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Abstract:

We used the focal mechanism of crustal earthquakes to estimate the magnitude and direction of the
maximum principal stress near Tehran. Our assumptions are that the slip vector lies in the fault plane
and is parallel to the maximum resolved shear stress in that plane. The theoretical analysis is tested
using accurately determined focal mechanisms of 51 earthquakes) that occurred along the Mosha fault.
The earthquake focal mechanisms in the Central Alborz are divided into seven groups with respect to
their location. The method that applied here is based on a developed stress inversion of Michael
proposed by Vaclav Vavrycukin 2014 by applying the fault instability constraint and the stress is
calculated by iterations.
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Introduction

The study area in the southern slopes of the Central Alborz Mountain range between latitudes 34 to 36°
north and length 51 to 54° east and part of the edge South of Central Alborz. The Mosha fault is
located east of Tehran, the densely populated capital city of Iran. Due to some reasons study of this
fault is of great importance, firstly, the activity of this fault, secondly, large historical earthquakes that
occurred and finally its closeness to the city of Tehran.

By this analysis, we can see that the direction of the maximum compression stress field has a strong
impact on the propensity of the rupture path to bend on to the potential branch path and to control the
arrest or further propagation of rupture. Our aim, in this paper, is to use all available geodetic data and
focal mechanism of earthquakes to determine a stress map of Mosha fault. If we assume that stresses in
a continuum are produced by the application of tectonic forces and its consequent deformation on the
crustal scale, then the direction of the principal components of the stress and strain (or strain rate)
tensors must ideally be the same. In the next sections we present the analysis of the various seismic
and geodetic data. We combine these multidisciplinary data to produce the stress map. This stress map
is then used to discuss the various tectonic regimes in Mosha fault.

Finally based on maximum horizontal stress, we use these data to analyze them in the same map of the
Central Alborz area. The focal mechanism data are collected from published papers using local seismic
networks (Tatar et al. 2012), and CMT solutions from the Global Centroid Moment Tensor Project
(GCMT). The local focal mechanisms were derived based on polarity readings of the first P-wave
motion of local earthquakes (Snoke et al. 1984).
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Methodology

Focal mechanisms Stress Inversion (Michael, 1984)

A widely used method for deriving stress field at seism genic depths is inversion of earthquake focal
mechanisms [e.g., Michael, 1984, 1987; Heidbach, 2010]. This method is based on two assumptions:
first, that the tangential traction on the fault plane should be parallel to the slip direction and, second,
that the stress field is uniform for the data set.

If the above-mentioned assumptions are satisfied, the stress inversion methods can determine four
parameters of the stress tensor: three angles defining the directions of principal stresses, g;, o, and o3,
and shape ratio R (Gephart & Forsyth 1984):

R=2"22 ()

01—03
The tangential traction on the plane tends to be parallel to the slip direction:

T(n,0) _ 4

t= )

T(ho)|

in which 7(n, o) is the tangential traction on the fault plane with a unit normal 7 due to the deviatoric
stress tensor 6. When we assume that the stress field is constant within the region of the study during

the faulting event, means that by solving (1), for several faults, a single o that best satisfies all the
fault is found. Also, we can solve (2) linearly, by considering that |7| = 1. (Michael,1984).

FAULT PLANE

Fig 1. The 8, & and A are dip direction, the dip, and the rake, respectively. i and $ are the outward normal to the foot wall
block and slip vector, respectively (Michael 1987).
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Stress inversion

Focal mechanisms Stress Inversion (Vavrycuk, 2014)

the inversion would provide high-resolution information on natural variations of the stress field. The
ambiguity of identifying the fault plane in focal mechanisms introduces difficulties also in other stress
inversion methods. One way of identifying the fault plane is evaluating the fault instability | proposed
by Vavrycuk et al. (2013):

_ _t-p(o-0y)
= 1)
T¢—u(oc—01)
where 7. and o, are the shear traction and effective normal traction along the optimally oriented fault

(Fig. 2, red dot), and 7 and o are the shear traction and effective normal traction along the analyzed
fault plane (Fig. 2, black dot) (Vavrycuk, 2014).

Fault instability: definition

>
a

Fig 2. Definition of the fault instability in Mohr’s diagram. The red dot marks the tractions on the principal fault
characterized by instability | = 1. The black dot marks the tractions of an arbitrarily oriented fault with instability I.
(Vavrycuk, 2014).

