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ABSTRACT

In this paper the short-term seismic deformation of  Iran is determined by
the earthquake moment tensor summation. The study areas include the
Alborz, Kopeh-Dagh, eastern Iran, Makran and Zagros orogenic belts.
The spatial distribution and focal mechanisms of  the earthquakes delin-
eate the deformation zones. The mean directions of  the P and T axes are
determined by the equal area projection of  the seismic moment tensors.
The orientations of  the P-axes are dominantly correlated with the NE
crustal motion of  Iran relative to Eurasia. The average strain rates are cal-
culated in all of  the regions. The maximum shear strain and dilatation
rates are defined by the eigenvalues of  the average strain rate tensors. The
dilatation rate indicates that not only the dominant compression but also
the subsidiary tension affects the Alborz and Makran orogenic belts. The
velocity tensor components discriminate the vertical thickening and thin-
ning of  the crust in some regions of  Iran. The seismic deformation rates,
which are determined by the velocity tensors, are smaller than the geo-
detic deformation rates. In the high seismic deformation zones, such as the
eastern Iran and Alborz, the geodetic deformation rate is comparable with
the seismic deformation rate. Our results indicate that the NW Zagros
and Kopeh-Dagh have the lowest seismic deformation rates. The seismic
shortening rate increases from NW to SE in the Zagros orogenic belt. The
seismic deformation orientations are different from the P-axes, probably
due to the lateral translation. The maximum percentage of  the seismic de-
formation in the study areas is related to the eastern Iran and the mini-
mum one is related to the Makran orgenic belt. The average shape tensors
indicate that the focal mechanisms in the Kopeh-Dagh have the highest in-
ternal similarity. The eastern Iran has the largest seismic moment rate,
while the central Zagros has the lowest one.

1. Introduction
The Arabian-Eurasian convergent plate boundary

zone is one of  the largest deformation zones on the
Earth [Allen et al. 2004]. The Iranian Plateau is located
between the Arabian and Eurasian plates [Sobouti and
Arkani-Hamed 1996] and Iran occupies the western
part of  the Iranian Plateau [Zamani and Hashemi
2000]. Figure 1 shows the location of  Iran in the Iranian
Plateau on the shaded relief  map. 

Deformation in the Iranian lithosphere is governed
by the northern convergence of  the Arabian plate rela-
tive to the Eurasian plate, lateral heterogeneities in the
strength of  the lithosphere [Sobouti and Arkani-Hamed
1996] and the disposition of  the rigid blocks within the
collision zone [Vernant and Chéry 2006]. Deformation
everywhere in Iran involves intra-continental shorten-
ing except the Gulf  of  Oman, where oceanic litho-
sphere subducts northward under the SE of  Iran [Byrne
et al. 1992, Jackson et al. 1995]. 

The rates of  deformation in the Arabia-Eurasia
collision zone are becoming better constrained through
a combination of  plate circuit and Global Positioning
System (GPS) studies [Allen et al. 2004]. The result of
GPS networks within Iran gives lower estimates of  the
Arabia-Eurasia convergence rate than earlier, the non-
GPS models [DeMets et al. 1990, 1994, McClusky et al.
2000, Vernant et al. 2004, Allen et al. 2006]. The primary
link of  GPS to the earthquake rate estimation, stems
from the fact that crustal strain measured at the Earth’s
surface eventually manifests itself  to some extent in
brittle failure; that is, an earthquake [Ward 1998a].

Geodetic strain and seismic deformation (which
is obtained by the seismic moment tensors) recorded
over a few years, are the short-term geophysical meas-
urements that allow one to define the strain rate tensors
and their comparison is important for understanding
the seismic hazard assessment [Masson et al. 2005]. The
theoretical range of  the seismic/geodetic strain rate
ratio is between 0 and 1 if  the geodetic strain rate is not
biased by co- and post-seismic deformation. Larger
value shows that the deformation occurs mainly seis-
mically, in turn if  it is lower, the aseismic deformation
is a dominant or stress accumulation is underway which
can increase the level of  the seismic hazard. The seis-
mic/geodetic ratio is consistent with the distribution
of  the size of  the earthquakes in Iran. In the seismo-
genic regions where big earthquakes occur its value is
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much larger than in the regions where small earth-
quakes occur [Bus et al. 2009]. 

The short-term deformation is contributed to the
earthquake-related deformation, while the long-term
deformation is related to the mountain building
processes [Klotz et al. 2006]. Also, the GPS-derived de-
formation includes transient elastic deformation related
to the earthquakes, which present a short-term defor-
mation [Khazardze and Klotz 2003]. Yang and Liu
[2010] compared the geologically derived crustal mo-
tion with the short-term deformation model con-
strained by the GPS data in the southwestern United
States. They showed that the driving forces for the
short-term crustal deformation as measured by the
GPS differ from those constrained by the geologically
reconstructed long-term crustal deformation. The GPS
measurements of  1999-2001in Iran and northern Oman
provide new velocity data to quantify the present day
plate motions in the Middle East [Vernant et al. 2004]. 

