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1. Introduction

ABSTRACT

In this research, to understand the present-day tectonic situation of the Gorgan-plain in the east of
the South Caspian basin, the tectonic stress regime of this area and its adjacent areas was estimated
using the data inversion of the earthquake focal mechanisms. For this aim, in addition to analyzing
focal mechanisms solved by different sources, the focal mechanisms were solved for several
earthquakes with appropriate and sufficient information. The results indicate the presence of
various mechanisms, including thrust, normal, and strike-slip, and as a result, various orientations
of kinematic P and T axes, which can indicate the complexity of the region. By analyzing the
earthquakes with a minimum magnitude of 4 in the Gorgan-plain, the Kopeh-Dagh in the east
of the plain, and the entire eastern region of the South Caspian, a compression regime with a
NNW-SSE trend was obtained. However, by analyzing all of the earthquakes (smaller and larger
earthquakes) in the Gorgan-plain, a strike-slip regime was obtained, in which the trend of the P and
T axes were calculated NE-SW and NW-SE, respectively. The results indicate a local strike-slip

regime in addition to the regional compressional regime in the region.

Iran, as a part of the Alpine-Himalayan orogenic belt and due
to the convergence of the Arabian and Eurasian plates, has
various tectonic phenomena such as the continental collisions
of Alborz, Zagros, and Makran subduction. Therefore, different
parts of the country show different and complex structural and
seismic characteristics. One of the tectonically complex regions
of Iran is the lowlands in the east of the South Caspian basin
or Gorgan-plain, between the Kopeh- Dagh and Alborz ranges
(Ghasemi et al., 2007, Fig. 1). The occurrence of historical and

instrumental earthquakes in the east of the South Caspian region

shows high seismic activity in this area (Agh-Atabai, 2014). The
874 AD earthquake in Gonbad, 1470 AD in Gorgan, 1470 AD
in Agh-Ghala, and 1497 AD in Gonbad are the most important
historical events in this region (Ambraseys and Melville, 1982).
The instrumental earthquakes of Gorgan-plain also include
the earthquakes of 1999 (Mw=5.4), 2004 (Mw=5.5), and 2005
(Mw=5.2) AD in the north of Agh-Ghala (Nemati et al., 2013).
The studied area’s seismicity map shows that the west’s seismic
activity rate is higher than the east’s in the studied periods

(Agh-Atabai, 2014). Of course, it does not mean that the eastern
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part has less seismic hazard, but it shows the difference in the
seismicity pattern and the return period of the earthquakes in the
east and west of the province (Agh-Atabai, 2014).

Due to the tectonic setting of the Gorgan-plain, thick sediment
cover, low or no outcrop of geological structures, as well as
its high concentration of seismicity, seismic studies are very
important to analyze the tectonic stress regime of the region. In
this research, the tectonic stress of Gorgan-plain and its adjacent
areas was estimated using the data inversion of the earthquake
focal mechanism from 1970 to 2020. For this aim, in addition
to analyzing focal mechanisms solved by different sources, the
focal mechanisms were solved for several earthquakes with

appropriate and sufficient information.

2. Data and Methods
Seismograms are essential information about earthquakes, which
are used in calculating the focal mechanism in seismology with
different methods. In this research, the polarity method (polarity
pattern of the first P- wave arrival) was used to calculate
the focal mechanism of earthquakes (Fig. 2). Due to its high
velocity, the P- wave is considered the first wave received in
the seismic station. The polarity of the first P wave received in
different seismic stations is different and can be compressive
(upward motion in the station) or tensile (downward motion).
Stations with positive and negative polarity are separated by two
perpendicular planes called nodal planes on Stereonet.

Software for solving the focal mechanism of earthquakes
draws the best plates that can pass between compression and
tension points. In this study, Seisan software was used to
calculate the focal mechanism, one of the seismic data analysis
software (Havskov and Ottemdéller, 1999). One of the methods of
determining the seismic stress field is the stress tensor inversion
method or inversion through the data of the earthquake focal
mechanism. The inversion process of fault slip data calculates
the four parameters of the reduced stress tensor; the maximum,
intermediate, and minimum principal stress axis (6, ©,, 5,) and
stress ratio (R=6,-6,/6 -c,) (Delvaux and Sperner, 2003). In this
study, the inversion of the stress tensor has been done using the
Right Dihedron and Rotational Optimization methods through
the Win-Tensor program (Delvaux and Sperner, 2003).