03 07 oy

Application

STRESSINVERSE
To analyze the data, for stress inversion, we use a MATLAB code, “STRESSINVERSE”” Version
1.1.3, .2020, Author: Vaclav Vavrycuk.

STRESSINVERSE is a MATLAB software package for an iterative joint inversion for stress and fault
orientations from focal mechanisms. The inversion is based on Michael's method (1984, 1987) in
which an instability criterion proposed by Lund & Slunga (1999) is incorporated.

Win Tensor

In this study we also use another way to compute stress field by using TENSOR program.
Therefore, we used two different stress inversion methods: the Right Dihedron and Rotational
Optimization methods of Delvaux and Sperner (2003).

3
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Improved Right Dihedron method

According to Abdulnaby et al. (2014), the Right Dihedron method was originally a graphical Method
developed by Angelier and Mechler (1977) to determine the range of possible a; and g5 stress axes
orientations in fault analysis. This method has two limitations. First, it does not determine the stress
ratio. Second, it does not define o; and a5 when the extreme values on the counting net do not reach 0
and 100%. Delvaux and Sperner (2003) developed this method by removing these two limitations and
enabled the Improved Right Dihedron method to determine the stress ratio and define o; and o3 even
under extreme cases (see Delvaux and Sperner, 2003 for details). The results of this method are used
as a starting point for the Rotational Optimization Method.

Rotational Optimization method

This method is a new iterative inversion procedure presented by Delvaux and Sperner (2003). It aims
to minimize a misfit function through a grid search of many different stress tensors. In this method,
both nodal planes of each focal mechanism are compared to a stress tensor, and the plane that has the
smaller value of the misfit will be considered as the actual fault plane. This means that we do not need
to specify which nodal plane is the fault plane prior to the inversion routine. After this separation the
final inversion includes only the focal planes that are best fitted by a uniform stress field. The selected
fault planes are then inverted to calculate the principal stress axes and the stress ratio (Gephart and
Forsyth, 1984). The results are plotted on an equal-area projection to allow us to evaluate the overall
quality of the result. Formal stress inversion of the focal mechanisms data is based on two assumptions
(Mercier et al., 1991; Carey-Gailhardis and Vergely, 1992): (a) the stress field is uniform and invariant
in space and time, and (b) earthquake slip occurs in the direction of maximum shear stress (Wallacee
Bott hypothesis, Bott, 1959). The angle between the calculated shear stress and the slip vector d is the
fit angle a. Thus, the corresponding misfit function to be minimized for each earthquake is the misfit
angle a (Delvaux and Sperner, 2003). We process the data interactively, first using the “Right
Dihedron Method”, a graphical method for determination of the range of possible orientations ¢; and
o3, which is independent from the choice of the nodal planes (Angelier, 1994; Angelier and Mechler,
1977). This method allows a first estimation of the orientations of the principal stress axes and of the
stress ratio R, and a first filtering of compatible fault-slip data (Delvaux and Barth, 2010). The selected
fault-slip data and the preliminary tensor can be used as a starting point in the iterative grid search
inversion procedures of the Rotational Optimization method. It allows restriction of the search area
during the inversion, so that the whole grid does not have to be searched (Delvaux and Barth, 2010). It
minimizes the misfit angle a using the stress tensor that is being tested, but also favors higher shear
stress magnitudes and lower normal stress magnitudes on the plane to promote slip (Delvaux and
Barth, 2010). To numerically express the stress regime, we use the stress regime index R’, based the
value of the stress ratio (R, Eq. (1)) and the type of stress regime as described in Delvaux et al. (1997,
2007) and Delvaux and Sperner (2003). The tectonic stress regime index R’ is defined as:

R’ = R for normal faulting regimes (NF).
R’ = (2 — R) for strike-slip regimes (NS); and
R’ = (2 + R) for thrust faulting regimes (TF).

Zonation and area definition

Since the focal mechanism data over the entire study area are not consistent in terms of stress regime
and stress orientation, it cannot all be inverted altogether. Therefore, we divide the region into seven
clusters areas based on their geographical proximity, kinematic homogeneity, tectonic setting, and the
greatest density of similar focal mechanisms, to study the regional changes in stress orientation.
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Input data

The data that we have used are coming from, 10 focal mechanisms from GCMT + 51 focal
mechanisms from Tatar et al. (2012).

Table 1. earthquake focal mechanism parameters, divided into seven clusters.

