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Abstract

We can be considered the Oman Line in the south of Iran as transition zone of two completely different seismotectonic zone,
Makran subduction zone in the east and Zagross continental collision zone in the west. Studies of the stress and strain fields are
very important in geodynamic analysis. So in this study, the stress and strain fields are considered in around of Oman Line to
analyzing this region in terms of geodynamic. To achieve this purpose, amount of stress and their directions calculated by
iterative joint inversion. From the east to the west of Oman Line, with transition from Makran to Zagross, the azimuth of
maximum horizontal stress, reduced from 4.8° to 2.43°. In the previous studies, the direction of maximum stress is obtained
N28° in the Arabian plate and N8° in the Iran. This amount in the world stress map approximated N31° for the Arabian plate.
In this research direction of stress resulting from inversion obtained about N§° in the Zagross-Makran transition zone. It seems
Zagross collision zone acts as a geodynamic boundary that changes the stress from N31° to N5°. Due to the direction of stress
obtained in this study (about N5°) and trend of ZMP fault system (N160°), transpressional mechanism for ZMP is expected.
Also mechanism of Sabzevaran-Jiroft -Kahnooj (SJK) fault system with an approximately north-south trending would be
strike-slip mechanism. To surveying the strain field, considered the GPS data for finding the velocity vectors. Maximum
difference between velocity vector and azimuth of maximum horizontal stress is obtaining 10 degrees in the BABS station,
which it is in of transition zone. This cab is a reason for the existence of crushed zone in the Zagross-Makran transition zone.
Also, in both sides of transition zone, the azimuth of velocity vector reduced from the west to the east.
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1. Introduction

Coloumb, a French physicist, provided Coulomb failure
criterion in 1776 [1]. Anderson (1905), Hoskins (1896), and
Van Hise (1896), by using of theories Coulomb and other
researchers determined the direction of the principal stresses
for a conjugate set of pages [2, 3 and 4]. Methods of
determining the stress in the crust are divided into two main
categories that are as follows: direct methods (e.g. flat jack,
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hydraulic fracturing and over coring) and indirect methods
(e.g. acoustic radiation, borehole failure and fault plane
solution). In many studies, geodetic observations are used to
determine the pattern of regional strain rate. Shen et al.
(1996), Cai and Grafarnd (2007), used a technique known as
discretization [5, 6]. Other way is using inversion technique
to determine the strain field that Spakmn and Nyst (2002)
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used this method [7]. Allmendingr et al. (2007) used the
nearest neighbor and weighted distance methods, to obtain
the velocity fields [8]. In this study, to determination of stress
field will be used method of focal mechanism inversion [9].
Also, will employing the GPS datas to determining the strain
rate. The target region is Zagross- Makran transition zone in
Iran, from 51 to 60°E and 25-30°N (Fig. 2).

2. Tectonic Setting

In the Strait of Hormuz in south of Iran (26.5° N and 56.5°
E), the Arabian plate at avelocity of 25-23 mm/ yr (measured
by GPS), converges with Eurasia [10, 11, 12, 13 and 14]. Due
to convergence of Arabia and Eurasia plates, has been
created two different zones: continental collision (Zagross)
and oceanic subduction (Makran) in West and East Strait of
Hormuz, respectively. The shortening rate of Zagross is
obtained about 10 mm/yr by with GPS measurement [15, 16
and 17]. The total amount of shortening, in some studies,
about 50 km [18, 19] and according to other studies, about 85
km is estimated [20]. Zagross is very active in terms of
seismicity. More than 50 percent of Iran's earthquakes
recorded by the global networks have occurred in Zagross
[21]. Convergence rate in Makran rises from the West (36.5
mm/yr near the Strait of Hormuz) to East (42 mm/yr in the
eastern border Makran) [22, 23]. Transition between Zagross
collision zone and Makran subduction zone located in near of
Strait of Hormoz. The convergence velocity in Zagross
collision zone rises from the northwest to the northeast. This
amount in transition zone is from 9+2 mm/yr to 19+2 mm/yr
[13, 14]. In West of longitude 57 degrees, shortening
associated with the convergence of the Arabian and Eurasian
plates has been detected as folding and thrust faulting. In the
east of longitude 57 degrees, created accretionary wedge
regime in the south Jazmurian subsidence. In many researchs,
the transition zones between Zagross and Makran have been
described as Oman Line, which extends with trend of N20° E
from Musandam peninsula to the north (e.g., [24, 25 and
26]). "Oman Line" separates the continental environment in
the West and oceanic crust in the East.

