to the strike—slip model, the dip—slip formu-
lation assumes that the fault is locked to a depth D, while uniform slip occurs below the locking depth,
with the lithosphere approximated as an elastic half-space.
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Figure 4.5: lllustration of a Dip-Slip Model

1 _ Q
sind — 5 cos ¢

4.3
T (2) |+ 5 (4.3)

V,
Vper(T) = ?d[COS(Sarctan (%) +

Here, V; denotes the dip-slip rate, § the dip angle, while x and D represent the perpendicular distance
to the fault and the locking depth, respectively. The parameter /3, similar to « in Equation 4.1, is an offset
term introduced to account for additional forces and background motions. Similar to V' s/2 that was the
far-field effect of parallel velocity, the corresponding far-field effect of dip-slip is given by % cosd. In
this study, the analysis is restricted to the horizontal component of the dip-slip model, while the model
in Segall (2013) also took into account the vertical component.

Outlook on the Elastic Dip-Slip Model

In this research, we will limit our analysis to the horizontal components of the model. The original formu-
lation by Segall (2013) introduces d, ¢s.: to represent the possibility that the interlocking mechanism in
the subsurface is not perfectly aligned with the surface fault trace. In this study, however, we assume
dofsset = 0. The following graph illustrates how each parameter, namely Vg, 6, and D, affects the
outcome of the model.
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Fault-Perpendicular Velocity v, with Uncertainty for Varying Vy and Locking Depth D
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Figure 4.6: Dip-Slip Model Outlook with Dip Angle 80° (Segall, 2013)

From Segall (2013), a positive dip-slip value indicates that both sides of the fault move away from
the fault plane, representing an extensional regime, whereas a negative dip-slip value indicates that
both sides of the fault move towards the fault plane, corresponding to a compressional regime. As
the dip angle in this research is constrained to only be around 0 < = < 7/2. A larger dip-slip deficit
increases the difference in perpendicular velocities on either side of the fault, while the locking depth
has a similar effect in the dip-slip model as in the strike-slip model: a larger locking depth causes the
crustal movement to be distributed over a wider region, whereas a smaller locking depth localises the
deformation closer to the fault.

From these figures, we can compare how the dip angle influences the behaviour of the model. As the
dip angle approaches 7, the asymmetry of perpendicular velocity diminishes, and the perpendicular
velocities on both sides of the fault become nearly identical. The bias term is introduced to account for
background motion or external influences, allowing the model to remain flexible and better approximate
observed perpendicular velocities. This effect can be generalised by considering the far—field term on
each side of the fault, % cos &, which results in zero perpendicular velocity on one side of the fault,
similar to the addition of the a term as V;/2 in the strike—slip case, and also similar to the strike slip
sometimes the far-field effect is not able to constraint the velocity of other fault to be zero, meaning
there's additional forces besides the far-field effect that drive the plate movement.
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Effect of Bias Term b on Fault-Perpendicular Velocity v,
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Figure 4.7: Dip-Slip Model with different 5 (Segall, 2013)

Here, Figure 4.7 shows that if 5 goes to % cos 6, one of the sides of the fault will have 0 perpendicular
velocity.

4.3. Model Set-Up

In this research, there are 2 model setups that will be tested. The first model will consist of Eq. 4.1 with
Eq.4.3 using the Anatolia Observations, and another using data with respect to the Arabian plates.

4.3.1. Model 1: Strike—slip & Dip-Slip in Respect to Anatolia

Upar(T) = % arctan (%) + « (4.4)
Vper(T) = %[COS(Mrctan (i) W] +7 (4.5)
D
4.3.2. Model 2: Strike—slip & Dip-Slip in Respect to Arabia
Vpar(T) = % arctan (%) -« (4.6)

v, 5T eoss
Vper(x) = J[COS(Sarctan (E) + w
" 1+ ()

-8 (4.7)



Methodologies

5.1. Methodology

This section will explain the sequential steps taken in this research from the dataset up until the inversion
result from the data assimilation

The first step of this research is to apply the conformal mapping. Conformal Mapping embedded in the
Analytic Element Method (AEM) Toolbox on the fault and the GPS station. This is done since the output
of the elastic dislocation model shown in Equation 4.1 is defined in terms of velocities parallel and per-
pendicular to the fault, which is why it is essential to project the observed GPS velocities accordingly.
The AEM Toolbox facilitates this by first transforming both the fault geometry and GPS station coor-
dinates into a complex space. Once the parallel and perpendicular components are obtained in this
transformed space, the results are converted back into the original coordinate system. This projection
step is performed for both the East Anatolian Fault Zone (EAFZ) and the Cardak—Surgi Fault, where
the geometry of both faults is defined in Figure 2.1, ensuring that the GPS velocity components are
properly aligned with the domain of the model output.

The elastic model in this research is implemented across a series of cross-sections oriented perpen-
dicular to the fault. These cross-sections are introduced in detail in subsection 5.2.4, where the corre-
sponding figures are presented. They are initially defined in the complex space using the AEM Tool-
box, which facilitates fault-aligned transformations, as explained in subsection 5.2.1. Once defined, the
cross-sections are converted back into the original geographic coordinate system and serve as spatial
representations of the model domain. Because the model outputs are generated along these cross-
sections, a mathematical interpolation is required to relate the results to the actual GPS observation
points. In this study, a linear weighting scheme is adopted to project the modelled velocity components
from the nearest cross-section to the location of each observation point, as outlined in section 5.3.
This approach ensures that the forecasted results can be directly compared with the observed surface
velocities for further analysis.

Since this research applies data assimilation to both faults, it is necessary to convert the previously
obtained parallel and perpendicular velocity components back into the East-North-Up (ENU) reference
frame. This step ensures consistency, as each fault has a different geometry, resulting in different
orientations for the projected velocity components. Reprojecting into the common ENU frame allows
for coherent assimilation. The data assimilation employed in this research is the Ensemble Kalman
Smoother (EnKS), which serves as the primary inversion method. The EnKS is chosen because the
forward model is time-invariant. This makes the observations to be assimilated simultaneously to esti-
mate the posterior state and parameters. The whole flow chart of this research is shown in Figure 5.1.
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Figure 5.1: Workflow for fault-aligned projection using AEM, cross-section based modelling, interpolation to GPS stations,
re-projection to ENU, and Ensemble Kalman Smoother assimilation.
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5.2. Analytic Element Method

The Analytic Element Method (AEM) used in this study follows the open-source AEM Toolbox of Ram-
graber (2019). In AEM, the two-dimensional steady-state flow field is represented by a complex poten-
tial,

Q= +i0,

Where @ is the head (hydraulic) potential and ¥ is the stream function, evaluated at complex coordi-
nates z = x+iy. The global solution is built by linear superposition of analytic elements f.(z; 6.) (Strack,
2003). A key feature of the toolbox is the use of conformal mapping, an angle-preserving transformation
in the complex plane. This is implemented through Mébius transformations (optionally combined with
a Schwarz—Christoffel map) (Ramgraber, 2019). In practice, we employ this mapping to generate a
flexible regional background flow, onto which local elements are superimposed. Because the transfor-
mation is conformal, lines constructed to be fault-parallel and fault-perpendicular in the complex plane
remain consistent along the fault, ensuring that the model retains its intended orientation with respect
to each fault in the mapped domain. Finally, the resulting fields are transformed from the complex
z—plane to Universal Transverse Mercator (UTM) coordinates, so that values can be interpreted in real
(canonical) space.

The analytic elements in this toolbox are divided into two categories: Relative elements (e.g., rate-
specified wells, line sinks, area sinks/sources). Relative elements impose a change relative to the
background. Absolute elements (e.g., prescribed-head segments, no-flow boundaries, polygonal in-
homogeneities). Absolute elements enforce an absolute condition (Ramgraber, 2019; Strack, 2003).
Faults are modelled as no-flow boundaries in this research, which enforce zero normal flux and make
streamlines run parallel to the fault while equipotentials cross it perpendicularly. The projection of
streamlines and equipotentials that cross perpendicular and parallel to the fault serves as the parallel
and perpendicular projection for our research.

5.2.1. Projection using AEM Toolbox

The first step in this research involved transforming the fault and GPS data, originally defined in the
original or canonical space, as we say, into a complex-valued space using the aforementioned Analytic
Element Model Toolbox (Ramgraber, 2019). The transformation from the canonical to a complex space
is pretty straightforward, as could be seen in Algorithm 2.