Focal plare
| Clusters | Wum  LorgPE]  LatFN) Depth (k) Strike Dip FRake | Quality
1 51,75 3572 115 a5 15 70 B
z 51,79 35,7 1.2 20 55 113 B
[ m ] = 51.8 357 2 105 a5 71 A
a 51.76 E 7.2 &0 B0 151 B
5 5186 3564 15 &0 70 27 B
£ 5186 3555 112 240 g0 73 A
1 £1.83 3caz 2.9 275 M 7 B
z 5187 3581 8.5 85 45 Z0 A
3 51,88 3579 36 Z80 55 B4 A
a E1.5 3575 126 160 85 134 B
5 .87 35,73 .4 210 g0 70 B
£ 51,29 3572 Y- 140 a7 A
1 = 2561 12.7 2270 70 a1 B
z =201 3cE2 £.2 20 g5 4% B
E: 205 EA=) 104 75 s0 26 A
a =207 3563 15 130 = 36 B
5 =207 3566 18.5 55 B0 43 B
1 02,33 3C64 53 210 1 0 B
z 52,39 2CE4 z 110 76 B
3 5256 557 3.3 260 70 14 A
a o258 557 13,5 265 70 14 B
5 5241 3565 53 75 75 18 B
& 5246 3571 248 a1 c
7 52,55 3567 7.7 155 70 14 B
= 2 56 3cE2 3.3 20 55 39 B
1 5254 3587 8.1 70 E5 =% B
z 0224 3576 1132 205 g0 170 B
E: 52,27 35,78 10.7 120 20 80 :
a 0234 3577 12.4 g a0 9o B
5 02,36 35,77 74 270 55 84 B
1 2.1 3577 12 270 = 179 A
= 521 3574 117 40 83 179 A
3 52 3575 2EE 70 14 A
a 52,08 35,73 7.4 225 70 179 B
5 215 3574 1.4 ZEE R A
£ 0214 3572 2.4 265 85 4% A
1 5158 3578 102 130 81 0 A
= = 3577 17.4 170 80 A4S B
3 5201 3578 210 B0 170 A
4 2,01 35,79 15 a5 70 173 A
5 5207 3573 10 500 45 a3 A
£ 52,03 35,77 113 270 70 179 A
7 =204 3574 15 v 0 o8 B
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Results

I have performed a formal stress inversion by these two methods (Delvaux and Sperner, 2003 and
Vavrycuk, 2014), for the first cluster and the same procedure has been applied to all remaining
clusters, so, you can see the summary of the results in Table 2 and Fig.4. The results show that there
are differences of the value of SHmax between two methods because in the analysis with win tensor,
the software for defining the fault plane will eliminate invalid data to minimize the misfit function.
Anyway, we can see that there is a good agreement between both methods to identifying the
orientation of the principal axes.
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Figure 3(a). Formal stress inversion of the focal mechanisms data based on Table 1(Win Tensor)

tensor solutions in the study area: a) Right Dihedron method, green arrows for maximum principal compression, red arrows
for minimum principal compression, the histogram gives the counting deviation angles. b) Rotational Optimization, blue
arrows for maximum principal compression, red arrows for minimum principal compression, the histogram gives the
distribution of measured data against the function F5. For best fit F5 approaches 0 for all measurements. ¢) Mohr diagram
illustrates the stress regime, and the area of fault activation is constrained by the three circles and the line of initial friction

corresponding to an angle of 16.7°.
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Cluster Al is located between 51.76°- 51.86° E and 35.58°- 35.72° N and it contains six focal
mechanisms for this sub-area. Focal mechanisms are dominantly Normal faulting. The resulting stress
tensor suggests that the stress field is homogeneous in a NE-SW orientation (N18 + 5°E), and the
stress ratio R=0.75. and the stress regime R' = R for Normal faulting. Moreover, the direction of SHmax
= N107°E.

Principal stress and P/T axes Confidence of principal stress axes Mobhr circle diagram 25 Shape ratio

‘ O sigma1 ° 51gma1 5
¥ sigma 2 ® sigma2
+ sigma 3 * sigma3 0
0 02 04 0.6 08
(a) (b) (c) (d)

Figure 3(b). Formal stress inversion of the focal mechanisms data based on Table 1(Stressinverse)

(&) PIT axes with retrieved principal stress directions, (b) the P/T axes, (c) Mohr’s circle diagram with positions of

faults (blue plus signs), (d) define the distributions of the shape ratio calculated using the iterative method.
The same as Fig 3(a), the differences are for the value of R = 0.9 and the direction of SHmax = N130.