3. Determination of Stress
Field

The inversion methos for calculation of stress field based on
focal mechanisms are developed by a number of researchers
[27, 28 and 29]. There are several common hypotheses in all
methods of Inversion [30]:

As for slickenside lineations on exposed fault surfaces,
seismic slip is assumed to occur in the direction and sense of
the shear stress component resolved on the fault plane [31].
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Where s is the slip vector and t is the component of shear
stress on the fault plane.

Thus, the inversion of direction of slip vector can not give all
the components of the stress tensor. However, this data can
be used to identify the principal stress direction and shape
ratio R (relative difference between magnitudes of principal
stress). Gephart and Forsyth (1984), defined the shape ratio R
as below:

R =((0, =, 0,)/(,0y =, 07) (2)
Where 03, 0, 0y are principall stresses and 03 < 0, < 0y.

The forward problem for a specified fault is as follows: can
be calculated slip derections with reduced stress tensor and
fault plane geometry, then, we would seek to minimize the
calculated slip direction in the inversion. Finding the reduced
stress tensor means finding 4 components from 6 components
of stress tensor. The other two components (magnitude of
maximum shear stress and isotropic component) can not be
achieved without supplementary data:

a The physical properties of rocks are assumed to be
homogeneous within our region. But, indeed the stress
tensor changes in the horizontal and vertical direction. If
the stress state is considered for a large region, inversions
should be conducted within smaller size cells that fill up
the complete region of interest, each sampling volume
being small enough for the assumption of stress uniformity
to remain valid [32].

b The focal mechanisms considered for the inversion are
supposed to sample the unperturbed regional stress field.
Hence they must be independent of each other, i.e. they
must involve events that are far enough from each other so
that stress variations associated with any previous
earthquake do not influence in a significant manner the
stress field near the event under consideration.

3.1. Michael’s Linear Inversion

If the measured tangential traction on fault planes in a region
can be obtained an image of stress field the region [29, 31].
The purpose of stress inversion, is finding the stress tensor,
which is cause of faulting. In this way will be used from the
shear tension 1 and normal tension on with the following
equations:

Oy = Tini = Tijninj (3)

TN =T — 0any; = Ty — Ty = Ty (S — nymy) (4)

Where T is tension and N is direction of unit vector of shear
stress. The final equation is:
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Tij1 (6 — nymy) = TN; (5)

To solving the right side of equation 4, Michael applied the
Wallace-Bott hyphothesies and determined the direction of
shear stress and slip in fault strike. We can write this equation
in Matrix format:

t is the vector of stress component.

[t11]
[ T12 |
t=]|T13 @)
T22
T23

At =s (6)  And A is a matrix based on normal vector n.
3 +2n3) n,(1-2nf) ny(1—2nf) ny(—nj+nj) —2nynyng
A=|ny(-ni+nd) n(1-2n3) —2mmns  ny(nf+2nf) na(l-2n3) ®)
ny(=2nf —n3) —2mynpn;  ny(l1- 2n3) nz(—nf —2n3) n,(1— 2n3)

Also, s is the direction of slip vector. Finally, can be solved
the system of equations with generalized inverse problem
[33].

3.2. Iterative Joint Inversion Method

Lund and Slunga applied the fault instability criteria in
inversion of Gephart and Forsyth (1984) and improved its
performance [28]. But, Iterative joint inversion method used
these criteria in Michael’s Method (1984). Michael’s linear
inversion method will obtain the direction of principal
stresses with accuracy. But, will obtain shape ratio R with a
lot of error. Instability criteria will be obtained by following
equation [34]:

_ T-p(o-1)
I= u+ /14 p2 ©)

Where:
o= n?+ (1-2R)nZ — n} (10)

t=yn?+ (1-2R)2nZ + n?2— [n? + (1 -2R)?2nZ + n2]2 (11)

The value of instability is from zero (maximum stability) to
one (minimum stability).

z-“

Fig. 1. Fault definition instability in the Mohr's diagram. The red dot marks
the tractions of the principal fault (i.e. the most unstable fault in the
stressfield, characterized by instability I=1. The black dot marks the tractions
of an arbitrarily oriented fault with instabilityl. Quantities tandcare the
effective principal stresses [34].