Algorithm 2 Converting LineString to Complex Array

1: Input:
G: LineString geometry with coordinates (z;, y;)
2: Output:

Z: Array of complex numbers z; = x; + iy;

3: Initialise an empty list: Z « []

4: for each coordinate pair (z,y) in G do
5: Compute z + = + iy

6: Append z to Z

7: end for

8: Convert list to Array: Z « array(Z)

9: return Z

The head of discharge flow represents the perpendicular projection onto the fault, which is expressed
as the real component of the z value in the complex space. The stream function represents the parallel
projection of the fault and is expressed as the imaginary value of z. The AEM Toolbox also provides a
built-in function that allows for retracting the gradient at every point. The gradient function will return
the gradient of the imaginary and real components of each element, in this case, the GPS stations. By
employing an arctangent function that considers the imaginary component over the real component of
the gradient, we can determine the angle of the parallel and perpendicular projections relative to the
East-North-Up (ENU) velocity frame.
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@i < arctan A3 (Az), R(Az))

This approach enables us to measure the angle clockwise from East for each GPS station. Subse-
quently, this angle facilitates the transformation of the velocities from the standard ENU frame into
components that are aligned with both the parallel and perpendicular orientations concerning the fault
geometry.

5.2.2. Projection of the Fault

Projection in Complex Space

In this research, the East Anatolian Fault Zone (EAFZ) is projected into complex space starting from
the Amanos region and extending to the Palu segment. The lllica and Karliova segments are not
included in this projection, as the GPS data in those areas is significantly influenced by the neighbouring
North Anatolian Fault Zone (NAFZ). On the other hand, the projection for the Cardak—Sirgl segments
begins from the Slirgi area, continues along the Cardak Fault, and extends further to Yumurtalik and
Toprakkale, similar to the research done by (Ozbey et al., 2024). This is simply the kinematics of the
Cardak—Surgu that continues up until this point.

The projection of the velocities, both perpendicular and parallel, is performed in complex space using
the AEM Toolbox, as explained in the previous sections. Once the projections in complex space are
obtained, they are converted back to the canonical or original space. The calculated angle for each
GPS station is then applied to the rotation matrix 7', which is introduced in the following sections. In
this way, the velocity components parallel and perpendicular to each fault are derived.
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Figure 5.2: Projection of Both Faults in AEM Toolbox.

As these projections are still in complex spaces, the first thing that we need to do to proceed with further
processing is to bring these projections into the real space, in this case, the UTM.
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Projection of the fault and perpendicular in UTM
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Figure 5.3: Projection of the main strand of the EAFZ and the Cardak-Suirgi Fault shown side by side in UTM projection.

Figures 5.3 illustrate the parallel and perpendicular projections created in a transfer into a UTM projec-
tion. The imaginary and real values of z represent the parallel and perpendicular projections, respec-
tively.

5.2.3. Transformation of Velocities to Parallel and Perpendicular Frame

The defined matrix 7" transforms the velocity from the standard ENU frame to the perpendicular and
parallel projections to each corresponding fault. And the inverse of the T' matrix serves to rotate the
perpendicular and parallel velocity from the model back to the ENU reference frame.

| cosf sinf _1 _ |cosf —sinf
T_{—sinﬁ COSG:l’ T _[Sinﬁ cosﬂ]

The procedure to transform velocities from the ENU reference frame to the parallel-perpendicular fault
system, and vice-versa, is shown in Algorithm 3.
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Algorithm 3 Project ENU Velocities to Fault-Aligned Frame (Parallel/Perpendicular) and Propagate

Uncertainty

1: Input:

vg, vy East and North velocity components

og, on: Standard deviations
prn: East-North correlation
0: Rotation angle (radians)

prefix: Optional prefix for output columns

2: Output:
vy, v): Rotated velocity components
o1, 0): Rotated standard deviations
Pl Correlation in rotated frame

3: Steps:
4: : Define original covariance matrix:
5: Define rotation matrix:

6: Rotate velocity vector:

7: Compute rotated covariance matrix:

8: Extract from Xotated:

— [ U%E pEN‘UE‘U'N:|
PEN -OF - ON 0%
_ |cos(0) —sin(0)
~ Isin(0)  cos(6)

v - R. VE
UH UN
Yrotated = 1" 2 TT

2
) _ g7 cov oL
rotated COVJ_H o.ﬁ

9: Compute rotated standard deviations and correlation:

10: Results:
0 (radians and degrees)
UL, 'UH
TLs s PL

— /52 — /52
oL =01, o) =4/

Observed velocity vectors transformed from Easting—Northing components into parallel and perpen-
dicular components with respect to the fault, using the projection angle from and the transformation

algorithm are shown below.
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5.2.4. Cross Sections

The AEM Toolbox provides fault—aligned projections by evaluating the complex field in the plane z =
x + iy and projecting vectors onto the local fault—tangent and fault—normal directions. In our workflow,
faults are modelled as no—flow boundaries. This makes the AEM solution discontinuous across the
fault plane: normal (perpendicular) projection lines generated from one side terminate at the boundary
and do not extend through to the other side. However, the model we use requires continuous cross—
sections that represent both sides of the fault.

To construct such cross—sections, we proceed as follows:

1. Place an evenly spaced set of anchor points along the mapped fault trace.
2. At each anchor, compute the local strike o and the corresponding unit normal n.

3. From each side of the fault, trace a short normal ray along + n (one ray per side) and sample the
AEM fields (¢, ¥) and vector components (v), v ).

4. Stitch the two rays into a single straight cross—section that traverses the fault: we align their
directions and merge them at the fault location to obtain one continuous line that spans both
sides.

This integration of the two one—sided perpendicular projections is essential: the AEM enforces a dis-
continuity at the fault, whereas our representation demands a continuous cross—fault profile. By con-
necting the normals across the boundary, we create a geometrically consistent cross—section on which
the fault—parallel and fault—perpendicular components can be evaluated and compared on both sides
of the fault. Finally, coordinates are mapped back to UTM.
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Figure 5.6: Cross Sections projection in UTM.
The yellow line shows the perpendicular projection with respect to the EAFZ Fault, and the Black line shows the perpendicular
projection with respect to the Cardak Surgu Fault. Black dots represent the cross-section of the Cardak Surgu Fault, and White
dots represent the cross-section of the Mainstrand Fault.

In this research, for the EAFZ, the spacing between the cross-sections is 90 Km and for the Cardak—
Sirgu fault, it is 85 Km. These values are chosen to ensure adequate cross-sectional coverage of
the model while allowing a sufficient number of observations per cross-section to reduce the risk of
overfitting.
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5.3. Linear Weighting

The ensemble produces fault—aligned velocity predictions along a set of predefined cross—sections (see
Section 5.2.4). To compare these predictions with the GPS, we map the model output to each GPS
station. With the AEM Toolbox, each station is represented in the complex plane as Z = z+iy. Because
the perpendicular coordinate is the real part of the complex position, we use R(Z) to compute the
interpolation weights. Every station lies in a z coordinate, and they lie between two modeled sections
at 21w and zpign With different real parts R(zi0w) and R(zuign). The linear weights are

w _ %(Zhigh) - éR(ZGPS) Whish = %(ZGPS) — %(zlow)
v §R(Zhigh) - §R(Zlow) ’ € %(Zhigh) - %(Zlow)

) Wiow + Whigh = 1.

The fault—parallel and fault—perpendicular components at the station are then.

UC(ZGPS) = Wlow Uc(zlow) + Whigh vc(zhigh)
Applied member—wise to the ensemble.

If a station is influenced by two faults (Strgl and the Main Strand of the EAFZ), we perform the same
interpolation for each fault separately and then add the contributions from both faults:

+ U(Mainstrand) (ZGPS)

v(zaps) = vV (2gpg)
Below in Figure 5.7, we identify which GPS stations are influenced by both faults and which stations
are constrained by the deformation of a single fault. Since the main strand of the EAFZ is longer than
the Surgl Fault, it is expected that some GPS stations are affected only by the EAFZ and not by the
Cardak—Surgu Fault. On the other hand, all GPS stations influenced by the Cardak—Surgu Fault are
also affected by the main strand of the EAFZ.
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Figure 5.7: GPS Influence Scheme. Black dots represent stations primarily influenced by the main strand of the EAFZ, while
yellow dots represent those influenced by the Cardak—Siirgli Fault. Stations shown with both black and yellow markers indicate
sites where the observations are influenced by the mechanism of both faults.
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5.4. Data Assimilation

Data assimilation combines prior information from a model with observed data to obtain the best esti-
mates of a system along with its uncertainty. The basis of data assimilation lies in the Bayesian theorem.
Data assimilation, in general, is divided into two steps, assimilation and forecasting steps, according
to Carrassi et al. (2018). The assimilation steps consist of incorporating the observed data into the
observed model to update its current states, and the forecasting steps predict the future behaviour of
the model based on the updated state. Similarly, data assimilation can be used to estimate the model
parameters, forcing or controls according to (Evensen et al., 2022). The aim of data assimilation in
general is not only to produce the best fits but also to produce the best state or parameters that respect
the underlying physics of an event.