The short-term seismic deformation in this study
is estimated using the instrumental (post-1976) catalog
from the Global Centroid Moment Tensor (GCMT)
(see Data and resources section). This catalog includes
the high accuracy seismic moment tensor components
that constrained using the seismic waves and are used
to calculate the short-term seismic crustal deformation.
Masson et al. [2005] suggested that the direction of  the
seismic strain rate tensor could be determined using
the instrumental seismicity catalogs. Long-term seismic
deformation, according to Masson et al. [2005], is con-
strained using the instrumental and historical (pre-
1900) catalogs in which the empirical relationships are

essential for estimation. 
Unlike the instrumental catalogs, historical ones

include the pre-1900 earthquakes. Theses catalogs suf-
fer from several uncertainties that can dramatically ef-
fect on the seismic moment and then on the seismic
strain rates. For example, the epicentral locations of  the
historical earthquakes and the empirical relations be-
tween their intensity, magnitude and seismic moment
have large uncertainty. A few number of  historical
earthquakes are inappropriate for calculate the seismic
strain rate. Also, the fault features may be eroded and
changed during the hundreds of  years. 

According to the mentioned reasons, it is not nec-
essary to use the inaccurate and uncertain historical cat-
alogs and their empirical relations to estimate the
seismic deformation, because they add more errors into
the results and interpretations. Therefore, we decide to
compare the short-term seismic crustal deformation,
using the instrumental catalog, with the short-term
GPS measurements to find reasonable relationships be-
tween them and infer the solid earth deformation. 

It is applied for estimation of  the short-term seis-
mic crustal deformation that requires the knowledge
of  both the fault plane solution and the seismic mo-
ment for each earthquake [Tselentis and Makropoulos
1986, Jackson and McKenzie 1988, Ekstrom and Eng-
land 1989, Papazachos and Kirtzi 1992]. The focal mech-
anism solutions provide fundamental information about
the tectonic processes in the seismogenic regions [Vam-
vakaris et al. 2006]. Figure 2 shows the focal mechanisms
of  the earthquakes that occurred during the period of
1976-2013 in the target areas. The moment tensors,
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Figure 1. Shaded relief  map shows the location of  Iran in the Iranian Plateau. 
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which are related to the size of  the corresponding earth-
quakes, can be used to determine the crustal deforma-
tion of  a seismogenic volume [Kostrov 1974, Jackson
and McKenzie 1988, Ward 1998a,b, Qin et al. 2002]. 

Jackson and McKenzie [1988] estimated the seis-
mic deformation for the Alborz, Kopeh-Dagh, eastern
Iran and Zagros orogenic belts using the 70 year’s data.
These authors only used 17 and 30 earthquakes to esti-
mate the seismic deformation for the whole Zagros and
for the whole Alborz, Kopeh-Dagh and eastern Iran
orogenic belts, respectively. Nearly, two-thirds of  their
data was pre-1976. They only used 20 years’ data for es-
timation the a-b values and suggested that the 70 years’
seismicity is representative of  longer periods, while
Masson et al. [2005] proposed that a few earthquakes
recorded over a short period may not be representative
strain direction and intensity over a much longer
timescale. The scalar moment, Mo, in the Jackson and
McKenzie’s data was obtained from the empirical rela-
tion (Mo - Ms). They did not divide the Zagros orogenic
belt into the several boxes, whereas the seismicity, tec-
tonic processes, crustal thickness and seismic shorten-
ing rate in some parts of  the Zagros are different from
the other parts. We will discuss that the shortening rate
in this orogenic belt increases from NW to SE. 

Jackson and McKenzie [1988] also considered the
Alborz, Kopeh-Dagh and eastern Iran as a one zone,
while the earthquake mechanisms, seismicity and tec-
tonic processes in these regions are different from each
other. For example, the dominant fault mechanism in
the Kopeh-Dagh (right-lateral motion) is different from

the Alborz and eastern Iran (left-lateral motion). We
will discuss in detail in the following sections that the
Kopeh-Dagh has dominantly an aseismic deformation
while Jackson and McKenzie [1988] and Masson et al.
[2005] believed that this region has the high seismic de-
formation. 

