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Abstract: This study delves into slip distribution on the
North Tabriz Fault (NTF), a critical aspect of seismic hazard
analysis due to its proximity to the Tabriz metropolis. The
study operates within a uniform elastic half-space, main-
taining constant values for fault geometry and regional
rheological parameters throughout the research. To calcu-
late strain boundary conditions, permanent and periodic
global positioning system (GPS) data from the northwest
region were utilized. The fault was constrained perpendicu-
larly while allowing tangential movement, facilitating the
determination of its annual slip rate using the boundary
element method, with the Okada analytical model serving
as the fundamental solution. The findings underscore the
intricate relationship between the fault’s slip rate and
boundary conditions, revealing a predominant right-lat-
eral strike-slip motion. The study offers two slip rate
assessments, obtained through earthquake focal mechan-
isms and GPS velocity data, yielding values of 5 and 5.5
mmy/year, respectively. Importantly, the alignment of these
calculated slip rates with paleo-seismological data under-
scores the credibility of the results generated via the
boundary element method, distinguishing it as a reliable
approach when compared to other numerical and analy-
tical techniques. This research provides valuable insights
into the behavior and slip dynamics of the NTF, which is
pivotal for assessing seismic risks.
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1 Introduction

The slip rate of the fault is a crucial factor in assessing the
seismic risk within the study area. As the North Tabriz
fault (NTF) holds paramount importance among the faults
in Iran’s northwestern region and is located near the popu-
lous city of Tabriz, accurately determining its slip rate
becomes highly significant in seismic risk estimation. This
study aimed to employ an optimal and efficient inversion
method for slip rate determination. By utilizing the most up-
to-date data, the study performs the inversion operation
using two distinct boundary conditions: the strain field
obtained from global positioning system (GPS) velocity field
data and the stress field obtained from earthquake focal
mechanism data. The convergence of estimates obtained
from both boundary conditions and their consistency with
estimates derived from paleoseismological methods validate
the results of this study. The use of contemporary techni-
ques to determine the deformation of the Earth’s crust is of
great importance in the field of tectonic research. By inte-
grating geological, geodetic, and seismic data, fault models
can be tailored to comprehend the characteristics and beha-
vior of faults over time in crustal deformation studies. Such
models have the potential to forecast future deformations
and seismic hazards, which are especially critical for cities
located in close proximity to active seismic areas, such as
Tabriz, as per previous observations.

The youthful crust in northwestern Iran has been
influenced by the northward motion of the Arabian plate,
resulting in the deformation of the region. Since the Late
Miocene, this motion has generated north-south compressive
forces and east-west tensile forces, which have regulated the
distribution of volcanoes and led to the predominance of
strike-slip faults. The collision between the Arabian plate
and Eurasia at the boundary of the Eocene-Oligocene is the
crucial factor in the regulation of active deformation in Iran
(Agard et al. 2011, Allen et al. 2004, Dewey et al. 1986, Jackson
and McKenzie 1984, McKenzie 1972, Mouthereau et al. 2012).
The antecedent scientific investigations concerning the
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GPS have furnished a thorough scrutiny of the dispersion
of deformation in Iran (Khorrami et al. 2019, Rahmani
et al. 2023).

According to Pollard (1987), the slip rate distribution
along a fault should be symmetrical and elliptical if no
external factors are taken into account. However, studies
have revealed that several factors such as heterogeneous
elastic properties, inelastic deformation process, the mechan-
ical interaction between adjacent faults, and varying stress
conditions in remote areas from the fault can significantly
affect the slip rate along a fault. Blirgmann et al. (1994) found
that these external factors can cause an increase in the slip
rate along a fault, resulting in a shift toward a symmetric
distribution.

The low loading rate of faults located in intraconti-
nental deformation zones can result in seismicity transfer
between different sections of the fault, even at consider-
able distances. These occurrences, which may transpire
long after a seismic quiet period, can ultimately lead to
the emergence of significant earthquakes. Consequently,
the examination of mechanical interaction and the deter-
mination of slip rate based on this interaction are critical
for investigating these areas.

The Tabriz fault’s northern side can be easily detected
and delineated on both satellite images and aerial photographs.
Such images reveal alterations in the late Quaternary alluvial
cones and watercourses, brought about by right-lateral displa-
cement. By restoring the images to their pre-displacement
state, it can be observed that the canals dug along the late
quaternary geomorphology exhibit a right-lateral horizontal
shift (Rizza et al. 2013).

Karakhanian et al. (2004) conducted an investigation
of the displacement patterns resulting from seismic activity
in the north of Tabriz. They observed maximum horizontal
displacements of 100 m in large valleys near the village of
Zabarlo and minimum displacements 3-5 m in secondary
waterways near the village of Khajeh Marjan, with at least
2-3 m of vertical displacement. The vertical displacements
in the western part of the fault north of Tabriz were
reported to be two to seven times less than the corre-
sponding horizontal displacements, with a maximum ver-
tical displacement of 10 m. Based on their observations of 8
m of horizontal displacement of small waterways along the
main branch of the fault (with a maximum age of late Psis-
tocene), total slip rate of 2 mm/year was estimated for this
part of the fault.

Rizza et al. (2013) employed two geodetic observation
techniques to derive the slip rate values for the NTF. Speci-
fically, the slip rate values were estimated to be 7.3 mm/year
based on GPS stations observations and 6.0 mm/year
through radar interferometric analysis. In a separate study,
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Djamour et al. (2011) utilized the block model to estimate the
slip rate of the NTF, which stood at 7.3 mm/year. In addition,
Khodaverdian et al. (2015) developed a kinematic finite ele-
ment modeling approach to investigate land surface defor-
mations in the Iranian plateau. The model incorporated key
inputs such as the geometry of faults, the slip rate of faults
based on geological and geomorphological studies, the GPS
velocity field during large earthquake intervals, and main
stress directions and velocity values at the boundary points
of the modeling area. The study estimated the sliding rate
for the NTF at 5.8 mm/year.

Karimzadeh et al. (2013) utilized radar interferometry
observations to model the simple elastic failure of short
baseline time series and proposed an average slip rate of
8.7 mm/year for the NTF. In contrast, Hessami et al. (2003b)
employed paleo-seismological methods in the northwes-
tern part of the fault located in the west of Tabriz city
and reported a sliding rate of 3.1 to 6.4 mm/year for this
section of the fault based on various techniques.