In the algorithm of iterative joint inversion the Michael’s
method is first applied in a standard way without considering
any constraint and with no knowledge of the orientation of
the fault planes. After finding the principal stress directions
and the shape ratio, these values are used for evaluating the
instability (equation 9) of the nodal planes for all inverted
focal mechanisms. The fault planes are the nodal planes
which are more unstable. The orientations of the fault planes
found in the first iteration are used in the second iteration
performed again using Michael’s method. The procedure is
repeated until the stress converges to some optimum values.
To surveying instability equation with equation 9, we used
various values for p ranging from 0.2 to 1.2. Then, the value
producing the maximum instability is reserved for the
inversion. Numerical tests show that this iterative inversion is
fast and accurate and performance better than linear standard
inversion.

In this research, we used focal mechanism data from reliable
references, such as:

* Global CMT (Centroid Moment Tensor) Project from
1977 to 2012.

* European Mediterranean Seismological Centre, from 1956
to 1977.

* [ranian seismological centre, from 2012 to 2015.

* Earthquake catalog entitled Basic Parameters of
Earthquakes in Iran, and published articles [36, 37].

¢ For events that occurred after 2012, the focal mechanisms
were processed by the ISOLA software developed using
broad-band records of seismic stations in the study area
[37].
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Fig. 2. Major faults location and earthquakes focal mechanisms (My > 5). Earthquakes depth is showed by three colors. Yellow: <20 Km, Blue: 20-40 Km and
Red: > 40 Km. Also, location of Zendan-Minab-Palami fault system (ZMP), Oman Line (OL) and Main Zagros Thrust (MZT) are represented in figure.

To observe the third assumption (independence focal
mechanisms) in this paper selected Pearson's correlation [38],
between the rupture radius (r) and seismic moment (M,) and
relation between moment magnitude (My) and seismic
moment (M) was presented [39]:

log(r) = 0.33log(M,) — 4.18 (12)
(13)

Combinations of two equations give me following equation
between rupture radius (r) and moment magnitude:

log(M,) = 1.5log(My,) + 16.1

Log(r) = 0.5 log(M,,) + 1.12 (14)

According to magnitude of events, the rupture radius will be
calculated. Twice the radius of rupture, it is called the radius
of Rad. In this study also, to assume the independence of
events, the distance of each event with previous events was
calculated and the minimum distance (R,,;,) was excluded. If
the minimum distance is greater than the radius of Rad, this
event is selected for the inversion of focal mechanisms. In
fact, with this selection, the influence of stress field
associated with this event is determined independently.

4. Results of Stress

After removing inappropriate data, based on the distribution

of earthquakes we divided the study area into smaller zones,
to observe the condition of homogeneous stress field. Thus,
the area around the Oman Line is divided into four zones,
three zones in the West of Oman line and a zone is located in
the East. Available datas and zones considered to be the
stress field they will be shown in figures 2 and 3. From total
of 157 focal mechanisms available, the number 101 focal
mechanisms were chosen for inversion. Table 1 shows the
stress direction resulting from the inversion process.

Also, the maximum horizontal stress (SH) were determined
in four zones (Table 1 and Fig. 3). The maximum and
minimum angle, are accociated with the zone 3 (6.31°) and
zone 2 (2.43°), respectively. In both sides (Zones 1 and 2) of
Oman Line the maximum horizontal stress is reduced from
East to West (from 4.80 degrees to 2.43 degrees). In all of the
zones, the maximum stress directions (o) are northeast-
southwest trending.

