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Abstract: Earthquakes occur as a result of ruptures on faults along plate boundaries. It is possible
to reveal the approximate location and magnitude of the earthquake rupture, but this requires
that the seismic cycle and kinematics of the study area are well known. Different measurement
methods and modeling techniques are used to determine fault kinematics. Near-surface annual slip
can be determined using various methods, such as the Global Navigation Satellite System (GNSS),
Interferometric Synthetic Aperture Radar (InSAR), or geological studies. As a result of modeling
using these methods, the slip amounts of the fault at any depth can be revealed. Interseismic modeling
with the 3D Finite Element Model (FEM) is one of them. Considering the studies conducted in the
literature, the effects of the discrete method of fault kinematics in the modeling performed with FEM
have not been revealed. In order to fill this gap, 3D FEM modeling has been performed using velocity
data from GNSS stations located around the Main Marmara Fault. The accuracy of the models made
using different mesh types in ANSYS (Analysis System) software has been examined. The fault slip
deficit values of the faults of the models with the lowest and highest Root Mean Square Error (RMSE)
values have been compared. Possible earthquake magnitudes have been obtained after calculating
the total slip deficit through taking into account the seismic gap. The moment magnitude of possible
rupture difference has been revealed to be between 0.01 and 0.014 through using the lowest RMSE
and the highest RMSE model.

Keywords: finite element method; mesh type; GNSS; modeling; seismic potential

1. Introduction

Numerous earthquakes of varying magnitudes occur around the world along faults
formed as a result of the movement of tectonic plates [1]. One of these regions is the Anato-
lian plate, which interacts with the African, Arabian, and Eurasian plates (Figure 1) [2,3].
There are many fault lines on this plate that have the potential to generate earthquakes.
The most important of these are the North Anatolian Fault and East Anatolian Fault [2,4].
Many earthquakes of magnitude seven or greater have occurred on them [5-7].

Determining the annual slip of plate motion is of great importance in revealing the seis-
mic potential. The amount of annual slip can be determined through the Global Navigation
Satellite System (GNSS) with an accuracy of a millimeter or less [7-12]. Accordingly, the
Anatolian Plate is moving westward at a rate of about 25 mm per year. Moment magnitude
(M) > 7 earthquakes have been recorded along the North Anatolian Fault during the
instrumental period.

When we examine these earthquakes and their dates, there is a chain of earthquakes
moving from east to west (Figure 2) [6,13,14]. The last of this series were the Diizce and
Golciik earthquakes in 1999. Therefore, studies have shown that the next earthquake will
occur within the Main Marmara Fault (MMF), which is the main branch of the North
Anatolian Fault in the Marmara Region [12,15-19].
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Figure 1. Anatolian plate tectonics (active thrust faults at continental collision zones are shown as
lines with filled triangles, active subduction zones are indicated as lines with open triangles, normal
faults are indicated as lines with unfilled triangles, and arrows indicate the motion of the plates) [3].
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Figure 2. Earthquake sequence of the North Anatolian Fault (the arrow indicate the earthquake east
to west migration).

Analytical methods whose mathematical equations are well defined can be solved
directly and have definite results. Numerical methods are based on solving the defined
problem iteratively through developing various approaches, and the results obtained are
not definitive compared to those obtained through the analytical method. The results
obtained through analytical methods offer great advantages because they are precise,
accurate, and reliable. However, they have almost no applicability in complex problems [20].
Therefore, the use of numerical methods provides great advantages for complex, non-linear
engineering problems that involve many variables.
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In earth sciences, studies on determining deformation of the surface and interior
parts of a homogeneous isotropic environment through elastic half-space modeling [21,22]
can be cited as an example of the analytical method [23]. However, dislocation models
ignore some physical phenomena such as frictional fault surfaces, and material struc-
ture and parameters. The results obtained from dislocation models can also be obtained
using numerical modeling [23,24]. In addition, the dynamic approach can be used in
numerical modeling.