Data assimilation can follow two approaches: sequential and non-sequential. In sequential assimilation,
observations are incorporated step by step in time. After each assimilation step, the model is updated
to provide a forecast based on the previous observations, until new observations become available and
the assimilation process takes place again. On the other hand, non-sequential data assimilation uses
current, past, and future observations. Here, future refers to observations that occur after the time of
interest but are already available in the dataset. Non-sequential assimilation is therefore often applied
for reanalysis or parameter inference(Carrassi et al., 2018).

5.4.1. Bayesian Theorem

Bayes’ Theorem is a foundational concept in probability theory, initially developed in the 18th century
by the English statistician and theologian Thomas Bayes. Bayes proposed this theorem to address
problems of causality—reasoning about causes given observed effects. In its purest form, Bayes’
Theorem is an initial belief modified by objective new information (McGrayne, 2011). Our initial beliefs
(prior) using recent objective data would become the new and improved belief (posterior). Several years
later, Bayes’ Theorem resurfaced in a much simpler form, presented as a mathematical equation that
we recognise today. The discovery or perhaps the resurgence of Bayes’ Theorem originated with Pierre
Simon Laplace during his studies on estimating the orbits and positions of astronomical objects in the
universe, where observations were scarce and noisy. Laplace uses Bayes’ theorem and probability as
its basis to solve these problems. Today, Bayes’ Theorem is widely used across disciplines, including
statistics, machine learning, and decision theory, offering a rigorous framework for reasoning under
uncertainty.

Bayes’ Theorem is commonly written as:

B | A) P(A)

P(A|B) = il IL(B) (5.1)

In many applications, such as Bayesian inference, the probability P(A|B) represents event A happen-
ing given observations B, and P(B|A) is the likelihood of observing B when A is true. We are typically
interested in how the observation of B influences our belief about various possible hypotheses from
P(A). In such cases, the denominator P(B) is constant across different hypotheses P(A). Since we
are comparing posterior probabilities across varying P(A) instead of P(B), the normalising constant
can be ignored. From Bayes’ theorem, we can expand it to the Bayes’ Rule, which shows the propor-
tionality of posterior to the product of likelihood and prior.

P(A| B) « P(A)- P(B | A). (5.2)

5.4.2. Kalman Filter

The classic Kalman Filter is an algorithm that uses a series of measurements over time, including
statistical noise, to produce estimates of unknown variables (Carrassi et al., 2018). The Kalman Filter
operates in two main steps: prediction and update at each time step t=1,2,...,k. The filter first predicts
the state and its uncertainty, and then updates this prediction using new observations.
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yr = Hpxp, + vg, v ~ N (0, Ry,) (5.3)
= Mpri—1 + wg, wy, ~ Ny (0, Q) (5.4)

Equation 5.3 and equation 5.4 are the observations and forecast model, respectively with y; being the
prediction of data with m dimensional data vector at time k, x;, is the n - dimensional unobserved state
vector of interest and v, and wy as the observation and forecast error. R, and ), are the covariance
matrices of the observation process noise. Hj is the observation matrix that relates the state to the
observations linearly, and M, is the propagator matrix that determines how the state evolves. This
framework shows that the goal at every time point t = 1, 2,..., is to obtain the filtering distribution of
the state after every timestep. In Bayesian terms, this is equivalent to the conditional distribution of
given y1., and is denoted by z|y;.k.

The prediction steps are created through a prescribed prior without any involvement regarding the
observations that are made. On the other hand, the update steps incorporate the discrepancies by
multiplying the difference between the observations and the predictions by the Kalman Gain. The
Kalman Gain is a value which determines how much weight is given to the observation relative to
the prior prediction. A high Kalman gain indicates that the observation is more trusted, so the filter
firmly corrects the prior estimate using the measurement. A low Kalman Gain, on the other hand,
suggests greater confidence in the prior, so the observation has less influence on the updated state.
Mathematically, Kalman Gain is computed as the product of the cross-covariance between the state
and the observation, and the inverse of the auto-covariance of the observation.

K=P,H (HP,,H' +R)" (5.5)
P,
Ty

>—1
Pyy

The KF updates the state estimate recursively and sequentially, processing each new observation as
it becomes available. At every forecast step, it updates the mean and covariance, which means that
the current estimates always depend on the results from previous time steps.

af = My 128, (5.6)
Pkf = Mk,kflplgflMIkal + Qk (57)
wf = af + K (yk- - kaﬂ{) (5.8)
P¢ = (I - KyHy)Pf (5.9)

As can be seen from the ¢ and P, which represent the updated mean and covariance at time k re-
spectively, while x£ and P,f represent the prediction of the model from previous time steps respectively.

Gaussian Assumption

The Kalman Filter assumes that both the forecast error and the observation error follow a Gaussian
distribution. The Gaussian distribution only requires its mean and variance to represent the distribution,
which then simplifies the representation and propagation of uncertainty within the filter. Gaussian dis-
tributions are also recursive because if the multivariate distribution is a Gaussian, then the conditional
distribution of the multivariate Gaussian distribution would still be Gaussian, which again plays in our
hands, as it only needs its mean and moments to define the distributions.
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5.4.3. Ensemble Kalman Filter (EnKF)

The classic Kalman Filter is constrained to systems governed by linear state transition models and
assumes that all probability density functions (PDFs)—including those associated with model and ob-
servation errors—are Gaussian. The Ensemble Kalman Filter (EnKF) addresses these limitations by
representing the system’s state distribution through a finite ensemble of state vectors (Katzfuss et al.,
2016). Conceptually, the EnKF can be viewed as a Monte Carlo approximation of the standard Kalman
Filter, wherein the state distribution is sampled using the mean and covariance of a prescribed prior.
This ensemble, generated via stochastic sampling, reflects possible realisations of the system state
and evolves.

Unlike the Kalman Filter, which requires the explicit propagation of a full covariance matrix, the EnKF
estimates covariances directly from the ensemble members. Maintaining the fundamental structure of
the Kalman Filter, the EnKF still consists of two sequential operations at each time step: a forecast
(prediction) step and an update (assimilation) step. While the ensemble-based formulation allows the
EnKF to operate effectively in nonlinear contexts, its performance remains optimal when the prior and
error distributions are approximately Gaussian. Although the Monte Carlo sampling approach provides
robustness against some non-Gaussian behaviour, the EnKF still fundamentally assumes Gaussian
statistics, which may limit its accuracy in highly skewed settings or bi-modal distributions. Given an
ensemble of realisations from a prescribed prior distribution for the states resembling:

Xﬁa _ [X{,a o x{\}a] c Rme7 (510)

The EnKF forecast steps are obtained using the state space model given in 5.4.

y’(j) = Hkl‘](j) + v, Vg ~ MYL(O? Ry) (5.11)

Despite its differences, the Kalman Gain itself retains its original form, which is the product of cross-
covariance and the inverse of the autocovariance.

1
P,=-——XXT R
70 = : (5.13)
_ 1 T
1 T
K=P,, (P, +R) " (5.16)

The algorithm for EnKF is presented in Appendix A

5.4.4. Ensemble Kalman Smoother

The key difference between the Ensemble Kalman Filter (EnKF) and the Ensemble Kalman Smoother
(EnKS) lies in the treatment of observational data. In EnKF, the analysis is performed sequentially, using
observations at each time step ¢, .. In contrast, the EnKS performs a smoother update by incorporating
all available observations across time steps simultaneously. This allows the EnKS to correct past states
or parameters using both current and future observations, making it particularly useful for parameters
that do not change dynamically over time and static problems.