The focal mechanism was solved for 20 earthquakes with
a magnitude of 3 to 4.5 in the period from 2011 to 2020,
which had sufficient and appropriate information (Table 1). In
addition to the focal mechanism solved in this study, in order
to better analyze tension, other valid focal mechanisms were
also used (Table 2). The data was collected from the IRSC
online catalog and published articles by researchers such as
Priestley et al. (1994) and Nemati et al. (2013).

3. Results and discussion
The results of this research (Table 1, Appendix 1, and Fig. 3)
show that the studied earthquakes have occurred with different
mechanisms (thrust, strike-slip, and normal). However, in
general, the dominant mechanism of most small earthquakes
is strike-slip. Most of the earthquakes are concentrated in the
western part of the studied region (Gorgan-plain), and a variety
of data on the focal mechanisms of earthquakes, including
thrust, strike-slip, and even normal, can be seen in it, which can
indicate the complexity of the tectonic features of the region.
Referring to the study conducted by Radfar et al. (2019)
on seismic sections, in addition to confirming the presence of
the western Kopeh-Dagh formations under the sediments of
the plain, reverse listric faults (inverted normal faults) in older
formations and strike-slip and normal faults were detected in
younger sequences. Also, Hamidi (1400) has shown that western
Kopeh-Dagh faults such as Takal Kuh and Maraveh Tappeh
extend towards the plain under the sedimentary cover with a
dominant thrust mechanism, and the strike-slip faults have been
observed as flower-like structures in the upper layers. According
to the evidence obtained in these studies, it is expected to
observe a variety of mechanisms in this region. The trends of
the kinematic axes P and T of each of the studied earthquakes
were drawn in the form of a map (Fig. 4a, b) and a histogram
(Fig. 4c, d). In order to understand the state of the stress regime
in the region, inversion was done once for all the earthquakes in
the Gorgan-plain and then for the data of the focal mechanism
of the earthquakes with a minimum magnitude of 4 (Fig. 5a, b).
Also, to get a general view of the tectonic stress regime of
the region and compare it with the results related to the plain,
the stress direction was calculated using all earthquakes of the
eastern South Caspian (Golestan province) with a minimum
magnitude of 4 (Fig. 5c). The results of the inversion of all the
data of Gorgan-plain, including larger and smaller earthquakes,
show a strike-slip dominant stress tensor (Table 3). The axes
of pressure and tension calculated for this area are NE-SW
and NW-SE, respectively. This orientation of the main stresses
and kinematic axes is consistent with strike-slip faults with an
approximate direction of northeast-southwest to north-south
and left-lateral strike-slip faults with an approximate trend of
northwest-southeast to east-west. However, the results of the
inversion analysis for earthquakes with a minimum magnitude
of 4 in the plain show a compressive dominant stress tensor
with NNW-SSE trend (Fig. 5b). Therefore, two stress regimes
are observed in the Gorgan-plain; a compression in the
NNW-SSE direction associated with the larger events and a
strike-slip regime resulting from the analysis of numerous

smaller earthquakes. The inversion analysis of all earthquakes
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with a minimum magnitude of 4 in the studied region and the
Kopeh-Dagh indicates a compressive dominant stress tensor
with the NNW-SSE trend similar to the analysis of the plain’s
earthquakes with the same magnitude (Fig. 5c, d). Structures
such as folds with NE-SW trend and reverse faults such as
Maraveh Tappeh and Takal Kuh faults can be formed in this
regime. The results for these last two cases are similar to those
from larger earthquakes in the plain. Zamani et al. (2008) also
obtained a compressive regime with an NNE-SSW trend for
the northeast of Iran and a compression with NNW-SSE trend
for the range of Western Kopeh-Dagh, Eastern Alborz, and the
northwest of Daruneh fault using stress tensor inversion based

on the focal mechanism of earthquakes.

4. Conclusion

In this study, to obtain the tectonic stress regime of the
Gorgan-plain in the east of the South Caspian basin and its
adjacent areas, the focal mechanism of earthquakes with a
minimum magnitude of 3 in the period from 2011 to 2020,
which had appropriate and sufficient information, was solved.