68°E.The direction of the maximum horizontal stress is from NW-SE (same as Win Tensor).

The difference between the methods may be because Win Tensor eliminates incompatible data. By the
way, this difference is not so high. The orientation of the principal axes of both methods is similar.
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Table 2. (a)Win tensor

Area Stress tensor parameters Shmax(°) Stress regime
ol o2 o3
Al 61/358 06/098 28/191 107 Normal-Fault
A2 06/219 41/315 48/122 37 thrust faulting
A3 32/193 57/030 08/288 16 Strike-Slip
A4 07/215 82/062 04/305 37 Strike-Slip
A5 53/044 26/275 25/172 54 Normal-Fault
A6 00/065 62/335 28/155 65 Strike-Slip
A7 00/308 73/217 17/038 128 Strike-Slip
Table 2. (b)Stressinverse
Area Stress tensor parameters Shmax(°) Stress regime
01 g 2 03
Al 69/18 04/117 20/209 131 Normal-Fault
A2 39/206 41/71 25/318 29 Unclassified
A3 80/33 85/27 01/285 15 Normal-Fault
A4 80/33 10/206 01/296 27 Normal-Fault
A5 30/33 01/302 60/210 34 Thrust -fault
A6 31/58 43/294 31/169 60 Unclassified
A7 0.9/287 83/24 07/197 107 Strike-Slip
52°0'E 52°30'E

i

: / Semnan By 7 ———————sEmmnEn
0 35 7 14 21 - 28 N £ )
- —— s—— kM |

Legend

—SHMAX stress nversion
I oo m—— SHMax Win tensar
A1:A7 Clasters Faults

Fig 4. Comparison of SHmax obtained from Stressinverse and win tensor software, green and pink bar, respectively.

Discussion

In this study our approach was to estimate the direction of the stress from earthquake focal
mechanism, our network including seven clusters was installed to investigate the faults surrounding
the city of Tehran. The Central and Eastern segments of the Mosha fault, area A3, A4, A6 and A7 are
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strike-slip mechanism, with compound nature of faulting, some normal events also occur at Al and A5
due to the local tectonic environment. The direction of the stress for all clusters represents SW-NE
except for Al and A7 that are NW-SE, for these two clusters also we have maximum difference
between Win tensor result and stress inversion result. Moreover, we are witnessing a high density of
earthquake in the area A3, A6 and A7 that have strike-slip mechanism, The directions of the maximum
horizontal stresses in the study area agree with the existing geological facts. As we go far from the
location of the fault the number of earthquakes decreasing so we can say that there is a direct link
between the presence of the active fault and occurring of earthquake (Bahiraee 2013). Extraordinary
socio-economic importance of the country capital and from one side the environment and the existence
of active seismic structure and imminent threatening on the other hand, emphasis on necessity of
designing and operating the monitoring and warning system Instant Earthquake Danger (Earthquake
Idea can be done also by installing the right number of Monitoring and Early Warning System). This
seismic stations and equipment, intelligent control, and earthquake Risk Management tools (Seismic
Risk Management).

Conclusions

We show that the focal mechanism of the 51-earthquake divided into the 7 clusters for area of the
Mosha fault that located between 34°- 36.5° N and 51°- 53.5° E. This tells us that most of our
mechanisms are Strike-slip along the Mosha fault. Our study investigates the faults surrounding the
city of Tehran: The Central and Eastern segments of the Mosha fault. The method which is applied
here for the stress inversion proposed by Michael (1984) with a linear algorithm and due to
uncertainties associated with stress field a nonlinear method (Vavrycuk 2014) is used which is done by
MATLAB code, also we perform a formal inversion to determine the present-day stress field. We used
two different stress inversion methods: Right Dihedron and the Rotational Optimization methods of
Delvaux and Sperner (2003). It can help to define the geometry and motion of the associated fault. As
mentioned, the aim of this study is to find the direction of the main stresses and the maximum
horizontal stress by using inversion of focal mechanisms proposed by Vavrycuk inversion method.
The horizontal stress orientations are usually expressed in terms of SHmax (maximum horizontal
stress axis) and SHmin (minimum horizontal stress axis), which are perpendicular to each other. There
are two methods to calculate the horizontal stress axes (for more details see Zoback, 1992a and Lund
and Townend, 2007). The Lund and Townend method are applied in the Win-tensor program, and it is
used in this study. Detailed results are obtained using Win Tensor to analyze the 51 available focal
mechanisms (Fig. 3).
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