The algorithm of the Ensemble Kalman Filter (EnKS) that are used in this research. In the following
algorithm, the notation for time could be represented by le’f;(, meaning that the EnKS considers all

current and future observations. To simplify those equation the x?. would be simplify to x*/.
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Algorithm 4 Ensemble Smoother (ES)

1: Input:
N: Number of ensemble members
{x*}¥ ,: Prior ensemble of model parameters
M (-): Forecast model operator
H(-): Observation operator
y°PS: Observed data vector
R: Observation error covariance matrix

: Output: Updated ensemble {x}¥ |
: Forecast Step:
fori=1to N do
xbf — M(x%) + vt
yor «— H(x») 4w’
: end for
: Stack forecast ensembles:
xf = [x!,... xV]
Yf = [yl’fv ] yN’f}
9: Compute ensemble means:
%f = mean(X/)
¥ = mean(YY)
10: Compute anomalies:
X' =X/ -X/f
Y =Yl —gf
11: Estimate covariances:
sz _ ﬁX/(Y/)T
Py, = ﬁY/(Yl)T
12: Compute Kalman gain:
K =Puy(Pyy +R)™!
13: Analysis Step:
14: fori =1to N do
15: Sample: € ~ N(0,R)
16:  Perturbed obs: y* = ybs 4 gt
17:  Innovation: §* = y* — y&f
18:  Update: x»% = x* 4+ K"
19: end for

5.5. Data Assimilation Set-Up

5.5.1. Generate Ensemble of Parameters

The model parameters follow the formulations of Savage and Burford (1973) and Segall (2013). Each
parameter ensemble is assumed to follow a Gaussian distribution, requiring its first two moments (u,
o) to describe the distribution. The joint inversion utilised the equations given in Eq. 4.3 and Eq. 4.1.
In the initial setup, all parameters in these equations were assumed to follow independent Gaussian
distributions A (u,0). The ensemble size was set to 2,000, resulting in 2,000 realisations for each
parameter.

The prior distributions for strike-slip velocity, dip-slip velocity, and locking depth were chosen based on
values reported in previous research (Kurt et al., 2023; Ozbey et al., 2024; Reilinger et al., 2006; Vavra
et al., 2024), ensuring consistency with established estimates for the EAFZ and Cardak—Surgu Fault.
In contrast, the parameters « and S do not have direct sources in the literature, and the prior for o and
5 for both setups is presented in the Appendix along with a full table of the priors ?7?.

Table 5.1: Prior distribution parameters used for generating the dip-slip ensemble. Strike-slip, dip-slip, and locking depth are
based on values from previous studies, while o and 3 are exploratory parameters (see Appendix A.2).

Parameter Mean () std.Dev (o)
Strike-slip velocity, V; 5 5
Dip-slip velocity, V, 0 7
Locking depth, D 10 10
o 3 5

B 0 10
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For the dip angle, the Cardak—Sirgu Fault is taken to have a value of 75°. For the main strand of the
EAFZ, the dip angles for each segment are adopted from Gulvercin et al. (2022), except for the Amanos
segment, where in this study a dip angle of 85° is assumed. The complete list of dip angles is provided
in the table below.

Table 5.2: Assigned dip angles for the EAFZ cross-sections.

Cross-section Dip angle (°)
85
85
85
60
70
70
70

NOoO O WN -

5.5.2. Log-space transformation of locking depth priors

To ensure non-negative values for the locking depth, the ensemble is sampled in log-space. Data
assimilation is carried out in log-space by converting the locking depth from the physical space. Gaus-
sian parameters to the log-space parameters (uog, diog), Which are derived from the properties of the
lognormal distribution:

MQh
Sampling is then performed in log-space:
Diog ~ N (ptiog, 0ieg) (5.18)

and values are mapped back to physical space through the exponential, since the model requires the
real physical locking depth D:
D = P, (5.19)

5.5.3. Observations

The observations that we use in this research as the original data are the velocity with respect to
Anatolia, transformed from the original velocity with respect to the Eurasia plate. The transformations
used are explained in the previous chapter, specifically the rotation matrix shown in algorithm 3. We
translate the observation that we use in this research into a matrix.

v(1)
U(2)
Y(3)
Yobs = V(4)

Y(m) |
The data assimilation process in this research is done on both faults simultaneously; hence, to make
the assimilated velocity in a coherent velocity frame, | decide to use the velocity of the observation
of the Easting and Northing components as the observations for the data assimilation process. Thus,
the matrix has twice the observations as the velocity is decomposed into the Easting and Northing
components, the following y.ps Will then be presented in a 2m x 1 matrix.
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Yobs = | Un

5.5.4. Ensemble Matrix
Let C be the number of cross-sections, and let each cross—section use d = 5 parameters (strike—slip
rate V;, dip—slip rate V,, locking depth D, and shape/rake parameters «, /3). For cross—section ¢, define
the parameter vector

VSC

vy

0. = |D°| e R
OCC
BC

Stacking all cross—sections gives the state vector.

0,
0,
X = . € R,

0c

The data assimilation uses an ensemble of N members. We arrange the prior ensemble as a matrix
whose columns are members:

<@ ... x| ¢ RICXN

At each assimilation step, the algorithm updates (per cross—section) the strike—slip (V%), dip-slip (Vj),
locking depth (D), and the shape parameters («, 3); D is common to both the strike— and dip-slip
components, but is inverted jointly within the same state. For each ensemble member, the forward
model projects fault slip onto the cross-sections, and the resulting velocities are interpolated to the
GPS stations using linear weights (see Section 5.2.4). The forecast matrix is defined as

Xprior = X(

onrccast - H(Xprior) S RQmXN,

Where H(-) denotes the forward operator mapping slip parameters to station velocities, linear weighting.
The predicted velocity for every station for every ensemble member n is

Vq(,n) = Wiow.i V™ (Zlow.i) + Whigh,i V™ (Zhigh i), GE") € R?,
with wiow 4, Whigh,; the linear interpolation weights based on R(z). Stacking the contributions from all m
stations yields the forecast matrix Yo ecast € R2™*V.

dC'x N 2mx1 2mxN
Xprior eR ) Yobs € R=™ ) onrecast e R*™ .

These three objects (X rior; Yobs, Yiorecast) are the inputs required by the EnKS algorithm (Algorithm 4).
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WD 0D )]
U](\}’l) U](\}’Q) . U](\}JV)
L0 Lo B
(271) (272) (27N) m
Yiorecast = | VN Un Uy € R¥N
U(Em,l) U(Ema2) . UJ(EmaN)
_U%n’l) U%R,Q) . U]((]n’N)_

The EnKS proceeds with the filtering process and updates the prior by the observations, resulting in a
newly obtained posterior for every parameter.

1 (2 (N)

xl xl x

1
(1) (2) (N)
Lo Lo ) c
Xprior = . i . . S RdexN
vy wl) e al)

This algorithm retrieves the posterior for the parameters X,,,.:, and the predictions y,,..q for every
station. In the process of obtaining the Kalman Gain, we took the observation error covariance matrix
into account. The error covariance matrix is a square matrix with dimensions m x m.

U%J,l PEN1CE10N,1 0 0 0 7
PEN,10E,10N,1 012\;71 0 0 0
0 0 0o PEN,20E20N,2 0

) ? ’ ? 2mx2m
R = 0 0 PEN20E 20N 2 X2 0 | ERT
- 0 0 0 0 T U?\/',m-
(5.20)
5.5.5. Output

After the filtering step, the posterior parameter values are obtained in a matrix form consistent with
that of the prior ensemble. These updated parameters serve as inputs to the forward model. By
propagating them through the model and applying the inversion procedure, we generate predictions
that can be directly compared with the observations. This allows us to assess both the quality of the
predicted velocities and the plausibility of the estimated parameters.

ORI R 2
(1) (2) (N)
:L‘ x DRI :1:’

Xposterior = 2 2 . 2_ € RdCXN
ve wg e ag)

The yanayysis is the velocities obtained using the posterior parameters.

'UJ(ELU USQ) UJ(ELN)_
U](\},l) U](\},Q) . U](\},N)
L2D @22 N
(2,1) (2,2) (2,N)
Yanalysis = | VN UNn o Un € RZmxN
Ugn,l) vgnﬁ) L UEEW,N)
-,Ugvm,l) ,Ugvm,Q) L ,Ugvm,N)_




Results

This chapter presents the results of our model, followed by a discussion that also addresses its limita-
tions and provides recommendations for future research

The estimate of EAFZ using the inversion and data obtained is presented in the table below.

6.1. Estimated Parameters for Mainstrand EAFZ

Table 6.1: Posterior parameter estimates for Main strand using GNSS data relative to Anatolia (Mean + Std).

Segment  Slip Deficit Rate (mm/yr)  Dip Slip Deficit Rate (mm/yr)  Locking Depth (km) o« (mm/yr) B (mm/yr)

1 3.21+£1.07 —7.47+£1.33 19.95 +6.33 3.10£0.52 —0.90£0.16
2 7.89 £ 0.69 —10.98 £0.97 50.20 £ 11.04 6.47 +0.41 0.13 +0.26

3 5.63 £ 0.46 —11.33 &£ 1.06 24.75£6.23 7.40£0.30 —1.26+0.32
4 4.42£0.36 —0.59 £ 0.44 11.36 £ 2.18 7.71+£0.25 —-3.32£0.21
5 2.39+£0.33 —1.44 £ 0.69 0.39 £0.08 5.61+0.19 —-3.10£0.17
6 6.18 £0.11 1.40 +£0.26 10.60 + 1.38 742+0.04 —-0.41=+0.04
7 6.59 £ 0.15 —6.74 £0.29 1.91+£0.43 6.99+£0.04 —0.92+0.04

In hindsight, we could observe that the Slip-Deficit rate all have positive values, while the dip-slip rates
around the main strand EAFZ are varied. The locking depth shows some variable results, from 1 Km
to 41 Km.