The results indicate different mechanisms, including thrust,
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strike-slip and normal, which indicates the complexity
of the tectonic regime in the studied region. In order to
get the stress regime, the inversion analysis of the focal
mechanism of earthquakes was done; in addition to using
the resolved focal mechanisms, data from other reliable
sources were also used. By analyzing the earthquakes
with a minimum magnitude of 4 in the Gorgan-plain, the
Kopeh-Dagh in the east of the plain, and the entire eastern
region of the South Caspian, a compression regime with a
NNW-SSE trend was obtained. However, by analyzing all
of the earthquakes (smaller and larger earthquakes) in the
Gorgan-plain, a strike-slip regime was obtained, in which
the trend of the P and T axes were calculated NE-SW and
NW-SE, respectively. According to these results, the tectonic
stress regime of the studied area is summarized in Fig. 6.
The results show that the main stress regime in the east of
the South Caspian is a compressional regime with the NNW-
SSE trend, under which the main structures, such as folds and
thrust faults with the NE-SW trend, are formed. However, the
results indicate a local strike-slip regime in addition to the

regional compressional regime in the Gorgan-plain.
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Table 1. The mechanism data solved in this study (Coordinates and magnitude of the data taken from the Iranian Seismological Center, IRSC).

No. Date Lat. Lon. Depth Mag. Nodal plane 1 Nodal plane 2
CE) | CN) | (Km) (M)
Strike Dip Rake Strike Dip Rake
© © © © © ©
1 2011/02/07 | 37.39 | 54.59 19 3.7 299 75 -26 36 64 -163
2 2011/05/29 | 37.28 | 54.17 17.5 3.8 204 67 20 106 71 156
3 2012/01/10 | 37.39 | 54.57 12.4 3.8 291 71 -68 60 27 -136
4 2012/09/04 | 37.34 | 54.38 14.7 34 140 41 -74 299 50 -103
5 2012/12/19 | 37.15 | 54.37 33 4.1 55 45 82 244 45 97
6 2013/05/21 | 37.18 | 54.44 15.5 3.1 217 69 40 110 52 153
7 2013/11/14 | 37.36 | 54.38 24.9 3.7 81 69 -40 187 53 -153
8 2015/01/05 | 37.22 | 54.39 28.1 4.4 17 77 -54 124 37 -154
9 2015/01/31 | 37.28 | 54.45 19.2 4.1 93 41 -40 216 64 -123
10 2015/07/16 | 37.25 | 54:53 18.2 35 309 65 32 204 60 151
11 2015/09/11 | 37.23 | 54.49 29.5 3.6 29 64 -56 152 41 -139
12 2015/09/15 | 37.32 | 54.29 28 4.7 308 52 50 181 52 129
13 2015/09/18 | 37.31 | 54.31 27.6 35 312 90 70 222 20 180
14 2016/03/13 | 37.20 | 55.54 21.3 4 239 90 45 149 45 -180
15 2016/04/13 | 37.25 | 54.75 25.8 3.8 245 67 45 135 48 149
16 2017/04/22 | 37.34 | 54.43 26.2 4.2 313 48 -48 79 56 -127
17 2017/05/16 | 37.26 | 54.34 29 3.7 42 64 -16 140 75 -153
18 2017/06/30 | 37.22 | 54.44 17.7 4 42 54 37 288 60 137
19 2017/08/22 | 36.94 | 55.22 32.9 4.1 195 69 40 88 52 153
20 2017/11/01 | 37.36 | 54.02 17 3.9 2 74 -48 108 43 -157
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Figure 2. The resolved focal mechanism for the 2011/02/07 earthquake with a magnitude of 3.7 in the north of Agh-Ghala.
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Table 2. Earthquake mechanism data taken from sources 1) Priestley et al., 1994; 2) Nemati et al., 2013; 3) CMT catalog; 4) IRSC online catalog.

Lat. Nodal plane 1 Nodal plane 2 Source
No. Date cgy | Lo | Depth | Mag. : : : :
(°N) (Km) Strike | Dip | Rake | Strike | Dip | Rake
() () © © © ©