In zones 1, 2 and 3 angle of plunge in o3 is about 90 degrees,
and is more than the angle in 6, and &, which represents the
reverse faulting in these regions. But, in zone 4, the plunge of
0, is close to 90 degrees and is more than the plunge in 6; and
03, which indicate strike-slip faulting in this zone. The amount
of the shape ratio R only in the zone 1 is a medium value
(0.54), but in other zones are high values (more than 0.76).

Table 1. Directions of principal stress in around of Oman Line.

01 G2 G3 q q I
f:::llleber Trend plunge Trend plunge Trend plunge (Sl;l;‘ pe ratio sl\;[rae’:sn(lgelzrl;gléo(ggl
(degree) (degree) (degree) (degree) (degree) (degree)
1 184.34 17.15 94.10 0.76 1.63 72.82 0.54 4.80
2 188.80 8.10 98.31 3.47 345.31 81.17 0.76 2.42
3 32.59 5.47 299.24 31.34 131.45 58.07 0.88 6.31
4 211.45 7.31 333.99 76.57 119.99 11.19 0.88 4.41
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Figure 4 shows the principal stresses in the four zones of Oman line. Also, Figure 5 shows a histogram of shape ratio for the
four zones. Minimum and maximum dispersion are related to zones 4 and 3, respectively, which large amount of distribution
represents the more error for shape ratio. Confidence limits for stress calculation are represented in Fig. 6, which are very

negligible.

Fig. 4. Diagram of principal stresses in blocks 1 to 4 (left to right, respectively). Circle, cross and plus represents the direction of 6;, 6, and o3, respectively.

Ghasem Ghorbani Rostam et al.: Geodynamic and Tectonic Setting of Oman Line in South of Iran

Fig. 3. Stress direction in the study area. Black arrows represent the direction of stress obtained in this paper.

Locations of principal stresses are represented by green color.
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Fig. 5. Shape ratio histogram for four blocks. (left to right, respectively).
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Fig. 7. Time series in the GPS stations. a) Shiraz, b) Lamard, c) Baft, d) Bandar-Abbas and ¢) Fahraj. Up to down represented respectively East-West, North-
South and Height cmponents. Horizontal and vertical axes are respectively time (yr) and displacement (mm).

Strain rate: To finding the strain field, used from GPS
permanent network datas in the study area during 2010 and
2011. The network stations record the change of displacement
as time series in the three components of north-south, east-
west and height (Figure 7), which can be determined velocity
vectors by using them. Position and velocity vectors of stations
are shown in Figure 8. East-west and north-south components
of time series, shows the displacement relative to the fixed
reference Eurasia. As can be seen in all the time series (Figure
7), East-West component has been slower than north-south
component. Time series of east-west component of Fahraj
station unlike other stations do not have regular trend, so in
early and late 2010 is its speed downward trend. Elevation

components of time series show the amount of subsidence or
uplifting. Except BAFT station, in elevation components of
other stations can be seen the overall trends of subsidence.
Also, zigzag trending in Bandar Abbas and Shiraz can be due
to the beginning and end of rainfall seasons and groundwater
accumulation.

The maximum and minimum magnitude of the velocity
vector, were calculated in stations BABS (23.64 mm/yr) and
FHRJ (8.53 mm/yr), respectively. Also, the maximum and
minimum angular of velocity vector towards the north are
accociated to the stations BABS (15.11 degrees) and SHRZ
(-0.38 degree), respectively. According to Table 2 amount of
calculations uncertainty is very low.

Table 2. Strain rate related to Eurasian reference frame.

Station E Rate (mm/yr) N Rate (mm/yr) oE oN correlation a(®) M
ABRK 0.55 14.55 0.83 0.83 -0.001 2.17 14.56
BAFT 2.47 15.07 0.82 0.81 -0.001 9.31 15.27
BABS 6.16 22.82 0.93 0.92 -0.001 15.11 23.64
SHRZ -0.10 15.15 0.84 0.84 -0.001 -0.38 15.15
LAMD 2.57 20.45 0.90 0.90 -0.001 7.17 20.62
FHRJ 1.24 8.44 0.90 0.90 -0.001 8.37 8.53

Figure 8 shows the velocity vectors obtained from GPS data in this paper. The azimuth of velocity vector from the West to the

East of transition zone first increased and then reduced. Fahraj station (FHRJ) to about 8 mm/yr had the lowest velocity.
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Fig. 8. Velocity vectors estimated from GPS data: collected in this research during the 2010 and 2011 campaigns in Eurasia fixed reference frame. Red circles
represent GPS stations. Velocity vectors in the west and the east of Oman-Line is showed by blue and black arrows, respectively.