6.1.1. Estimated Parameters for the Mainstrand EAFZ using GNSS data in the
Arabia-fixed reference frame

Table 6.2: Posterior parameter estimates for the Main strand using GNSS data relative to Arabia (Mean + Std).

Segment Slip Deficit Rate (mm/yr) Dip Slip Deficit Rate (mm/yr) Locking Depth (km) a (mml/yr) B (mml/yr)

1 1.53+1.11 —20.59 £1.35 5.76 £1.80 —2.04+0.54 —4.85£0.16
2 6.48 £ 0.67 —2.65+0.98 28.61 £ 6.12 0.52 £ 0.40 —-5.91+£0.25
3 10.39 £ 0.44 —12.15£1.06 43.21 £10.92 1.98 £0.32 —6.98 £0.31
4 0.28 £0.36 —1.97 £ 0.56 5.03 £0.94 7.62+0.25 —1.73+£0.21
5 0.15£0.33 3.17£0.67 5.64 £1.10 11.46 £0.19 —-0.58£0.18
6 9.32+£0.11 2.85+0.26 40.42 £ 5.50 8.15+£0.04 0.43 £0.04

7 8.80£0.15 —6.62 £ 0.30 6.40 £ 1.50 8.12+£0.04 1.33 £ 0.04

40
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6.2. Estimated Parameters for Cardak-Siirgii Fault
Table 6.3: Posterior parameter estimates for Cardak - Stirgli Fault with velocity relative to Anatolia (Mean + Std).

Segment Slip Deficit Rate (mm/yr)  Dip Slip Deficit Rate (mm/yr)  Locking Depth (km) a (mm/yr) B (mml/yr)
1 1.64 £ 0.90 3.24+1.10 5.15£1.37 4.21 +0.45 0.52+0.15
2 3.74£0.33 —0.70 = 0.48 27.15 £ 6.51 2.44 +£0.27 —0.54 +0.22
3 1.18 +0.38 —6.65 +0.48 55.68 + 12.39 —0474+0.31 —-0.724+0.34
4 3.50 £ 0.22 —4.01 + 0.48 67.08 £ 14.01 —0.59 £ 0.23 1.70 £0.24
5 1.98 £ 0.39 —3.80 + 0.62 3.12£0.72 —1.294+0.26 2.08 £0.23
6 1.63 +0.38 5.01 £0.74 25.82 £6.76 0.74 £0.19 3.84 £0.17

In the Cardak—Surgu fault, we could also see that the slip deficit rate obtained all have positive values,

while the dip-slip and locking depth rate varied along the fault.

6.2.1. Estimated Parameters for Cardak-Siirgii Fault using GNSS data in relative
to Arabia

Table 6.4: Posterior parameter estimates for the Cardak-Suirgi Fault using GNSS data in relative to Arabia (Mean + Std).

Segment Slip Deficit Rate (mm/yr) Dip Slip Deficit Rate (mm/yr)  Locking Depth (km) a (mm/yr) B (mml/yr)
1 2.48 £0.94 —3.624+1.11 2.30 £0.62 12.14 +£0.46 3.81 +0.15
2 10.17 £ 0.32 10.38 £ 0.49 70.96 + 16.71 7.93 £0.26 6.65 +0.22
3 4.25 4+ 0.36 4.88 +£0.47 25.06 £ 5.35 6.49 +£0.31 5.83 £0.33
4 5.42 £0.21 3.84 +0.44 163.13 + 32.66 4.33 +£0.24 5.68 £0.24
5 6.02 £0.38 —6.26 + 0.64 49.91 £ 11.50 0.90 £ 0.26 1.05 + 0.22
6 6.03 £0.38 —2.394+0.73 1.554+0.39 —4.054+0.20 1.35+0.17
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6.3. Posterior, Observed and Residual
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Figure 6.1: Comparison of posterior predictions with observations for (a) Anatolia and (b) Arabia.
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From Figure 6.1, we observe the velocities predicted using the posterior mean obtained through data
assimilation and the model compared with the observations and Figure 6.2 presents the residuals,
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shown for both the Arabia- and Anatolia-fixed relative velocity frames.

6.4. Parameter Distribution
6.4.1. Mainstrand EAFZ relative Anatolia
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Posterior parameter distributions and estimation results for the Main Strand of the EAFZ.
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6.4.2. Cardak—Sirgi relative Anatolia
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Posterior parameter distributions and estimation results for the Cardak—Siirgli segment of the EAFZ relative to Anatolia.
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6.4.4. Cardak—Siirgii relative Arabia
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6.5. Velocity Profiles Across Cross Sections
6.5.1. Velocity Profiles Parallel to Main Strand Fault EAFZ
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Figure 6.3: Parallel w.r.t Main Strand EAFZ (Anatolia Relative Velocity)
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Figure 6.4: Parallel w.r.t Main Strand EAFZ(Arabia Relative)
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6.5.2. Velocity Profiles Parallel to Cardak-Siirgii Fault
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Figure 6.5: Parallel w.r.t Cardak-Sirgl (Anatolia Relative Velocity)
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Parallel in Respect to Cardak-Sirgl (Arabia Relative Velocity)

Cross Section 1 Cross Section 2
" —— Predicted (Cardak-Siirgii) ® —— Predicted (Cardak-Siirgi)
—— Parallel From Strike-Slip Mainstrand —— Parallel From Strike-Slip Mainstrand
10 —— Parallel From Dip-Slip Mainstrand 10 —— Parallel From Dip-Slip Mainstrand
—— Combined (Sum) —— Combined (Sum)
«  GPS (Cardak - Sirgi) «  GPS (Cardak - Siirgil)
5 5

Velocity (mmiyr
3 &
Velocity (mmiyr)
\
3 &
~
|
|
|
|
|
|

¥ i }
15 L -15 %
20 -20
-300 -200 -100 0 100 200 300 -300 -200 -100 o 100 200 300
Distance along transect (km) Distance along transect (km)
Cross Section 3 Cross Section 4
15 15
— Predicted (Cardak-Sirgi) — Predicted (Cardak-Sirgi)
—— Parallel From Strike-Slip Mainstrand —— Parallel From Strike-Slip Mainstrand
10 —— Parallel From Dip-Slip Mainstrand 10 —— Parallel From Dip-Slip Mainstrand
—— Combined (Sum) —— Combined (Sum)
*  GPS (Cardak - Siirgil) GPS (Cardak - Siirgii)
5 5

Velocity (mmiyr
&
j\\
Velocity (mmiyr)

20 20
-300 -200 -100 0 100 200 300 -300 -200 =100 o 100 200 300
Distance along transect (km) Distance along transect (km)
Cross Section 5 Cross Section 6
15 15
—— Predicted (Cardak-Sirgi) — Predicted (Cardak-Siirgii)
—— Parallel From Strike-Slip Mainstrand ~—— Parallel From Strike-Slip Mainstrand
10 ~—— Parallel From Dip-Slip Mainstrand 10| — Parallel From Dip-Slip Mainstrand
—— Combined (Sum) —— Combined (Sum)

*  GPS (Cardak - Siirgii) +  GPS (Cardak - Siirgii)
5

Velocity (mmiyr)
Velocity (mmiyr)

-300 -200 -100 0 100 200 300 -300 -200 -100 0 100 200 300
Distance along transect (km) Distance along transect (km)

Figure 6.6: Parallel w.r.t Cardak-Surgu (Arabia Relative Velocity)

The red line represents the resultant sum of all parallel component contributions. These include the
parallel component estimated from the strike-slip model at its own cross-section, the parallel component
contributions from other faults, and the parallel component arising from the dip-slip of other faults.
The dashed line represents the fault that serves as the reference for each profile. In Figure 6.3 and
Figure 6.4, the dashed line at zero marks the location of the main strand, since the figure shows the
parallel component relative to the Main Strand. In Figure 6.5 and Figure 6.6, the dashed line indicates
the location of the Cardak—Suirgu Fault, as the figure displays the parallel component relative to that
fault.
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6.5.3. Velocity Profiles Perpendicular to Main Strand Fault EAFZ
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Figure 6.7: Perpendicular w.r.t Main Strand EAFZ (Anatolia Relative Velocity)
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Figure 6.8: Perpendicular w.r.t Main Strand EAFZ (Arabia Relative Velocity)
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6.5.4. Velocity Profiles Perpendicular to Cardak-Siirgii Fault
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Figure 6.9: Perpendicular w.r.t Cardak-Siirgli (Anatolia Relative Velocity)



6.6. Metrics 55

Perpendicular in Respect to Cardak-Sirgli (Arabia Relative Velocity)
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Figure 6.10: Perpendicular w.r.t Cardak-Suirgli (Arabia Relative Velocity)

The red line represents the resultant sum of all perpendicular component contributions. These include
the perpendicular component estimated from the dip-slip model at its own cross-section, the perpen-
dicular component contributions from other faults, and the perpendicular component arising from the
strike-slip of other faults. The dashed line represents the fault that serves as the reference for each
profile. In Figure 6.7 and Figure 6.8, the dashed line at zero marks the location of the main strand,
since the figure shows the perpendicular component relative to the Main Strand. In Figure 6.9 and
Figure 6.10, the dashed line indicates the location of the Cardak—Sirgu Fault, as the figure displays
the perpendicular component relative to that fault.