Many of the physical phenomena discussed in the field of engineering can be explained
through partial differential equations. It is almost impossible to solve these equations using
analytical methods when solving models with arbitrary shapes [25]. The finite element
method (FEM) is one of the numerical methods that enables these partial differential
equations to be solved approximately. Unlike FEM, the solutions estimated with ana-
lytical methods are valid for that specific region and the results obtained are the same
at every point of that region. FEM can be used for analyses such as stress, strain, fluid
dynamics, etc.

The underwater part of the Main Marmara Fault has a more complex structure than
other parts. Contrary to the fact that the fault in this section is stated to be a continuous
and right-lateral slip fault [26], it is stated that it is discontinuous and has a pull-apart
feature [27] (Figure 3). Also, this part is quite far from land. In other words, GNSS velocities
cannot represent these fault movements well.
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Figure 3. Active faults of Marmara Trough and bathymetric map: (a) the fault structure revealed by
Le Pichon [26]; (b) the fault structure revealed by Armijo [27].
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The magnitude of the possible earthquake rupture can be obtained using the slip
deficits along the fault surfaces. Therefore, the accurate determination of the slip deficit to
be achieved is logarithmically related to the magnitude of the possible seismic activity [28].
The finite element method (FEM), developed for the aviation industry in the 1950s [25,29],
has recently been used in active tectonic studies [24,30-35]. Because, as mentioned, in
addition to giving results close to the analytical methods, modeling can be performed
through taking into account more complex structures and physical parameters using FEM.
In this method, which discretizes the 3D model and solves the equations at the nodes
according to the parameters, there has been no study on the effect of the mesh type on
tectonic model results. In this study, in order to fill this gap in the literature, the MMF has
been modeled using the FEM with different mesh types, and the accuracy of model results
has been investigated.

2. Materials and Methods

It is stated that there are generally two types of analysis in solid mechanical analyses
performed with the finite element method: static and dynamic [20]. Static analysis is a
situation where the sum of the forces applied to the object is zero (ZF = 0; F: force), that is,
the internal and external forces applied to the system keep the object in balance. In this case,
the system is considered independent of time. In dynamic analyses, the motion of the solid
(XF = ma; m: mass, a: acceleration) is expressed with time-dependent functions. Because
the system is not in balance, there is a movement. In this study, linear static analysis was
carried out assuming that the sum of the forces applied to the system considered was zero.

In the finite element method, Equation (1) obtained for the entire system must be
solved [25,36-38]. This is the global version of the equations written for each node. Here, F
is the force, K is the global stiffness matrix, and U is the displacement.

F=KxU 1)

The stiffness matrix is obtained through the assembly of the equations written for
each element created in FEM. Equation (2) shows the stiffness matrix of an element in the
discretized model.

ke=tx AxB' xDxB 2)

In this equation, t is the thickness of the element, A is the area, B is the strain—
displacement matrix that converts the displacements at the nodes into strain, and D is the
matrix that reveals the relationship between stress and strain [37]. When these equations
written for each element are assembled, they form the global stiffness matrix (K) of the
entire model. How the global stiffness matrix (K) is created can be explained with the
system consisting of four linear springs in Figure 4.

@ ORY
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Figure 4. Linear springs system [36].
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Each spring represents an element in the finite element method. The system consists
of four nodes. Therefore, the stiffness matrix to be obtained will be 4 x 4 in size. A stiffness
matrix for each element is written as in Equation (3).
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Here, the superscript refers to the number of nodes in each element of the matrix, and
the subscript refers to the element number. There is a k}! = k32 = k1 and k{2 = k3! = —k;
relationship between the values in the stiffness matrix of each element. Through combining
the stiffness matrices, the global stiffness matrix is obtained.

K=k1+k2+k3+k4 (4)

The global stiffness matrix of this system, which consists of four one-dimensional
springs, is formed as in Equation (5).

K K2 0 0

|8 kP +-E+ K2) (B +iE) 0 -
0 (F+KR) kPR ) K
0 0 K3 i

For finite element modeling studies, the first step is to create a 3D model. Parameters
such as density, Poisson’s ratio, and Young’s modulus of the structure or material under
consideration should be determined. The created geometry must be discretized into finite
elements according to the selected element type. Finally, the system is solved through
defining boundary conditions (Figure 5). For this study, the static structural module of
ANSYS 2021 R1 academic software was used.