The slip rates of the NTF were evaluated by Haji-
Aghajany et al. (2019), employing troposphere-corrected
InSAR measurements and the 3D ray tracing technique.
The resulting slip rates were estimated to be 7.6 and 5.6
mm/year. Figure 1 presents a summary of the previous
estimations regarding the slip rate for the NTF.

The proximity of the Tabriz metropolis to the NTF
highlights the significance of investigating the mechanical
interaction occurring on this fault, particularly for asses-
sing seismic risk in the city. The present study employed
the boundary element method to determine the slip rate on
the NTF. Two approaches were utilized, namely, the first
method based on the strain rate deduced from GPS obser-
vations and the second method employing the stress tensor
derived from the focal mechanism data of earthquakes.
The results from each method were compared with each
other.

2 Tectonic setting

Iran, situated within the oblique collision zone of the
Arabian and Eurasian tectonic plates, is experiencing intra-
continental deformation. The topography of Iran has been
shaped by this collision, which occurs at a rate of 22 + 2
mm/year, with the northwestern region of Iran contributing
8 + 2 mm/year (Vernant et al. 2004). This convergence is
distributed among various processes, including shortening
in the Zagros Mountains, internal deformation caused by
predominantly strike-slip faults in central Iran, and short-
ening in the Alborz Mountains (Figure 2). The northwestern



DE GRUYTER

Estimating the slip rate in the North Tabriz Fault

Haji-Aghajani (3D Ray Tracing)

Haji-Aghajani (Phase/Elevation Ratio)

Hessami (Average)

Khodaverdian

karim zadeh

Djamour

Rizza (Radar Analysis)

Rizza (GPS Observation)

4 5 6 7 8 9
Slip Rate (mm/year)

10

Figure 1: Slip rate values for the NTF obtained from different studies.

region of Iran, which includes the North Anatolian Fault, the
Eastern Anatolian Fault, and the Caucasus Mountains, is
part of a complex system due to the interaction between

-_ 3

the Arabian plate, the Anatolian Plateau, and the Eurasian
Plate. This complex fault system transfers some of the north-
ward movement of the Arabian Plate to the Anatolian
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Figure 2: The present study focuses on the region encompassing the NTF or the northwestern region of Iran. The study area has been demarcated

based on the set scale for this research.
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Plateau, while the tilting of the collision zone in the Zagros
Mountains results in the release of movement between the
shortening in the Caucasus and the occurrence of right-lat-
eral strike-slip in the NTF (Jackson 1992).

The intricate NTF is situated in the northwestern
region of Iran and spans nearly 150 km (Figure 2), with
the inclusion of the North Mishu fault as its northwestern
sequence pushing its length to around 210 km. It com-
mences from the southern area of Marand with a north-
west-southeast trend and passes through the northern
border of Tabriz city, extending near Bostanabad. The fault
is linked to an overturned fault zone from the northwest
side, which rotates to the west-southwest in the northern
territory of Urmia Lake, known as the Sufian and Tasuj
faults. Furthermore, the southeastern extension of the
NTF connects with the North and South Bozgosh, Doz-
dozan, and South Sarab overturned fault zones, causing
this complex to shift toward the east-northeast (Berberian
and Yeats 1999). In initial published seismic reports, the
NTF was categorized as a steep reverse fault (Berberian
and Arshadi 1976). However, through an examination of
aerial photographs, evidence of right-lateral strike-slip dis-
placement along the fault was discovered (Berberian and
Arshadi 1976). Subsequently, other researchers provided
stronger evidence of the clockwise movement of water-
ways and other quaternary geomorphological features
along the fault by documenting them on the ground (Hes-
sami et al. 2003b, Karakhanian et al. 2004).

Berberian (1997) conducted a division of the northern
fault of Tabriz into various segments, which collectively
span a total distance of 210 km. The delineation of these
segments was predicated upon an analysis of surface rup-
tures that were observed during the earthquakes that
occurred in the years 1780, 1721, and 1786. According to
studies conducted by Karakhanian et al. (2004), the geo-
metry of the Tabriz fault comprises misaligned segments
arranged in a right lateral manner. The estimation of earth-
quake risk is particularly significant for two primary sections,
namely, the eastern and western regions of Tabriz city. The
western area extends from Sofian to Tabriz city, and it exhibits
clear indications of waterway movements, indicating the
right-lateral strike-slip. Furthermore, morpho-geostructural
complexities and paleoseismological investigations reveal
conspicuous evidence of surface faulting caused by previous
earthquakes (Hessami et al. 2003b).

The NTF exhibits a northwest sequence passing across
the northern slopes of Misho Mountain, which has been
identified as a distinct fault, commonly referred to as the
North Misho Fault (Berberian and Yeats 1999). The fault’s
eastern segment, situated north of Tabriz, originates from
the southern end of its western component and stretches
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from Tabriz city to Basmanj village, with a tension basin
lying between the two pieces. Young branches that have
separated from both parts have created a depression along
the western fault line. Notably, these young branches pos-
sess evident cliffs that can be traced in the northwest of
Tabriz city, likely formed during the 1780 earthquake,
which had a magnitude of 7.4 (Mw = 7.4), and previous
seismic events.

3 Data

The present study employed the boundary element method
to determine the slip rate on the northern fault of Tabriz.
Two methods were utilized, namely, the first method based
on the strain rate deduced from GPS observations, utilizing
the GPS velocity field data obtained from Khorrami et al.
(2019), and the second method utilizing the data of the focal
mechanism of earthquakes. The earthquake focal mechanism
data were collected from two dependable sources, namely,
the Global Centered Moment Tensor (GCMT) and the Iranian
Seismological Center (IRSC), within the longitude range of
45-47° and the latitude range of 37-39° in the study area.

Table 1 displays the focal mechanism data utilized in
this investigation.

The earthquake focal mechanisms and GPS velocities
in the study area are depicted in Figure 3. The boundary
element method is the fundamental approach of this study,
in which the GPS velocity field is employed to estimate the
strain rate as the boundary element of the first method,
while the focal mechanism data of earthquakes are used as
the boundary element of the second method to estimate the
stress.