Bayer et al. [11] calculated the velocity vector direction
relative with the fixed reference Arabian plate. These vectors
have a clockwise rotation in the transition zone of the
Zagross-Makran. If we plot the velocity vectors related to the
Eurasian, we will see a counterclockwise rotate. It seems that
the reason for the NW-SE trending of ZMP (Zendan-Minab-
Palami) fault system.

The maximum horizontal stress obtained from interpolation of

U U T 12V 140 160

4
A

more than 6000 world stress map datas (Fig. 9) [40]. The
direction of maximum stress in the Arabian plate and Iran are
N28° and N8°, respectively. Heidbach et al. (2009) obtained
N31° for the direction of stress with boreholes failure method
in the Arabian plate at 44.7° E and 19.05° N. In this study, the
direction of stress resulting from the inversion in Zagross-
Makran transition zone is estimated around N5° (Fig. 3) [41].
It seems Zagross collision zone acts as a geodynamic boundary
that changes the stress from N31° to N5°.
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Fig. 9. Maximum horizontal stress direction in the world [40]. Iran is marked square.
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5. Conclusion

In this study, direction of the principal stress is determined by
the iterative joint inversion method. Also, the strain field
using GPS data was reviewed and based on their results,
geodynamic analysis was performed.

Maximum amount of velocity vector is observed in Bandar
Abbas (BABS), which could be the reason for the existence
of crushed zone in the Zagross-Makran transition zone.
Maximum azimuth of maximum horizontal stress is obtained
up to 6.31 degrees, which is in good agreement with the
Arabian plate moving to the Eurasian plate. The results of
paleo stress studies, such as Lacombe et al., (2006, 2007)
(equivalent to zones 3 and 4) [42, 43] and the Dolati and
Burg (2013) in Makran, partly in accordance with the results
of this research [45]. The present stress calculated with
iterative joint inversion method. In comparison with
paleostress, differences in the amount +£20°, but is consistent
with the stress on the world stress map.

The dominant stress directions in zones 1, 2 and 3 on the
around of Oman Line, indicate the existence of reverse faulting
in the Zagross- Makran transition zone. Due to the direction of
stress obtained in this study (about N5°) and trend of ZMP
fault system (N160°), transpressional mechanism for ZMP is
expected. Also, mechanism of Sabzevaran-Jiroft-Kahnooj
(SJK) fault system with an approximately north-south trending
would be strike-slip mechanism.

In previous syudies, the direction of maximum stress in the
Arabian plate and Iran approximated N28° and NB8°,
respectively, and this value obtained N31° in the Arabian plate at
44.7° E and 19.05° N. According to the direction of stress in
Zagross - Makran transition zone, show resulting from the
inversion (N5°). It seems Zagros collision zone acts as a
geodynamic boundary that changes the stress from N31° to N5°.

In the field strain study based on velocity vectors that
obtained from GPS data, was found in Bandar Abbas
(BABS) which is adjacent to Oman line, the rate of
displacement, both in terms of magnitude and in terms of the
azimuth is greater than the other station. On the other hand, is
seen only in the station at about 10 degrees difference
between directions of the stress and the strain. This shows
that the strain field of Zagross-Makran transition zone had
the significant changes than the surrounding regions. On
either side of transition zone neighbors, azimuth velocity
decreases from West to East.

The velocity magnitude vector obtained from GPS data. In
Fahraj station have the lowest value. The station is located
near Lot stable block, could be due to the small size of the
vector. Because central Iran and Lot block is confronted with

less surface deformation.

From time series of all GPS stations was observed that the
east-west component has been slower than north-south
component. There is the overall trend of subsidence in
Elevation component of all stations, except BAFT station.
Zigzag trending in elevation components of the Bandar
Abbas and Shiraz stations can be due to begining and ending
the seasons of rainfall and groundwater accumulation.
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