The fault geometry from the Reilinger [39] study has been used to create the 3D
geometry to be used in the FEM modeling. The topography of the study area has been
derived from the ETOPO1 model [40]. The depth of the 3D model has been set to the
MOHO discontinuity depth. In addition, the model is created from three different layers
in the vertical direction: upper crust, middle crust, and lower crust. The crusts and
MOHO discontinuity depth values of the study area have been obtained from the Litho1.0
model [41]. The model boundaries have been chosen according to the distribution of
GNSS stations located in the region [42], and Figure 6 map boundaries represent the
3D model edges.
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Figure 5. Processing inputs for the FEM model.
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Figure 6. Main Marmara Fault and GNSS stations used for FEM modelling (GF: Ganos Fault, TS:
Tekirdag Segment, CeS: Central Segment, KS: Kumburgaz Segment, CiS: Cinarcik Segment, IF:

Izmit Fault. Left bottom corner coordinates: latitude: 26°.10, longitude: 39°.20. Upper right corner
coordinates: latitude: 30°.90, longitude: 41°.75).
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The Poisson’s ratio and Young’s modulus have been calculated from velocities of
P and S seismic waves that have been obtained from the Lithol.0 model [41] using
Equations (6)—(9), and the density values have been obtained from the model directly.
First, the Lamé parameters have to be calculated using the following formulae:

pw="VEx p 6)

A=Vixp-2x VZx p ?)

where p is the shear or rigidity modulus, A is the Lamé’s first parameter [43,44], p is the
density, and Vp and Vg are the seismic velocities. Then, the values of Young’s modulus
(E) and Poisson’s ratio (v) to be used for material identification can be calculated using
Equations (3) and (4) [45,46].

E=ux@GA+2u1)/A+p (8)

v=A/Q2 X (A + ) (9)

In fact, since the same parameters have been used in all scenarios, any value in the
literature could be used as a material parameter. The material parameters used in the study
are given in Table 1.

Table 1. Material properties of crust layers (E and v calculated using Equations (6)—(9); the other
parameters were revealed from the Litho 1.0 model [41]).

Mean Depth (m) Density (kg/m3) Vp (m/s) Vs (m/s) E (GPa) v
Upper Crust
Northern Part 2783.202 6171.798 3595.387 89.452 0.243
Middle Part 14,884 2755.755 6130.727 3568.524 87.296 0.244
Southern Part 2673.685 5951.101 3463.532 79.792 0.244
Middle Crust
Northern Part 2870.239 6560.122 3789.549 103.013 0.250
Middle Part 25,783 2806.795 6374.402 3690.362 95.405 0.248
Southern Part 2737.393 6239.372 3607.668 88.990 0.249
Lower Crust
Northern Part 2991.605 7000.578 3899.408 116.004 0.275
Middle Part 35,581 2894.723 6703.498 3676.326 100.542 0.285
Southern Part 2833.714 6626.517 3692.061 98.492 0.275

Frictional contact has been defined between fault surfaces. In studies conducted in the
literature, friction coefficients in the range of 0.02-0.05 were used for the North Anatolian
Fault [32,47-49]. It has been stated that the values used in this range give the best model
results. The friction coefficient has been chosen to be 0.05.

Three-dimensional geometry was created using the fault geometry used in the
Reilinger [39] study, determined model boundaries, crustal layers, and topography. The
visual appearance of this created 3D geometry in ANSYS software is given in Figure 7.
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Figure 7. Created 3D geometry of the study area.