Figure 3 depicts the active faults in the northwestern
region of Iran, revealing the tectonic deformation of the
area through GPS velocity vectors represented by red
arrows. The GPS velocity field data presented in this figure
was sourced from Khorrami et al. (2019), while the earth-
quake focal mechanism data utilized were extracted from
reliable sources such as the Global Centroid Moment
Tensor (GCMT) and Iranian Seismological Center (IRSC).
The fault lines shown in the illustration are indicated by
black lines and were obtained from the studies by Ambra-
seys and Melville (2005), Berberian and Yeats (1999), and
Berberian (1994).

Incorporating the NTF into the modeling required sub-
surface information about the fault, including its position,
extension, slope, and length. To obtain this information,
the active faults map of Iran (Hessami et al. 2003a) was
utilized (Table 2). In addition, the locking depth of the fault
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Table 1: The data gathered from two reputable sources, namely, GCMT and IRSC

Origin time and location parameters

Number

Latitude (°N) Longitude (°E)

Time

Date

CMT
IRSC
CMT
IRSC
IRSC
CMT
IRSC
CMT
IRSC
C™MT
IRSC
CMT

194 43 55 57 56 18
176 85

5.2

19.8
9.0

47.77

18:57:11.9 37.36

12:23:15

20050926
20120811

81 =175

267
345
92

6.5

46.806
46.73

38.393
38.35

89 149

254

1

59
83
70
50
84
78
75

5.2
5.1

274
7.4
4.0

22:24: 6.1

20120811

86

-176
165
133
165
172

46.810
46.670

46.71

38.503
38.440
38.39

14:02:25
17:49:04

20120814
20120815
20120815
20120816
20120816
20121107

20
51

76
56
76

175
10

80

49

246
256
263
272
183
70

5.0
4.8

13.2

17:49: 8.8
17:14:14

348
355
181

92

46.770 10.0

46.81

38.540
38.35

12

82
84
83
62
74

4.8

25.2

17:114:17.8
6:26:31

-15
173
25

=173

57
5.6
5.0

4.8

10.0

46.565
46.61

38.458
38.40

83

15.0

06:26:33.3
6:38:57

20121107

10

149 172

163

68

12.0

44.934
46.87

38.487
38.37

20121223
20130126

25

66

269

21.6

15:10:52.8

12

The table presents the earthquake data with corresponding column headers indicating the date, time, latitude, longitude, focal mechanism depth, earthquake magnitude, as well as the strike, dip, and rake

parameters associated with each focal mechanism.
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was determined to be 15km by averaging the values
obtained in prior research (Djamour et al. 2011, Haji-Agha-
jany et al. 2019, Karimzadeh et al. 2013).

Table 2 presents the fault segment name in the first
column, UTM coordinates of the fault segment’s starting
point in the second and third columns, azimuth and slope
of the fault in the fourth and fifth columns, and fault length
and width in the sixth and seventh columns.

4 Methodology

In this investigation, the estimation of the slip rate along
the NTF has been conducted employing the boundary ele-
ment approach. The slip estimation was carried out by
employing two distinct boundary conditions: strain
boundary conditions and stress boundary conditions.
The stress boundary conditions were acquired from earth-
quake focal mechanisms, while the strain boundary condi-
tions were obtained from the GPS velocity field data. To
perform the inversion and ascertain the slip rate, Okada’s
fundamental solution was employed.

4.1 Calculation of strain boundary
conditions

The deformation is characterized by the gradient of the
displacement field. When three distinct points (X) within
the initial coordinate system experience displacement via
three nonparallel vectors (1) and are subsequently trans-
formed into the final coordinate system (x), the connection
between these displacement vectors and the reference
state is established by assuming a state of uniform defor-
mation, where initially parallel lines maintain their paral-
lelism in the final state. This relationship is mathematically
formulated as follows:

au

u =t + Gin', Gi]' = X
J

()

Equation (1) involves a constant value, ¢;, which repre-
sents the displacement of a point with respect to the origin,
and G; denotes the displacement gradients in the refer-
ence state. The Lagrangian displacement gradient tensor
is denoted as G (Means 2012).

Equation (1) demonstrates that when solving the system
of equations in a two-dimensional mode, six unknown para-
meters must be resolved. The unknowns consist of two com-
ponents of the transfer vector and four components of the
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Figure 3: Tectonic map of active faults in the northwestern region of Iran.

Table 2: In the simplest scenario, the NTF was characterized using average values

Section Number Xurm (m) Yorm (m)

Strike (°)

Dip (°) Length (km) Width (km)

1 528,493

4,255,466 120

90 200 10,000

Lagrangian displacement gradient tensor. In three-dimen-
sional cases, there will be a total of 12 unknowns, including
three components of the transfer vector and nine compo-
nents of the Lagrangian displacement gradient tensor. Each
GPS station that has either known displacement or displace-
ment speed will offer two equations in two-dimensional space
and three equations in three-dimensional space. Therefore, a
minimum of three points that are not collinear in two-dimen-
sional space and four points that are not coplanar in three-
dimensional space are necessary to decipher the strain tensor
or displacement gradient tensor.

Linear algebra methods can be employed to solve the
system of linear equations. To implement this, equation
(1) must be reformulated as three matrices, whereby two
matrices encompass the known quantities, and the other

matrix encompasses unknown quantities. In the two-
dimensional scenario, the reformulated equations for
the reference state are as follows:

1

“liolie XM X000

el o1 o0 1 X Xjh

w| |10 xfx 00 Gtz

@=|01 o 1 XXM @

ol B 12
.................. Gy

' (1)0 Xt 0 0 |Gy

w' 0 1 Xt Xy

The structure of the equations in a three-dimensional
mode is similar to those presented earlier, except for the
inclusion of an additional index. The left-hand side of the
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equation will have a 3n x 1 vector, while the right-hand
side will contain a 3n x 12 matrix and a 12 x 1 vector.
Equation (2) is not restricted to only three stations in a
two-dimensional mode or four stations in a three-dimen-
sional mode, but can be applied to general cases with n
stations. If there are more than three stations in a two-
dimensional mode or more than four stations in a three-
dimensional mode, the number of equations will exceed
the number of unknown parameters. In such cases, sup-
plementary information can be utilized to assess the accu-
racy of the calculated parameters.