6.6. Metrics

6.6.1. Mean Absolute Error

Since velocity can result in both negative and positive values, we used the mean absolute error (MAE)
to assess the average differences between the posterior mean and the observed data. The model
outputs the velocity in north (N) and east (E) components, so we also presented the MAE for these
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decomposed E and N components. The MAE is obtained from both model setups.

Table 6.5: Mean Absolute Error (MAE) of velocity components relative to Anatolia and Arabia.

Component Anatolia (mm/yr) Arabia (mml/yr)

Northing 0.92 0.82
Easting 0.77 0.77
Total MAE 1.69 1.59

6.6.2. RMSE

Similar to the principle of MAE that the model outputs the velocity in (N) and (E) components, we'll also
present the RMSE in the decomposed E and N components.

Table 6.6: Root Mean Square Error of Velocity Components

Component Anatolia (mm/yr) Arabia (mml/yr)

Northing 1.18 1.05
Easting 1.02 1.05
Total 1.56 1.49

6.6.3. RMSE for Every Cross Section Profile
A root mean square is also done on every profile of the cross sections that are shown earlier on sec-
tion 6.5.

Table 6.7: Root Mean Square Error (RMSE) of model predictions relative to Anatolia and Arabia, computed for each
cross-section.

Cross Section Anatolia (mm/yr) Arabia (mml/yr)
Mainstrand—Parallel 1 1.27 2.5
Mainstrand—Parallel 2 1.23 0.7
Mainstrand—Parallel 3 0.89 1.5
Mainstrand—Parallel 4 0.76 1.1
Mainstrand—Parallel 5 1.37 1.98
Mainstrand—Parallel 6 1.08 1.09
Mainstrand—Parallel 7 0.87 0.98
Sirgi-Parallel 1 1..37 1.65
Surgi-Parallel 2 1.18 0.87
Surgi—Parallel 3 0.74 1.21
Surgi-Parallel 4 0.56 1.05
Surgi—Parallel 5 0.94 1.26
Surgi-Parallel 6 0.81 4.71
Mainstrand—Perpendicular 1 1.43 1.46
Mainstrand—Perpendicular 2 1.4 1.23
Mainstrand—Perpendicular 3 1.56 1.69
Mainstrand—Perpendicular 4 1.72 1.15
Mainstrand—Perpendicular 5 1.05 0.76
Mainstrand—Perpendicular 6 1.22 0.97
Mainstrand—Perpendicular 7 0.78 1.01
Surgi-Perpendicular 1 0.94 1.91
Surgi-Perpendicular 2 1.59 0.97
Sirgi—Perpendicular 3 2.29 1.53
Surgi-Perpendicular 4 1.73 1.25
Surgi-Perpendicular 5 1.06 1.37

Sirgi—Perpendicular 6 1.24 1.28
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6.7. Discussion

6.7.1. Analysis on Estimated Strike-Slip and Dip-Slip

The estimated parameters from the model, relative to both Arabia and Anatolia, indicate a positive
slip-deficit for the strike-slip component. This implies that the overall trajectory of slip-deficit along the
Cardak—Siirgii Fault and the main strand of the EAFZ is left-lateral strike-slip. The use of GNSS veloc-
ities relative to Arabia and Anatolia consistently supports this left-lateral strike-slip behaviour. These
results support that the Cardak—Sirgu Fault are moving left-laterally, aligns with the theory provided
from Duman and Emre (2013) and opposite to Koc¢ and Kaymakci (2012).

In contrast, the dip-slip component yields variable results, with both positive and negative values, and
the Arabia- and Anatolia-fixed reference frames do not agree on its magnitude or direction. This sug-
gests that one of the fixed reference frames, or both of them, does not adequately capture the per-
pendicular motion necessary to resolve the dip-slip. The use of a deterministic assumption for the dip
angle could also contribute, as noted in chapter 4, since dip-slip is highly sensitive to dip angle. Espe-
cially the Amanos segments, there‘s not much study that looks at the dip-angle in that area, most just
assume that the Amanos segments are a vertical fault that has a dip around 90°, to accommodate this,
we already applied a dip around 85° for those particular segments.

The estimated strike-slip rates along the main strand of the EAFZ in this study range between 2-8
mm/year using the data relative to Anatolia and 0-11 mm/year with Arabia relative velocity (see Ta-
ble 6.1 and Table 6.2). The estimated strike-slip rates along the Cardak—Surgu Fault in this study
range between 1-4 mm/year using the data relative to Anatolia and 2-11 mm/year with Arabia relative
velocity (see Table 6.3 and Table 6.4). Using GNSS velocities relative to the Arabia frame generally
produces higher strike-slip rates for the Cardak—Sirgi. Along the Amanos segment, the slip deficit is
estimated at roughly 5 mm/year using data relative to the Anatolia frame and 6 mm/year in data relative
to the Arabia frame. The slip-deficit rate obtained in this research is consistent with previous studies
by Kurt et al. (2023) and Reilinger et al. (2006). They reported slip-deficit rates of 9—10 mm/year along
the western part of the EAFZ, while Vavra et al. (2024) reported values of about 8—9 mm/year for the
Pazarcik and Erkenek segments.

The estimated dip-slip along the main strand of the EAFZ varies from 0 to -12 mm/year when using the
Anatolia-fixed frame, and from -12 to 2 mm/year when using the Arabia-fixed frame (see Table 6.1 and
Table 6.2). For the Cardak—Surgl Fault, dip-slip results also vary along the fault, ranging from —4 to
5 mml/year in the Anatolia-fixed frame (see Table 6.3) and from -3 to 10 mm/year in the Arabia-fixed
frame (see Table 6.4). These values are different from the small dip-slip reported by Ozbey et al. (2024),
but align with the contraction rate of the eastern section of the main strand of East Anatolia Fault Zone
reported by Reilinger et al. (2006) with -5 mm/year. The dip-slip results in segment 2 of both faults are
higher than in other sections, likely because the tectonic influence of the Kyrenia Arc subduction zone
contributes in this area (see Figure 1.1 for fault location)

The higher slip-deficit and dip-slip deficit values in Amanos arise partly because our model incorporates
the Toprakkale Fault, an extension of the Cardak—Strgl Fault located north of the EAFZ main strand,
so we also took into account the mechanism from other faults.

6.7.2. Locking Depth

One notable observation from this inversion process is the variability in the locking depths. The pos-
terior results from the data assimilation range from 1 km to 160 km for the Cardak—Surgu fault using
Arabia’s relative velocity. In cross-section 4, it is shown that the locking depth reaches 160 km, which
is physically unlikely, since reported values for this area are significantly smaller. A depth of around
100 km could indicate that the fault is subjected to creeping; however, we have not analysed this be-
haviour in detail, so no firm conclusion on creeping can be drawn at this stage. What is clear is that
the model and the observations, particularly when using the Arabia-relative velocity frame, are not
able to constrain the locking depth effectively for the Cardak—Sirgl Fault. In contrast, when using the
Anatolia-relative data, the locking depth appears to be better constrained. This discrepancy may arise
from the lack of near-field GNSS stations, or simply from limitations in the chosen reference frame; that
is, using the velocity relative to Arabia does not provide sufficient information to resolve the parameter
locking depth for the Cardak—Surgi fault. The DA process tends to produce results that best fit the
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model while disregarding the physical possibility of the locking depth. Although we attempted to set the
prior for the locking depth consistent with values reported in previous studies, the posterior deviated
significantly, indicating that the available GNSS data provide insufficient constraint. Previous studies
have also acknowledged this limitation. For example, Hussain et al. (2018) and Aktug et al. (2016)
either assumed a fixed locking depth or applied a grid-search approach to find the locking depth.