In order to discretize the created geometry, the element size, the element order, and the
method was chosen as 4000 m, quadratic, and patch conforming, respectively.lt is stated that
discretizing the model into smaller elements will increase model accuracy [25], but this will
increase the processing time and no solution may be obtained depending on the capacity of
the computer. The 4000 m value was chosen here because the distance where the GNSS
stations are closest to each other is approximately 4 km. There are two different options
for element ordering in ANSYS software. These are linear and quadratic. Irregular shapes
can be represented better with quadratic order. The surfaces of the geometry obtained
in this study are not linear. Therefore, quadratic order was preferred. ANSYS software
offers two methods for discretizing the model: patch conforming (bottom-up approach) or
patch independent (top-down approach). These are the methods that specify how the mesh
operation will be performed. In the patch-conforming method, the discretization process is
carried out starting from the edges and moving towards the interior of the model. Thus,
the boundaries of the model are preserved. The patch-independent method is vice versa,
and the mesh process is performed from the inside to the outside of the model.

After the mesh process, the elements and the nodes connecting them are formed. The
value of the annual GNSS velocities at the nodes corresponding to the GNSS stations in the
mesh network formed on the surface is defined as displacement. In total 18 GNSS station
(Figure 6) velocities [42] have been defined as displacement in the software. The east, west,
and north of the northern part of the MMF and the bottom surface of the entire 3D model
have been selected as supports (Figure 8). The other GNSS station velocities that are in the
study area have been used as test stations, and Root Mean Square Error (RMSE) values
have been calculated through comparing GNSS and model velocities using Equation (10).
This allows quantitative comparisons to be made between the model results.

n L 2
RMSE = \/ Zz:l(UGNSS;,; Unodel,i) 10)

Here vgnss and viodel are the velocities of the GNSS stations and the model, respec-
tively.

There are many different meshing methods in ANSYS software. These are called
tetrahedron, hex dominant, sweep, multizone, cartesian, and layered tetrahedron. The element
types used in the meshing are given in Figure 9. The methods use these elements.

The tetrahedron method uses only tetrahedron elements. In the hex-dominant method,
the hexahedron element is mainly used. It is recommended to use it in geometries that can-
not be swept. In the sweep method, if the object has a structure that can be swept, meshing
is performed using hexahedron and prism elements. When this method is selected, it is
also possible to define how the surfaces are meshed. When quad/tri is selected, triangle
and quadrilateral 2D elements are used together. In the all tri and all quad options, com-
pletely triangle and quadrilateral elements are used, respectively. In the multizone method,
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discretization is performed according to the mapped mesh type selected. These options
specify whether only hexahedron, or only prism, or both are used. In the software, they
are named hexa, prism, and hex/prism, respectively. The cartesian methods fits the geometry
with an unstructured, relatively uniformly sized hexahedron element that is aligned to the
given coordinate system. The layered tetrahedrons mesh approach fits the geometry through
layering an unstructured tetrahedron element on a given layer height.

VVVVNYVNVNYVNYVNYVNYVNYVNYVNYVNYVYV

Main Marmara Fault
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A ANANANAY

Southern Branch of
North Anatolian Fault
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/\ Constraint the movement in X and Y directions
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Figure 8. Supports defined in ANSYS software.

x Triangle Quadrilateral
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Figure 9. Mesh types (triangle and quadrilateral are 2D and the others are 3D).
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To summarize, the fault geometry used in the Reilinger [39] study, the velocities of the
18 GNSS stations obtained in the Kurt [42] study for the displacement boundary condition,
the elasticity parameters calculated from the seismic velocities, and the density revealed
from Litho 1.0 model. The friction coefficient of contact surfaces was set as 0.05. The
supports of the geometry were applied to the FEM model as shown in Figure 8.

In this study, the 3D geometry has been discretized using the methods available in
the software. All parameters used in the model (material properties, friction coefficient,
supports, displacements, etc.) have not been changed except the mesh type. Therefore,
only the effect of the mesh type on the accuracy of the model can be revealed.

3. Results

In order to investigate the accuracy of the tectonic models using different mesh types
in ANSYS software, fetrahedron, sweep, and multizone mesh methods have been used. The
3D geometry could not be discretized using the hex-dominant and layered tetrahedron mesh
methods. Although discretizing could be performed using the cartesian method, the model
result could not be obtained due to the distorted geometry formed on the contact surfaces
in the static structural analysis. Therefore, the model results have been obtained using
tetrahedron, sweep, and multizone mesh methods.