The classical inversion theory is utilized to solve equa-
tion (2), with a particular focus on solving the linear least
squares problem. The problem can be defined as follows:

b = Mad. 3)

The problem involves a vector E which represents the
known displacements or displacement velocities, a design
matrix denoted by M that includes the initial position of
the stations, and an unknown vector @. To resolve this
problem and acquire the vector @, the product of vector

b and the inverse of matrix M is computed.
a@=M. @

If the stations are not weighted according to their dis-
tance from the point of strain tensor computation, the gen-
eral linear quadratic problem can be resolved by utilizing
the singular value decomposition (SVD) method (Press
et al. 1992). Although there are faster methods available,
SVD has an advantage in producing a more stable solution
when the normal equations are close to being singular.
This situation arises when the stations are nearly aligned
in the two-dimensional mode or almost co-planar in the
three-dimensional mode. In the event that the stations are
weighted based on their distance from the strain tensor
calculation point, the linear square problem can be solved
with the weighted least square method, though with less
stability (Menke 2018). In both scenarios, the solution com-
prises of (1) the unknown parameters of the model a, (2) the
variances or the square of the standard deviation of the
error of parameters a, which comprise the diagonal com-
ponents of the covariance matrix, and (3) a statistical eva-
luation of the goodness of fit (y%) (Press et al. 1992).

Once the unknowns are calculated, that is, the vector a,
the displacement gradient (the last four elements in the two-
dimensional mode or the last nine elements in the three-
dimensional mode of vector a) can be computed. If the
reference position coordinates are known, the Lagrangian
strain tensor can be expressed as follows:
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1
Eij = E[GU + Gji + Gkinj]. (5)

4.1.1 Calculation of displacement gradient tensor using
GPS velocity field

Various techniques exist for computing deformation para-
meters. While some methods rely on observations for para-
meter determination, geodesy methods utilize adjustment
coordinates. To calculate displacement values along the
coordinate axes, at least two observation series must be
evaluated in two time epochs at each point. GPS observa-
tions can serve as an example. Several methods, including
Delaunay triangulation and differential methods, are avail-
able to compute displacement gradient tensor using GPS
observations. However, due to the nonuniform allocation
of GPS stations, none of the aforementioned techniques
provides an ideal solution.

The differential method consists of two approaches,
namely, nearest points and weighted distances. Both of
these approaches involve generating a uniform grid across
the area under analysis and computing the velocity gra-
dient at the central points of the grids. The key difference
between the two methods lies in their approach to estab-
lish a relationship between the GPS station velocities and
the analysis of central points of each grid cell.

The nearest point method involves computing gradi-
ents by selecting a fixed number of the closest stations to
each central point of the grid cell. The degree of spatial
sensitivity is directly associated with the GPS station den-
sity and varies in different regions of the network.

The weighted distance method involves utilizing all
available stations in the network for the calculations, but
with each station’s contribution weighted based on its dis-
tance from the central point of the cell. This is achieved by
assigning a constant a, which indicates how the influence
of a station diminishes with increased distance from the
central point of the cell. The W factor is applied to each
distance to adjust the weights accordingly:

_dz

W = exp

Regarding the aforementioned formula, the variable d
represents the distance between a GPS station and the
central point of the grid. As per this formula, stations
located at distances la and 2a contribute 67 and 34%,
respectively, to the adjustment calculations. Conversely,
those stations located beyond a distance of 3a have a con-
tribution of less than 1%. When presented in a matrix
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format, the W factor is depicted as a diagonal matrix and is
incorporated in the linear adjustment process with the
following relationship, as stated by Menke (2018):

m = [GTWGTGTWd. )

Equation (7) involves several variables, including the
design matrix G, which is a 2n x 6 matrix positioned on the
right-hand side of equation (2). The column vector of velo-
cities on the left-hand side of equation (2) is denoted by d.
In addition, the column vector of velocity and transport
gradients found on the right-hand side of equation (2) is
represented by m.

In spite of having more than three stations and accounting
for the known errors associated with GPS velocity vectors, it is
possible to estimate the accuracy of unknown values by
assuming homogeneous strain between the stations.
However, results obtained from calculations in grids
where the absolute value of the computed unknown
value is less than the 1% error are not included. It is
noteworthy that the calculations at the central point
of each grid are performed independently of those at
other nodes.

During the calculation process, a constant value of a is
selected for the entire network such that the change in the
desired parameter is maximized, and the number of excluded
nodes where the calculated value is lower than the estimated
accuracy is minimized. To achieve this, a trial-and-error pro-
cess is employed to determine the appropriate a value for the
entire network. It was found that an a value of 31.79 satisfied
the required conditions for the entire network.

Delaunay’s triangulation method involves constructing
displacement models for individual triangles using neigh-
boring points, followed by the calculation of strain para-
meters at the triangles’ center of gravity. However, this
method assumes that strain within each triangle is homo-
geneous, which is a disadvantage because the parameters of
shape change vary from one point to another. Under the
Delaunay triangulation approach, the strain tensor is com-
puted at the center of gravity of each triangle.

4.2 Calculation of stress boundary
conditions using earthquake focal
mechanism data

Angelier (1979) proposed a method to infer the orientation
of principal stresses by reversing the solution of the earth-
quake focal plane. However, determining the stress tensor
in the Earth’s crust using only a single earthquake’s focal
mechanism is not reliable (McKenzie 1969). To address this
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issue, a robust inversion algorithm is required to obtain
the stress tensor from a significant number of earthquakes,
as suggested by McKenzie (1969).

The issue of fault slip within a stress field was first
introduced by Wallace (1951) and Bott (1959). Bott proposed
that slip occurs on any fault plane in accordance with the
maximum shear stress. Moreover, it was shown that the
orientation of the shear stress is influenced by the fault
plane’s orientation in the stress field and the shape ratio
(R), which is defined as follows:

R=2"% ®)
01~ 03

Regarding (8), the principal stresses axes are gy, g, and
03, and consistently o3 < 03 < 03.

Carey (1974) utilized Bott’s stress criterion for inver-
sion and added the proposition that the movements on all
strike-slip faults stem from a common tensor.