6.7.3. Analysis on Velocity Profile Cross Sections

The velocity profiles for each cross-section illustrate how well the model fits the observations in every
cross-section. In section 6.5, the red line represents the resultant of all contributing components affect-
ing the estimation at each cross-section. The RMSE values for each cross-section are summarised
in Table 6.7. In cross-section 1 of the velocity profile (see section 6.5), some observations align more
closely with the predictions from the Cardak—Siirgli Fault, as they are not fully weighted by the main
strand. This occurs because, in our model, the influence of the Cardak—Sirgu Fault extends further
west than the main strand, meaning certain observations are only partially weighted by the main strand
mechanism. A similar principle is observed in the east, particularly in cross-section 6, where the East
Anatolian Fault extends further eastward. In this case, some observations align more closely with the
main strand than with the combined resultant, which reflects the influence of the weighting scheme. In
cross sections 1 and 2, we can observe that there is a lack of data on the Arabian plate; this can explain
the lack of constraint for the dip-slip model in this area.

When examining the model relative to Anatolia, the velocity transition to the Surgl Fault appears to
occur at x<=0. This is because, in our reference system, the Sirgi Fault is located before the Main
Strand (see Figure 6.5). And when the velocity profile is considered from the Siirglu Fault perspective,
the influence of the main strand begins to appear only after x=>0. (see Figure 1.1) for the location of
the fault.

The profiles generally show that the strike-slip model exhibits better fits, as evidenced by the RMSE
for each cross-section profile presented in subsection 6.6.3. The strike-slip model consistently demon-
strates smaller RMSE values because the GNSS observations, in both the Anatolia- and Arabia-fixed
frames, capture the strike-parallel signal better. However, at cross-section 5 of the Cardak—Suirgi Fault
in the Arabia-fixed frame, an anomaly is observed where the model fails to reproduce the observations.
The anomaly on cross-section 5 possibly occurs because the manner in which we compared the same
velocity is to make them appear in the same space, similar to the linear weighting procedures, we can
observe from section 5.3. As the cross-section 5 is bound by different weighting on the other side of
the fault, this could be one of the causes, but it still does not explain the error since the velocity relative
to Anatolia and other sections does not exhibit similar behaviour.

From the results, it can be observed that the Arabia-fixed frame does not constrain the Cardak—Surgu
Fault effectively. Consequently, the data assimilation, which incorporates observational data to improve
parameter estimation, performs better using the data in relation to Anatolia. The perpendicular velocity
showing poor constraint could also come from another factor influencing the dip-slip estimates, which
is the dip angle (§) assumed in this research. As discussed in Section 4, the modelled dip-slip signal
is highly sensitive to §. Since ¢ remains an assumption, and previous studies have not reached a
consensus on the dip angle for either fault (Balkaya et al., 2023; Duman & Emre, 2013; Glvercin et al.,
2022; Ozbey et al., 2024; Vavra et al., 2024).

6.7.4. Comparison of Model Set-ups

This research uses two model set-ups as shown in chapter 4. Both on global RMSE, the two models set
up show similar results (see Table 6.6 and Table 6.7). But the use of the Anatolia-fixed reference frame
provides more reliable results, with parameters, particularly the locking depth, being better constrained
compared to the data assimilation using velocities relative to Arabia. Overall, we can conclude that
while both datasets allow us to obtain reasonable estimates for the Main strand, the inversion process
fails to effectively constrain the locking depth of the Cardak—Suirgi Fault, especially using the Arabia-
fixed frame reference.
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6.7.5. Offset Term

The parameters « and g are included in the model to account for forces related to the fault mechanism
that are not explained by the main slip-deficit term. This is evident from the fact that the observed
velocities relative to both the Anatolia- and Arabia-fixed frames are not zero. In other words, plate ve-
locities in the region are influenced not only by far-field plate motion but also by local tectonic effects.
Differences in the magnitude of o and the variability in g indicate that each segment is also influenced
with varying effects. As noted in section 2.1, the study area contains a complex fault network, so con-
tributions from multiple sources are to be expected. At this stage, however, the scope of this research
does not allow for a more detailed explanation of these additional driving forces.

6.7.6. Comparison of Estimated Slip Deficit and Coseismic Slip in the 2023 Kahra-

manmaras Earthquake Doublet
In this research, the coseismic slip distribution used is taken from (Jia et al., 2023; Vavra et al., 2024).
Vavra et al. (2024) estimated the coseismic slip by averaging over multiple finite-fault models. They
computed the average slip on each fault segment by conserving the total seismic moment of the inver-
sion results and normalising by the effective seismogenic thickness above the inferred locking depth.
Their results provide average slip estimates for five fault segments: Amanos, Pazarcik, Erkenek, Gok-
sun, and Cardak.

Table 6.8: Coseismic slip for each fault segment (Jia et al., 2023; Vavra et al., 2024)

Fault segment Coseismic slip (m)

Pazarcik 5.6 1.0
Erkenek 3.7+0.6
Amanos 2.0+0.5
Cardak 4.7+0.7
Goksun 4.0+1.2

Using the estimated dates of the last earthquakes from Duman and Emre (2013) and Vavra et al. (2024),
we compute the interval between the 2023 Kahramanmaras doublet earthquake and the most recent
earthquake on each segment. The total slip-deficit for each segment is calculated as the square root
of the sum of squared strike-slip and dip-slip components, and this value is then multiplied by the time
interval to obtain a comparable measure of expected coseismic slip. This comparison provides a basis
to assess whether the slip-deficit estimates tend to underpredict or overpredict the observed coseismic
slip.
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Observed vs Predicted Coseismic Slip by Fault Segment
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Figure 6.11: Comparison from the observed coseismic slip from Jia et al. (2023) and Vavra et al. (2024) with the obtained
coseismic slip from this study

The Amanos and Cardak segments show consistency between the estimated slip budget and the ob-
served slip, suggesting that the recurrence-based approach is reasonable for these faults. For the
Erkenek and Pazarcik segment, however, the estimates appear to underpredict the observed coseis-
mic slip. One possible explanation is that the timing of the last earthquakes reported for these segments
may be underestimated, and that the actual events could have occurred earlier than the suggested
years in the historical record.

In the case of the Cardak segment, the slip budget remains consistent provided that the 584 CE earth-
quake is taken as the most recent event on that fault, while the Goksun slip budget is overestimated.
We can also observe that using the relative Arabia velocity resulted in overestimation of the coseismic
slip prediction in the Cardak-Surgu fault.

6.7.7. Limitation

The estimation of strike-slip and dip-slip using data assimilation generally works well, especially for
the strike-slip estimation, but several limitations remain. First, the locking depth is poorly constrained.
Second, the sensitivity of the results is strongly affected by the availability and distribution of GPS data.
As shown in this study, identifying which GPS stations are influenced by both fault mechanisms plays a
critical role, since even small changes in assigning stations to one or both faults can significantly change
the estimated parameters. Choosing which GPS stations are affected by both fault kinematics is also
influenced by the kinematics of our fault setup. It can be clearly seen that we attempted to extend the
Cardak—Suirgl fault up to the Kyrenia Arc Subduction, similar to Ozbey et al. (2024). Having a different
kinematics setup will present different results.

Finally, the differences in results obtained under different relative reference frames highlight that the
choice of velocity frame has a major impact on the estimation of the parameters.

6.7.8. Recommendation

From the results obtained, we can observe that the GPS stations reported by (Kurt et al., 2023), trans-
formed into both Arabia- and Anatolia-fixed reference frames, do not provide a consistent basis to
resolve the perpendicular velocity components that constrain the dip-slip model. Moreover, the lack of
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GPS observations near-fault stations, particularly along segments of Cardak—Strgu, limits the ability
to constrain slip-deficit and locking depth estimates, especially when using an Arabia-fixed reference
frame. A simple recommendation would be to reduce the number of cross sections used, so the ob-
tained cross-section is constrained by more data or use the data of the GNSS in relation to Eurasia for
the model setup, as other research has done (Aktug et al., 2016; Kurt et al., 2023).

Another kinematic set-up could improve the model output, for example, by including the Tuzgdlu or
Malatya Fault and avoiding a long extension of the Cokak or Toprakkale Fault. It may also be more
appropriate to apply an open grid-search approach for locking depth, or to extend the grid-search to both
locking depth and dip angle, rather than treating these parameters as fully free variables in the inversion,
as the data that are available now are unable to constrain the locking depth. A further recommendation
is to increase the number of near-fault observations, particularly along the Cardak—Surgi Fault, or to
integrate complementary datasets such as INSAR, as their observations are continuous in space, which
allows us to obtain an observation at the near fault, albeit with some trade-off.