In the sweep method, there are quad/tri, all tri, and all quad options in the free mesh type
section. Of these, quad/tri and all tri have been used. Although all guad has been selected,
some elements were created as tri, therefore, this method is considered unnecessary for
analysis. In the multizone method, there are the hex/prism, hexa, and prism options under
mapped mesh type. The analysis could be performed using all of these options. In order to
reveal the effect of the mesh type on the results, all inputs have not been changed except
for the mesh type in all scenarios. As a result, the RMSE values have been calculated using
Equation (10) and are given in Table 2.

Table 2. RMSE of different mesh type scenarios.

Mesh Type Face Mesh Type Mapped Mesh Type Number of Nodes Eas(tn{{nlt/)[SE Nor:;il)v[SE
Tetrahedron - - 487,279 1.53 1.09
Sweep Quad/Tri - 407,106 1.61 1.11
Sweep All Tri - 516,457 1.57 1.11
Multizone - Hexa/Prism 452,636 1.60 1.14
Multizone - Hexa 457,776 1.61 1.13
Multizone - Prism 614,995 1.65 1.12

According to the RMSE values, the best result has been obtained with the tetrahedron
mesh method. The mesh method with the lowest accuracy is the multizone with prism mapped
mesh type. However, the difference between them is only one tenth of a millimeter. In order
to reveal the effect of these differences on the earthquake magnitude to be calculated, slip
deficit values on the fault have been calculated for one year. Considering that seismic gapin
this region is about 250 years [5,12,16,18,50-53], in order to calculate the magnitude of the
earthquake, the total slip deficit should be calculated through multiplying the annual slip
deficit by 250. The a and b coefficients and equation given in the study by Wells [28] have
been used to reveal the possible rupture magnitude (Equation (11)).

My =a+b x log(MD) (11)

The a and b coefficients were obtained as a result of the regression analysis between
the moment magnitudes (M,,) of the earthquakes and the resulting displacement (MD
in meters). The coefficients were obtained as 6.81 and 0.78, respectively, for strike-slip
faults. Equation (11) gives the relationship between earthquake magnitudes and observed
displacements after the earthquakes. This equation can be used to calculate the moment
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magnitude of possible earthquakes. Here, instead of displacement, the slip deficit obtained
as a result of the model analysis was used.

These magnitudes have only been calculated for the tetrahedron and multizone—prism
methods, which have the lowest and highest east RMSE values, respectively. According
to the model results, two fault zones have high strain values. One of them is GF and the
other is the intersection of IF and CiS. The annual slip deficit value in GF was the same in
the results obtained from both mesh types. At the intersection of IF and CiS, the difference
in the slip deficit values obtained is approximately 0.5 mm. In Equation (11), there is a
logarithmic equation between moment magnitude and displacement. Accordingly, if the
annual slip deficit is considered to occur between 0 and 25 mm, the graph of the difference
values caused by the 0.5 mm difference in the moment magnitude calculation is obtained
(Figure 10). If the slip deficit occurs between 9 and 25 mm per year, the magnitude is 0.01, if
it is between 7 and 8 mm, the magnitude difference is 0.02, if it is between 5 and 6 mm, the
magnitude difference is 0.03, and for an annual slip deficit of 0—4, the magnitude difference
varies between 0.04 and 0.14.

Magnitude Difference vs Slip Deficit
(Seismic Gap 250 Years)

0.000

0.005 0.010 0.015 0.020 0.025
Annual Slip Deficit (m)

Figure 10. Magnitude difference for 0.5 mm annual slip deficit difference of tetrahedron and multizone—
prism mesh types.

Using the moment magnitude value, the amount of energy that will be released during
an earthquake rupture can be calculated using Equation (12) [54].

log E =524 + 1.44 x M,, (12)

Here, M,y represents the moment magnitude and E represents the energy released
during the earthquake. The unit of the calculated energy amount is Joule.

Figure 10 shows the graph of the change in moment magnitude calculated according
to different slip deficits. Using Equation (12), the graph of the change in energy release that
will occur with possible fracture according to different slip deficits is given in Figure 11.
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Figure 11. Energy release change for 0.5 mm annual slip deficit difference of tetrahedron and multizone—
prism mesh types.