Gephart and Forsyth (1984)’s stress inversion method
introduced the fault instability condition, which was later
utilized by Lund and Slunga (1999) to improve its effective-
ness. Subsequently, in Vavrycuk (2014)’s iterative joint
inversion technique, this same condition was implemented
in Michael (1984)’s approach. Michael’s linear inversion
approach accurately determines the principal stress direc-
tion but is associated with significant R ratio (shape ratio)
estimation errors. Unlike Gephart and Forsyth (1984)s
method, Michael’s approach is linear and necessitates mul-
tiple iterations to resolve stress reversal once the fault
instability condition is applied.

The sensitivity of the shape ratio (R) heavily relies on
the accurate selection of faults, with the substitution of
faults by auxiliary nodal planes leading to notable errors.
Through conducting numerical tests, we demonstrate the
remarkable robustness of the iterative joint inversion method
in determining stress and fault orientations, resulting in sig-
nificantly improved accuracy in calculating the shape ratio.

Michael utilized a method that involves utilizing the
shear tension (7) and normal stress (g,) acting on the fault
in the following manner:

on = Ting = G, ©
™N; = T - 0 = Ty — Ty = Tghy(Six = nink)- (10)

In this method, &y is the Kronecker delta operator, T
represents the tension acting on the fault, n denotes the
fault’s normal vector, and N signifies the unit vector direc-
tion of the shear stress acting along the fault. i, j, and k are
the unit vectors in the directions X, y, and z, respectively.
Equation (10) can be rewritten as follows:

Tl(Si — ning) = ;. (11)
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Wallace (1951)'s study demonstrates that Mohr’s stress
plane graphical solution is a more efficient method for deter-
mining the intensity on multiple planes within a stress system,
compared to using the formula. The graphical solution involves
plotting shearing stress on the ordinate and normal stress on
the abscissa, which results in arcs of circles that depict the
relationship between these variables. These arcs of circles con-
sistently represent the varying normal stress and shearing
stress within the stress system. Moreover, the three principal
stresses (ny, Ny, n3) are depicted as normal stress on three
planes perpendicular to the principal stresses. It is crucial to
note that these three planes do not undergo any shearing
stress. In addition, Wallace’s findings reveal that shear stress
is aligned at right angles to the normal stress lines or is “down
gradient” of the normal stress.

To obtain the right-hand side of equation (10), Michael
(1984) utilized the assumption made by Wallace (1951) to
determine the orientation of shear stress and slip direction
along the fault. It was also suggested that the magnitude of
shear stress was constant for all earthquakes analyzed. As
this approach could not determine the absolute stress
value, the variable T was normalized to 1 in equation
(11). This permitted the representation of equation (11) as
a matrix in the following manner:

At =s, 12)
where ¢ is the vector of stress components.
t=[m T %83 T Tl (13)
and A is a matrix in terms of the normal vector n:
A
m(nd +2nf) no(l-2nf) ns(-2nf) m(-nf+nd)  -2mngng (14)
=|mC-nf+nd) m@-2nf) -2mmns  m(nf+2nd) ns(-2nd)|.
ny(-2nf - n?) -2mnonz  m(1 - 2nd)  n3(-nf - 2n) ny(1 - 2nd)

In addition, the symbol s denotes the orientation of the
slip vector. To ascertain the stress tensor’s five unknown
components, the focal mechanism equation (14) employs
the slip direction and normal vector of k earthquakes and
produces 3k linear equations. The system of equations is
solved using the generalized linear inversion technique

(Lay and Wallace 1995) by inserting it into equation (9).
t=Als. (15)

Equations (16)-(18) are utilized to derive the vector s in
the following manner:

s; = cos(rake) x cos(strike) + cos(dip) x sin(rake) (16)
x sin(strike)
s = cos(rake) x sin(strike) — cos(dip) x sin(rake) an

x cos(strike),
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s3 = —sin(rake) x sin(dip). 18)

Furthermore, the components of the vector n can be
expressed in the following manner:

ny; = —sin(dip) x sin(strike), 19)
ny = sin(dip) x cos(strike), (20)
ns = —cos(dip). 21)

To determine the most optimal deviatoric stress tensor,
it is crucial to assess two measures. The first measure,
denoted as f5, determines the level of alignment between
the projected tangential tension and the fault plane slip
direction on each plane. While an angle of zero is ideal, it
may not always be achievable. The second measure is the
magnitude of 7 or 7, which is ideally equal to one, but this
may not always be the scenario.

The objective of the linear inversion method is to mini-
mize the difference between the calculated shear stress
vector and the slip vector that is observed.

In general, the slip plane is expected to exhibit higher
instability. In addition, based on the stress diagram of Mohr’s
circle, it is possible to identify the plane closest to Mohr’s
envelope (Jaeger et al. 2009). In three dimensions, the relative
magnitude of the principal stresses (R) can create a Mohr’s
circle without requiring a scale, as affirmed by Gephart and
Forsyth (1984). The spatial arrangement of the nodal planes in
relation to the principal stress field determines their location
on the Mohr diagram. By employing the Mohr diagram
obtained from the four tensor components generated by
the earthquake focal mechanism inversion process, it is fea-
sible to determine the nodal plane with the greatest instability
for all sliding friction coefficients. According to Vavrycuk
et al. (2013), the instability relationship utilized in the iterative
joint inversion technique from the focal mechanism of earth-
quakes can be expressed as follows:

I= M, 22)
pt 1+
where:
g=nf+(1-2R)nf - ni, (23)
T=nf+ (- 2R + nd - [nf + (1 - 2RY?nf + ndP.  (24)

The measure of instability is communicated as a numeric
quantity ranging from zero, signifying the utmost level of sta-
bility, to one, connoting the lowest level of stability.

The iterative joint inversion technique used to ascer-
tain the focal mechanisms of earthquakes entails the initial
application of Michael’s method in a standard manner,
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without any preconditions or knowledge concerning the
orientation of fault plates. Subsequently, the principal
stress direction and R ratio are determined, and their
values are used to assess the instability (as per equation (22))
of the nodal plane for all inverted focal mechanisms.
The fault planes are identified as those nodal planes
exhibiting the highest level of instability. The fault
plane orientations obtained from the initial iteration
are used in subsequent iterations via Michael’s method.
This process is repeated until the stress values attain an
optimal level.