1 1970/07/30 37.84 55.89 11 6.4 293 56 -150 185 65 -38 1
2 1985/10/29 36.83 54.87 13 6.2 246 66 71 106 30 126 1
3 1999/11/19 37.30 54.39 26 54 080 32 78 274 58 97 2
4 1999/11/26 36.92 54.89 4 5.3 106 22 58 320 71 102 3
5 2000/08/16 36.73 54.38 15 4.9 240 34 78 074 56 98 3
6 2004/10/07 37.14 54.47 28 5.5 047 44 71 252 48 107 2
7 2005/01/10 37.06 54.53 29 5.2 069 31 68 274 61 102 2
8 2006/11/11 37.59 55.64 7.5 4.1 045 55 90 225 35 90 2
9 2007/08/30 37.14 54.44 13 4.0 062 67 -45 173 49 -149 2
10 | 2008/05/15 37.44 5491 10.8 4.1 047 78 -33 144 57 -165 2
11 2008/08/01 37.84 55.56 2.9 4.5 058 54 19 316 74 142 2
12 | 2008/08/25 36.78 54.86 23.1 4.0 058 57 32 309 63 142 2
13 2009/02/20 37.21 54.54 7.4 4.0 063 71 -36 166 56 -156 2
14 | 2009/04/15 37.77 55.71 9.4 4.1 095 52 50 328 52 129 2
15 | 2009/10/15 37.10 54.48 35.1 1.6 295 76 32 196 59 163 2
16 | 2009/10/15 37.11 54.49 383 2.2 300 70 30 198 62 157 2
17 | 2009/10/17 37.07 54.61 31.3 2.2 040 81 -5 130 85 -171 2
18 | 2009/10/26 37.30 54.66 443 3.8 305 60 42 190 54 142 2
19 | 2009/11/06 37.27 54.68 40.9 33 257 31 70 100 61 101 2
20 | 2009/11/16 37.09 54.47 15 3.6 80 62 -49 198 48 -141 2
21 2009/11/16 37.12 54.67 0.0 3.5 143 35 30 27 73 121 2
22 | 2009/12/03 37.13 54.54 15 3.6 072 77 -54 179 38 -158 2
23 2009/12/03 37.01 54.71 15 39 289 69 22 190 69 157 2
24 | 2009/12/14 37.16 54.53 19 34 78 81 -23 171 67 -170 2
25 | 2009/12/18 37.09 54.53 17 3.8 86 47 -14 185 80 -137 2
26 | 2010/03/04 37.27 54.51 23 4.6 045 54 -45 165 55 -45 2
27 | 2014/06/13 36.85 55.08 43 80 43 122 220 55 64 4
28 | 2020/09/06 36.94 55.13 5 5 36 61 -7 129 84 -151 4
29 | 2020/09/26 38.12 55.99 6 52 54 84 -1 144 89 -174 4
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Figure 3. Focal mechanisms of earthquakes in the east of the South Caspian. Mechanisms solved in this study are

shown in red and other mechanisms in black. The names of faults are similar to Fig. 1.
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Figure 4. Maps (a and b) and histograms (c and d). a, c) the trend of compressive kinematic axes (P), and b, d) the trend of

tensile axes (T) obtained for each of the studied earthquake mechanisms. The red arrows indicate the axes obtained from the

focal mechanism of the earthquakes solved in this study and the black arrows indicate the axes obtained from the collected

focal mechanism data. Rose diagrams inside the maps are related to the trend of kinematic axes resulting from Gorgan-plain’s

earthquakes. The faults are similar to Fig. 1.
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Figure 5. The results of the inversion of the earthquake focal mechanism data on the Stereonet for a) all earthquakes in the

Gorgan-plain, and earthquakes with a minimum magnitude of 4 in, b) the plain, c) studied areas (including the Gorgan-plain and

adjacent areas), and d) the Kopeh-Dagh.
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Table 3. The stress parameters resulting from the stress inversion according to Fig. 5. SS and TF indicate the strike-slip and compressive tectonic

regimes, respectively. StDev is the standard deviation and SHmax is the maximum horizontal stress axis.

Tectonic stress Regime
Horizontal Stress Axis
NO.

Regime R’ StDev. SH . StDev.
a SS 1.77 +0.16 058 +12
b TF 2.38 +0.25 164 +20.8
c TF 2.24 +0.2 168 +14.9
d TF 2.5 +0.14 167 +20.6
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Figure 6. The map of kinematic axes obtained in this research. The structures shown are taken from Berberian
(1983) with a slight modification where the Neogene-Quaternary folds (Berberian, 1976a, 1981; Huber, 1977) are
marked as two perpendicular lines. The larger gray arrows show the stress from the analysis of the earthquakes

with a minimum magnitude of 4 in the entire study area and the smaller gray arrows show the results of the

analysis related to the earthquakes with a minimum magnitude of 4 of Kopeh-Dagh (right) and Gorgan-plain (left).

The analysis results for all earthquakes of the plain are displayed in a Stereonet with blue arrows (compressive

axis) and red arrows (tensile axis).
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Appendix 1. Resolved mechanisms of earthquakes in this study
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