4. Discussion

Earthquakes cause loss of life and property depending on their magnitude. The
probability of an earthquake rupture and magnitude in a region can be determined through
the region’s seismic cycles and the slip deficits of the fault surfaces. The slip deficits on
the fault surfaces cannot be determined directly but can be estimated using analytical and
numerical modeling techniques. FEM is one such powerful numerical modeling technique
to simulate complex engineering problems. This method is based on the principle of
discretizing the generated geometry into elements that connected to each other with nodes
and solving the equations at the nodes. Estimating the location and magnitude of possible
earthquakes is directly related to the accuracy of the parameters used in the created model.
In interseismic tectonic studies, it is very important to accurately determine the slip deficits
of the fault surfaces, especially in revealing the possible rupture magnitude.

Elements with different structures are used in the discretization of the geometry
created in studies using FEM. When we examine the studies in the literature [24,30-35],
there is no study that has been conducted on the effect of different mesh types on model
results. In this study, it has been observed that the meshing performed with the tetrahedron
method that uses the tetrahedron element type gives better results on the Main Marmara
Fault. When the annual slip deficit values on the fault surfaces of the GF and IF-CiS
intersections were compared in the scenarios, there is no difference between the slip deficit
rates on the GF surface. At the IF-CiS intersection, an annual difference of 0.5 mm was
obtained. Depending on slip deficit and the seismic gap value, the moment magnitude
difference values vary between 0.04 and 0.14. As the moment magnitude increases, the
amount of energy released increases logarithmically. As a result of two different scenarios,
there is a change between 60% and 2% in the calculated energy release. This corresponds
to the energy range of 1 x 10 to 2 x 10 joules. If the total slip deficit is large, the
difference in energy release is almost twice as much in terms of energy release, even though
its percentage difference is low. In other words, although the difference in the annual slip
deficit value obtained between the scenarios is small, the calculated energy release values
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can reach serious levels. Therefore, the tetrahedron element should be preferred in analyses
to be performed with FEM.

These results have been revealed using ANSYS software. Apart from ANSYS, there are
many other powerful FEM software used in tectonic modeling studies. In future studies,
the effect of mesh type can be investigated in different FEM software. Additionally, the
results have been revealed using a study area. Therefore, similar studies should be applied
to different study areas and different fault types.

5. Conclusions

The studies in the literature examining seismic potential with the finite element method
have not yet revealed the effect of element types used in the model’s discretization on
the model and fault surface slip deficit. In order to fill this gap in the literature, the Main
Marmara Fault, located in the Marmara region of the North Anatolian Fault, where an
earthquake of magnitude seven or higher is expected, was modeled. Three-dimensional
geometry was used in the modeling study. To obtain the 3D geometry, the area with left
corner coordinates latitude: 26°.10, longitude: 39°.20, and upper right coordinates latitude:
30°.90, longitude: 41°.75 was created. The fault geometry used in the Reilinger [39] study
within this area was used. Three-dimensional geometry is considered as three vertical
layers: upper, middle, and lower crust, and topography is added. Material parameters were
obtained from the Litho 1.0 model, and the friction coefficient along the fault surfaces was
entered as 0.05. The annual velocities of the 18 GNSS stations obtained in the Kurt [42] study
were manipulated as displacements in the software. Supports were applied to the surfaces
of the parts north of the Main Marmara Fault and from the bottom of the model. The
created model was solved using different mesh methods in ANSYS software. According
to the RMSE values calculated through comparing the GNSS test stations with the values
obtained from the model, the tetrahedron method obtained the best results with 1.53 and
1.09, and the multizone—prism method obtained the worst results with 1.65 and 1.12 east and
west RMSE components, respectively.

As a result of the comparison between the best and worst models on the fault surfaces,
the slip deficits at the GF and IF-CiS intersection, which have large slip deficit values, were
compared. As a result of this comparison, GF slip deficit values are the same, but the IF-CiS
intersection has a 0.5 mm difference. For the multizone-prism mesh method, the annual slip
deficit has been calculated to be less than the tetrahedron method.
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