In the current study, the optimal stress values were
achieved after six iterations. To determine fault instability
using equation (22), it is crucial to know the friction coeffi-
cient value u, which typically ranges between 0.2 and 0.8
within the fault region. However, the precise value for
the NTF is unknown. In the inversion process, a typical
approach is to assign an average value, such as 0.6, to the
friction coefficient. Alternatively, multiple values can be
used during the inversion, and the value that produces the
highest instability can estimate the optimal friction coeffi-
cient for the region. Vavrycuk (2014) conducted numerical
experiments that demonstrated the iterative joint inversion
method for stress to be rapid, precise, and superior to the
conventional linear inversion method.

4.3 Solving the inverse problem using the
boundary element method

Typically, the deformation occurring at a given observa-
tion point, such as (x, y, z), is computed as the sum of the
deformation caused by sliding on each of the planar
separations (faults) and the uniform deformation field pre-
sent within the studied area. The displacement vector com-
pletely characterizes the resultant deformation field.

U= wX + Wy + U = Ugd + UsS + Ui (25)

The displacement gradient tensor is expressed as follows:

du, du, du,
A dx dx
du, du, du,
dy dy dy [
du, du, du,
dz dz dz

(26)

The physical characteristics of the surrounding envir-
onment, namely, Poisson’s ratio and Young’s modulus, are
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considered constants. Utilizing these constants alongside
the displacement gradient tensor and the governing equa-
tion of the environment, it is possible to calculate the
stress, strain, and rotation tensors of a rigid body.

For every individual element, the distinct components
of separation, namely, fault slip, along the three axes of the
strike, dip, and normal to the fault, are as follows:

Di=u; -uf, Di=ug-ug,Dy=u; —u, (27

In equation (27), the negative index positioned earlier
represents the absolute displacement of the footwall, while
the positive index indicates the absolute displacement of
the hanging wall.

In this study, the three-dimensional boundary element
method was utilized to establish the slip rate. When employing
this method, there exist three significant techniques for mod-
eling, namely, the virtual stress method, the displacement
discontinuity method, and the direct boundary integral
method (Crouch et al. 1983). As a fault is akin to a fracture
or crack, it comprises two surfaces or boundaries, one of
which is effectively aligned with the other. In such cases,
traditional boundary element methods, including the direct
integration method, prove ineffective in simulation. Therefore,
the displacement discontinuity method was developed by
Crouch (1976) to address these issues. Consequently, due to
the presence of displacement discontinuity in faults, this
research employed the displacement discontinuity method
to model fault movement.

When using the boundary element method, faults are
defined as planar rectangular discontinuities within a uni-
form elastic half-space, referred to as elements. The displa-
cement or sliding of said elements can be achieved
through various techniques, such as applying stress,
strain, or displacement gradient tensor, implementing
boundary conditions within remote regions, or through
the application of displacement or stress on other elements.
In addition, the utilization of composite boundary condi-
tions is also feasible.

It is noteworthy that the discontinuity of a fault invari-
ably pertains to the motion of the hanging wall in relation
to the footwall. Hence, a negative shear dislocation indicates
hanging wall movement in the positive direction of the fault
extension or the Xp axis of the plane coordinate system,
signifying right-lateral movement. Similarly, a positive dis-
placement in the direction of the fault dip implies the direc-
tion of reverse movement.

Based on Figure 4, the research examines the NTF by
simplifying its geometry to the most basic form. It is
treated as an element, and boundary conditions are
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established at the midpoint of this element. These condi-
tions define three stress or displacement conditions in the
azimuthal, sloping, and perpendicular directions to the
element. Each direction has a corresponding boundary
condition. The boundary conditions can involve stress
components, absolute displacements, relative displace-
ments, or any combination of these parameters within
the element.

The fault slip rate components, or relative displacement
components, belonging to the element can be taken as known
and integrated into the model as a boundary condition.
Alternatively, these components can be treated as unknown
variables and derived from the modeling process. The estima-
tion of relative fault components within an element involves
modeling that adheres to the specified initial boundary
conditions and minimizes the strain energy within the
model.

As for the interaction between an element containing a
fault, or a part of it, with other elements, and the conse-
quent modification of the shape of the background region,
the process involves solving a series of linear equations,
which are further elaborated below.

1. The process involves identifying a set of boundary con-
ditions, encompassing displacement or stress, at the cen-
tral point of an element.

It is important to acknowledge that the boundary
conditions are solely established at the central point of
an element, and they are not extended to the complete
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plane of the element. While a higher level of element
division can lead to more precise outcomes, imple-
menting this approach will concurrently escalate the
computational time and memory storage demands.

. The succeeding step involves generating a sequence of

linear equations, which take the following form:
Ss sd sn sS sd sn

T Ay An An Ay Ay Ay (D§
ds dd dn ds dd dn

| [An An An Ap Ap Ap ||pg

n ns nd nn ns nd nn n
g An An An Ap Ap Ay ||Df

= . (28)
S 58 sd sn 58 sd sn S
) AR A AR AR AR Ay | D
d ds add  4dn ds 4dd 4dn| pd
T A A AR AT AR AR D:
ot ns nd nn ns nd nn || D}
2 Ag An An Ay Ay Ap |72
Or:

]
TG Y. z) = ) (AFDS + ADY + AS"DY) + ©)
j=1
]
(% Y. 20) = ) (A{SDS + A{D} + AJ"DP) + 1§ (29)
j=1

/
on(Xi. - 2) = ) (AJ°DS + AJDY + AP"DP) + of
J=1

These equations consist of 7, 74, and gy, which repre-
sent the stress boundary conditions along the strike, dip,

39° — eee— eeee—
38°
37°

45° 46° 47° 48°

Figure 4: NTF geometry in the simplest possible form and as a single element.
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and perpendicular to the fault, respectively. The coeffi-
cients A are denoted as effect coefficients or Green’s
functions, which are computed using Okada’s funda-
mental solution (Okada 1985). Green’s functions are func-
tions that connect the deformation field (displacement
and its gradient) to discontinuities or faults in a uniform
half-space (bounded by a free surface in a semi-infinite
environment). The estimation of Green’s functions is sub-
ject to the availability of an analytical solution. An analy-
tical solution is derived by considering the analytic solution
of the problem and the conversion relation between the
coordinate systems. By employing Green’s functions appro-
priate for displacement-related boundary conditions, the
aforementioned system of equations can be formulated.