Conclusion

The 2D elastic dislocation model of Savage and Burford (1973), with dip-slip provided from Segall
(2013), allowed us to jointly estimate strike-slip and dip-slip components along the main strand of the
EAFZ and the GCardak-Sirgl Fault. Using the Ensemble Kalman Smoother for inversion of GNSS
velocities (Kurt et al., 2023), | obtained interseismic parameter estimates that can be compared against
coseismic slip from previous studies. Although the limited spatial distribution of GNSS stations has
some limitations, the analysis provides some valuable information regarding the mechanism in the
area.

7.1. What is the estimated slip-deficit rate along the EAFZ and Cardak-—

Siirgu Fault during the interseismic period?

The estimated parameters confirm the predominantly left-lateral strike-slip character of the EAFZ. In
general, the strike-slip estimates for both faults indicate that the results obtained using Anatolia-relative
velocities are more consistent with previous research. Dip-slip estimates show a mixture of normal and
reverse components, highlighting the kinematics of extension and compression in the area. The slip-
deficit rates for the EAFZ are estimated at 2-8 mm/yr using GNSS velocities relative to Anatolia, and
0—-11 mm/yr using velocities relative to Arabia. For the Cardak—Sirgl Fault, slip-deficit rates are 1—
4 mm/yr in the Anatolia-fixed frame and 2—-11 mm/yr in the Arabia-fixed frame. Dip-slip rates show
wider variability, ranging from 0 to —12 mm/yr in the Anatolia-fixed frame and from —12 to 2 mm/yr in
the Arabia-fixed frame. For the Cardak—Sirgl Fault, dip-slip rates range from —4 to 5.5 mm/yr in the
Anatolia-fixed frame and from -3 to 10 mm/yr in the Arabia-fixed frame.

Locking depth estimates vary between ~30-50 km across segments, consistent with seismogenic thick-
ness, especially along the main strand of the EAFZ. However, some results—most notably the locking
depth of Cardak—Surgi estimated using Arabia-relative velocities—yield values far from the estimated
ones, that is, around ~200. The Anatolia-relative solution also produces locking depths of around 50
km, which is higher than the usual estimates for the EAFZ, typically around 25 km.

7.2. How well does each model set-up fit the observation data for

this research?

Using both model setups for the Anatolia and Arabia frames, they show a good model fit, indicated
by small RMSE values. However, a closer look reveals that the estimated locking depth, especially
using the Arabia reference frame, is poorly constrained, leading to some values of locking depth being
around 100km and 160km. The results show that the parallel strike-slip model captures the strike-
slip component better than the dip-slip model. This occurs because the strike-slip mechanism plays a
more dominant role in the area, and the observations reflect it more clearly. As the EnKS incorporates
the observations to improve the estimation of the parameters, the strike-slip outputs therefore perform
better than the dip-slip estimates. The dip-slip estimation, on the other hand, is additionally influenced
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by the assumed dip angle for each segment, which remains debated. In particular, for the Amanos
segment, most studies simply assume a 90° dip due to the lack of studies regarding the dip angle at
that location.

7.3. How does the estimated slip-deficit align with the 2023 Kahra-

manmaras earthquake doublet?

Using the slip-deficit values obtained from the joint inversion, | find that the Amanos and Sirgu seg-
ments show slip-deficit accumulation consistent with the predicted coseismic slip and the timing of the
most recent earthquakes, particularly when using velocities relative to Anatolia. However, some seg-
ments, particularly Erkenek and Pazarcik, exhibit an undershoot of the predicted coseismic slip, while
Goksun shows an overshoot. In contrast, when using velocities relative to Arabia, the results tend to
overshoot the predicted slip across all Cardak—Sirgl segments.
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A.l. Data Assimilation Algorithm

The algorithm of the Ensemble Kalman Filter (EnKF).

Appendix A

Algorithm 5 Ensemble Kalman Filter (EnKF)

1: Input:

2: Output: Updated ensemble {x¢ }¥ | for each time step k =1, ...

N: Number of ensemble members

Xp=o = {xi_,} N ;: Initial ensemble at time step 0
M (-): Forecast model

H(-): Observation operator

yzbs: Observation at time step k&

R: Observation error covariance

K: Number of assimilation time steps

3: fork=1to K do

4: Forecast Step:
5: fori=1to N do )
6: Xl M(xi )+l
7: yi'f — H(x;.c’f) +wi
8: end for
9: Stack forelcast ensel\r;nbles:
X{ = bt 0]
Y}J: = [yk7f7 Vg ,f}
10: Compute means:
;‘c£ = mean(Xﬁ)
¥ = mean(¥])
11: Compute differences:
_xf_gf
X =X, - %,
Y, = Yy =9
12: Estimate covariances:
P;L‘yyk = ﬁX%(Y;)T
Pyy,p= ﬁYi (Y;C)T
13: Compute Estimated Kalman gain:
Kj =Pay(Pyy + R)™!
14: Analysis (Update) Step:
15: for: =1to N do
16: Sample: € ~ N(0,R)
17: yi=y®s el
18: 5 =vi -9
19: xp® = xp) + Ky
20: end for
210 Set: X¢ = {x;% ..., xy %}
22: end for
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A.2. Table Prior of Parameters

Table A.1: Prior distribution parameters used for generating the dip-slip ensemble for Arabia Relative.

Parameter Mean (1) Std.Dev(o)
Strike-slip velocity, V; 8 6
Dip-slip velocity, V, 0 7
Locking depth, D 10 15
e 3 10
B 0 10

Table A.2: Prior distribution parameters used for generating the dip-slip ensemble for the Cardak—Suirgli Fault for Arabia

Relative.
Parameter Mean (1) Std.Dev (o)
Strike-slip velocity, V; 5 5
Dip-slip velocity, V, 0 7
Locking depth, D 10 10
@ 3 10
B 0 10

Table A.3: Prior distribution parameters used for generating the dip-slip ensemble for the Main Strand of the EAFZ for Anatolia

Relative.
Parameter Mean (1) Std.Dev (o)
Strike-slip velocity, V; 8 6
Dip-slip velocity, V, 0 7
Locking depth, D 10 15
«Q 5 )
B 0 10

Table A.4: Prior distribution parameters used for generating the dip-slip ensemble for the Cardak—Stuirgli Fault for the setup for
Anatolia Relative.

Parameter Mean (1) Std.Dev (o)
Strike-slip velocity, V; 5 5
Dip-slip velocity, V, 0 7
Locking depth, D 10 10
«@ 5 10

B 0 10




Appendix B

A focal mechanism is a way to represent the geometry and mechanism of a fault in a simple diagram.
It is used to show the type of slip-mechanism that was captured during an earthquake. The beachball
generally describes the three main mechanisms of slip: strike-slip, normal, and thrust. The beachball

also contains information about the orientation of the fault, as referred to in (U.S. Geological Survey,
n.d.).

The focal mechanisms are obtained by solving the earthquake’s moment tensor, which they estimate
using multiple seismic wave observations. The method for deriving the moment tensor will not be dis-
cussed here, as we will focus on how to interpret the focal mechanism beachball and what it represents.
Focal mechanism utilises a stereonet projection to represent fault plane orientations. Stereonet is a
tool for projecting a 3D object to a two-dimensional surface using a lower hemisphere projection. A
vertical plane on a stereonet appears as a straight line passing through the centre of the circle, while a
steeply dipping plane produces a slightly curved line, and a shallow-dipping plane results in a more pro-

nounced curve. The start and end points of the line indicate the orientation of the fault. The orientation
referred to the clockwise direction from 0° to 360°.

a.) Strike Slip b.) Normal c.) Reverse

d.) Reverse e.) Oblique
Oblique

Figure B.1: Beachball Diagram. (Created by Author)

Figures B.1 show how each fault motion is represented in a beachball diagram. The upper left image
shows a strike-slip fault, represented by symmetrical and orthogonal projections of the focal mecha-
nism. The shaded green line represents compression, while the white line represents the dilatation

69



70

that occurs on the planes. The upper centre and right images show normal-slip and reverse-slip fault-
ing, respectively. Notice that the shaded and unshaded regions are reversed between the normal and
reverse mechanisms, indicating that the zones of dilatation and compression are reversed.

It is also possible for both strike-slip and dip-slip components (normal or reverse) to be present during
an earthquake. This combination is known as oblique slip, where both types of movement occur simul-
taneously. Oblique slip is illustrated in the figure d and e. In a focal mechanism diagram, the position
of the nodal plane intersections relative to the centre reflects the faulting style. Intersections located
near the centre indicate a dominantly strike-slip mechanism, whereas intersections located toward the
edges indicate a stronger dip-slip component. The focal mechanism solutions for the Kahramanmaras
earthquake doublet show that both events were primarily strike-slip, with only a minor dip-slip contribu-
tion.
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