3. Upon resolving the set of linear equations, the unknown
dislocation components (D) can be acquired.

4. Through the computation of the relative displacements
(fault components), it is feasible to generate the analy-
tical solution of the deformation field at any site within
the environment, using the Okada analytical model.

4.3.1 Fundamental solution
To model the displacements that occur from the slip rate of

faults, we employed the analytical model proposed by
Okada (1985) in this investigation. The Okada model is
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based on the principle of dislocation theory. Initially, the
deformation field that arises from a single force (point
source) is modeled in this approach. Subsequently, the
deformation field that arises from a rectangular source
(fault plane) is formulated by integrating the point source
relationships. The input parameters of the Okada model
are generally classified into two categories: physical and
geometrical parameters.

The physical parameters utilized in the Okada model
are the Lame coefficients ¢ and A of the studied region,
which are estimated approximately. To this end, global
average values can be implemented based on the results
of the sensitivity analysis of the Okada model. The Okada
model’s geometrical parameters involve the fault’s length,
width, locking depth, dip, strike, separation rate or slip
rate, initial fault point coordinates, and observation point
coordinates. Essentially, this model transforms the fault
displacement or slip rate into a displacement or velocity
field resulting from it based on the fault’s geometry and the
physical properties of the studied region.

5 Results

The initial approach utilized in this study involved the
application of strain boundary conditions to the boundary

This study (GPS Velocity Field)

This study (Focal Mechanism)

Rizza (GPS Observation)

Rizza (Radar Analysis)

Djamour

Karim zadeh

Khodaverdian

Hessami (Average)

Haji-Aghajani (Phase/Elevation Ratio)

Haji-Aghajani (3D Ray Tracing)

o
-
N

w

4 5 6
Slip Rate (mm/year)

~
0o
©

10

Figure 5: The results of this study and previous studies. The initial two lines of the presented outcomes depict the findings of this research conducted

under distinct boundary conditions.
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Table 3: Slip rate along strike slip and dip slip estimated in this study
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Boundary condition

Strike-slip component (mm/year)

Dip-slip component (mm/year)

108
103

GPS velocity field 5.516
Focal mechanism 4,965
KX X X X X X X
X X Shortening 1.04008
X X o
+ ’\— -~ -1.67e-08
+ +
Flarias
4 + + — -437e-08
A X X
e e O O A ¢ X X -7.070-08
XX X X X X X XX
X X X X X X X X
-9.78e-08
X X X X XESRE X X
A X X X X X X X X
’\/ XA 7( 7( X 2 ’\ DWGnaspaang-(:(::-?;ss
Y SO A # ot neighbors = 31

Alpha (km) = 31.79

Figure 6: The direction and values of compression in the study region
are shown by blue lines.

element model, using the strain rate obtained from peri-
odic and permanent GPS station observations, as reported by
Khorrami et al. (2019). Initially, we employed the weighted
distance method to compute the displacement gradient tensor
in the study area, which corresponded best with all the obser-
vations in the region. This was followed by the calculation of
the strain tensor via equation (5). By incorporating the strain
boundary condition into the model, we were able to estimate
the slipping rate in the NTF as 5.5 mm/year.

++++++ roceer
e i S SR SR R
SR S e A
e A [ 8.520-08
x X4 XX X X
X A A A 661008
X + 4k
+ - 7\’ >¥ + * -~ 4.71e-08
X XX XX
X X X
X X X — 2.80e-08
X X X X
X B3 - 894000
i

Alpha (km) =31.79

Figure 7: The direction and values of tension in the study region are
shown by red lines.

The dip-slip rate for the fault was estimated using two
methods, with the first method yielding a rate of 1078 mm/year,
and the second method estimating a rate of 10~ mm/year.
Therefore, the dip-slip rate is practically zero and differs
significantly from the slip rate of strike-slip. These results
serve as evidence of the fault strike-slip in the northern
region of Tabriz.

The outcomes of this investigation concerning the rate
of slip in the NTF compared with past studies are demon-
strated in Figure 5.

Table 3 presents the results of this study.

Based on the findings presented in Table 3, this study
provides results for stress and strain boundary conditions.
The strain boundary condition was determined through
the utilization of GPS velocity field data, while the stress
boundary condition was obtained using earthquake focal
mechanism data. The slip rate of both the strike-slip com-
ponent and the dip-slip were computed. The observed sub-
stantial value of the strike-slip component, in contrast to
the negligible value of the dip-slip component, offers com-
pelling evidence that the Tabriz fault is primarily charac-
terized as a strike-slip fault.

Figures 6 and 7 depict the values and directions of
tension and compression, which were obtained from the
strain tensor analysis conducted within the studied region.
The directions and values of maximum shear strain are
presented in Figure 8. The results indicated that one of

Max. Shear Strain,
1.37e-07

1.15e-07

922008

6.99e-08

— 4.75¢-08

— 251608
DW: Grid spacing (km) = 15.89
. of neighbors = 31
Alpha (km) = 31.79

EREETT TSN

Figure 8: The directions and values of maximum shear strain in the study
region.
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the planes of the maximum shear strain is in close agree-
ment with the primary rupture of the fault, thereby con-
firming its strike-slip of the fault. It is noteworthy that the
orientation of the principal axes of the strain tensor was
considered constant throughout the entire studied region.

The second approach utilized in this study involved
utilizing the stress tensor derived from earthquake focal
mechanism data collected from two trusted sites, GCMT
and IRSC, within the study area to determine the stress
boundary condition for the boundary element model. This
method involved calculating the optimal stress tensor in the
study area using the iterative joint inversion method based
on the focal mechanism data, which produced the best
agreement with all observations within the study area. By
applying the stress boundary condition to the boundary
element model, the slip rate for the NTF was estimated to
be 5mm/year.

Figure 9 illustrates the principal stress axes present
within the NTF region, while Figure 10 presents the asso-
ciated uncertainty levels related to the calculation of these
stress axes. In addition, Figure 11 depicts the Mohr’s circle
diagram utilizing the method proposed by Vavrycuk (2014)
for the data analyzed during this investigation within the
NTF zone.

In this study, the estimation of slip rate is accom-
plished by employing two distinct boundary conditions,
namely stress and strain. Through the inversion process
utilizing both boundary conditions, it was observed that the
strike-slip component held significant magnitude, while the
dip-slip component was found to be minimal and inconse-
quential. This inversion and subsequent research serve as

Principal stress and P/T axes

) sigma 1
X sigma 2
- sigma 3

Figure 9: The principal stress axes within the NTF. Each occurrence
within the figure is represented by circles corresponding to values of gy,
a multiplication sign denoting g, and a plus sign representing as. The
derivation of these stresses is indicated by the color green.
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Confidence of principal stress axes

® sigma 1
* sigma 2
® sigma 3

Figure 10: The presented figure depicts the associated uncertainty levels
in determining the principal stresses. The colors red, green, and blue
indicate the confidence levels corresponding to the gy, 02, and o3 axes,
respectively.

concrete evidence confirming fault slippage north of Tabriz.
Notably, the outcomes of this investigation exhibit the highest
degree of alignment with results derived from paleoseismo-
logical methods, surpassing previous endeavors. This out-
come serves as empirical validation of the suitability and
accuracy of the boundary element method.

6 Discussion

The sensitivity analysis revealed that the change in displa-
cement parameter had the most considerable impact on
the outputs of Okada’s analytical model. Therefore, this

Mohr circle diagram

Figure 11: Mohr’s circle diagram for the data analyzed in this study.
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study fixed all the geometric and physical parameters of
the fault and the surrounding region based on the avail-
able estimations from geological and geophysical evidence.
Then, by utilizing the boundary element method with
Okada’s fundamental solution, the slip rate was deter-
mined in the NTF.

To perform calculations utilizing Green’s functions in
the half-space environment, it is essential to image the area
of study in the same environment. Since the NTF is situated
entirely north of Tabriz in the UTM’s zone 38, the UTM
imaging system was used to convert the environment
from spherical to half-space. Furthermore, based on the
image of the fault in the half-space environment, the fault’s
width was assumed to be infinitely wide.

Geological measurements and geomorphological stu-
dies, including Pedrami (1987), Hessami et al. (2006), and
Karakhanian et al. (2004), were implemented to analyze
waterway movement, morphological indicators, and age of
sediments corresponding to climatic events. These methods
helped to determine the slip rate for the NTF, which ranges
between 2 and 6.4 mm/year. Furthermore, Salmaniyan et al.
(2023) employed a physical methodology combined with
Markov chain Monte Carlo to calculate the slip rate, resulting
in an estimated value of 5.3 mm/year. These estimations align
with the slip rate established in this study and are lower than
the current slip rates calculated through geodetic observa-
tions, such as GPS and radar interferometry, as noted by
Djamour et al. (2011), Karimzadeh et al. (2013), Masson et al.
(2006), and Vernant et al. (2004). By determining the slip rate
via focal mechanism and geophysical data, the difference can
be eliminated or lessened, and the results from geodetic
methods can be brought closer to geological methods.

When analyzing the rate of landslides, it was discov-
ered that the cause of landslides in the fault is the regional
stress calculated using earthquake focal mechanism data and
GPS observations, which have been utilized as boundary con-
ditions. The inclination of the main horizontal axes toward
the maximum shortening and stretching of the regional stress
rate tensor along the northern fault is also responsible for the
right-lateral slip rate. As a result, the image of the primary
stress components along the fault is greater than the image of
the corresponding component perpendicular to them.

Hessami et al. (2003b) conducted research on the NTF
using paleo-seismological methods, revealing a slip rate of
1.3-6.4 mm/year. In this study, the slip rate for the same
fault was estimated using two different boundary condi-
tions, resulting in values of 5.5 and 5.0 mm/year. These
estimates align with the range of slip rates obtained from
paleo-seismological methods and demonstrate the super-
iority of the boundary element method over conventional
approaches such as the block model and finite element
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method, both scientifically and technically. The results
also indicate the seismic activity of the fault.

In the present study, the slip rate of strike-slip is deter-
mined under two distinct boundary conditions: stress and
strain. The slip rate of strike-slip, utilizing the stress boundary
condition, is calculated to be 5.0 mm/year, whereas the slip
rate, employing the strain boundary condition, is determined
to be 5.5 mm/year. Conversely, the magnitude of the slip rate
for the dip-slip, considering the stress boundary condition,
falls within the order of 10mm/year, whereas the strain
boundary condition yields a slip rate within the order of
10®mm/year. Remarkably, the findings of this research
exhibit the highest level of agreement with the outcomes
obtained through paleoseismological methods.

The modeling process in this study assumed that the
Earth is a homogeneous elastic body, but utilizing a layered
model that considers the heterogeneity of the Earth can
result in enhanced findings (Sun and Okubo 2002, Sun
et al. 1996). The effect of the curvature of the fault surface
can also be investigated by using triangular elements
instead of rectangular elements to determine the slip rates
more accurately (Maerten et al. 2005, Marshall et al. 2008,
Thomas 1993). Moreover, incorporating the effect of the
earth’s gravity as a boundary condition using the model
developed by Wang et al. (2006) can lead to a more realistic
determination of slip rates.

7 Conclusion

This study utilized the boundary element method with
Okada fundamental solution to determine the slip rate
on the north fault of Tabriz. Two sets of boundary con-
ditions were employed in modeling, namely, the strain
field obtained from GPS observations and the stress field
obtained from the focal mechanism data of earthquakes.
The findings reveal that the NTF exhibits right-lateral
strike-slip characteristics.

This study utilized a strain rate tensor obtained from
GPS observations (in the first method) and a stress tensor
derived from earthquake focal mechanism data (in the
second method) for the entire study area, taking into
account the size of the area under investigation. To enhance
the findings, it is recommended to divide the study area into
sections with various stress conditions and model each area
separately with unique stress boundary conditions Yousefi-
Bavil and Moayyed (2015).

To determine the fault slip rate, Green’s functions
related to the half-space were utilized. However, it is
recommended to replace the half-space Green’s functions
with spherical Green’s functions to improve the
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deterministic slip rates by accounting for the effect of the
earth’s sphericity.
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