The objectives of  this paper are to determine the
rates and orientations of  the short-term seismic defor-
mation and estimate the mean directions of  the com-
pressional and tensional axes (P and T axes) in the study
areas. The orientations of  the seismic and geodetic
shortening will be compared with each other and with
the P axes ones. In this study we will state exhaustively
the seismic deformation percentages of  the target re-
gions and compare them with the previous studies. We
are going to compare the seismic shortening rate with
the maximum shear strain rate. The dominant and non-
dominant fault mechanisms and tectonic processes of
each zone will be determined using the average strain
rate tensor, velocity tensor and dilatation rate. Finally,
by summation the seismic moment tensor components
of  the earthquakes, Gutenberg-Richter and moment-
magnitude relations, we will determine the seismic mo-
ment rate (which describes the size of  deformation) in
the study areas. The earthquake moment tensors in this
paper are selected from the GCMT catalog for the pe-
riod of  1976-2013. We delineate the deformation zones
into 7 regions (zones) with characteristic fault patterns
and seismotectonic structures that selected not based
upon GPS benchmarks but based on the spatial distri-
bution and focal mechanisms of  the earthquakes to
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Figure 2. The focal mechanisms of  the earthquakes occurred during the period of  1976-2008. The selected earthquakes are obtained from
the Global Centroid Moment Tensor (GCMT) catalogue.



avoid overlapping of  different style of  deformation.
The study areas in this paper comprise the Alborz

(1), Kopeh-Dagh (2), eastern Iran (3), Makran (4) and
Zagros (5a, 5b and 5c) orogenic belts (Figure 3). There
are intersections between several orogenic belts, such as
Makran and SE Zagros. Following Bressan et al. [2003],
computation of  the seismic deformation is weighted on
the seismic moment tensor of  earthquakes that occur-
ring in the considered volume and this weight increases
with increasing magnitude. Therefore, if  earthquakes
do not occur in the intersections between two zones,
the interpretation of  the earthquake seismic moment
tensors would not confront with the problems. In the
intersection between the SE Zagros and Makran oro-
genic belt, there are not many earthquakes except two
small ones.

2. Tectonic setting

Alborz
The Alborz forms a high arc of  mountains from

49°E to 56°E [Jackson et al. 2002]. The Alborz orogenic
belt is an excellent example of  coeval strike-slip and
compressional deformation [Allen et al. 2003]. Most of
the focal mechanisms in this belt show either reverse
faulting or left lateral strike-slip on faults parallel to the
regional strike of  the belt [Jackson et al. 2002]. 

The northward convergence of  central Iran to-
ward Eurasia and the NW movement of  the southern
Caspian Basin with respect to Eurasia influenced these
mountain ranges. These motions give rise to a NNE–

SSW transpressional regime in these mountains except
in the central Alborz, where a young and active
transtensional regime with a WNW–ESE extensional
axis exists [Ritz et al. 2006, Jafari 2007]. Vernant et al.
[2004] suggested that the geodetic shortening rate of
the Alborz is nearly 8 mm/yr. 

Kopeh-Dagh
The Kopeh-Dagh orogenic belt is oriented 120°N

with a length of  700 km; it is an active structure that
stretches from the Caspian Sea along the Turkmenistan
border (Eurasian plate), to Afghanistan [Zamani et al.
2008]. 

The results of  the free-air gravity anomalies show
a depression characteristic of  the bending in a foreland
basin that whereby the Kopeh-Dagh mountain ranges
had been thrusted over the Eurasian plate [Hollingsworth
et al. 2006]. 

The earthquakes in the Kopeh-Dagh involve mostly
right-lateral strike-slip faults with N to NNW-trending
or reverse faulting parallel to the NW of  the regional
strike [Falcon 1969, 1974, Tchalenko 1975, Berberian
1981, Jackson and McKenzie 1984, Jackson et al. 2002].
The geodetic shortening rate in this area is about 6
mm/yr [Vernant et al. 2004].

Eastern Iran
The combination of  the dominant E-W left-lateral

faults and the subordinate N-S right-lateral strike-slip
faults with thrust faults trending NW-SE indicates that
the eastern part of  the Iranian plateau is undergoing a
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Figure 3. Location map showing the orogenic belts in which seismic deformation is determined [1]; Alborz [2]; Kopeh-Dagh [3] eastern Iran
[4]; Makran [5a, 5b, 5c]; Zagros. 
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structural rotation [Sobouti and Arkani-Hamed 1996].
The northward transition from N-S strike-slip to diffuse
thrusting, probably results from the more regional
change to E-W left-lateral faulting farther north. The
accommodation of  N-S right-lateral shear on E-W left-
lateral structures require clockwise vertical axis rota-
tion, which in turn results either in shortening across
the strike-slip faults themselves, or in diffuse deforma-
tion of  intervening crustal material [Walker and Khatib
2006]. The mean geodetic shortening rate of  this region
is nearly 9 mm/yr [Vernant et al. 2004]. 

Makran
The Makran accretionary prism is the part of  the

Alpine–Himalayan mountain chain that extends about
1000 km from 57°30´E to 66°30´E [Barzi and Talbot
2003, Grando and McClay 2007]. Its frontal thrust is lo-
cated about 70 km seaward. The onset of  this subduc-
tion of  an oceanic part of  the Arabian Plate beneath
Eurasia is estimated to Palaeogene times, while accre-
tion started during Eocene times. The modern accre-
tionary prism has developed since late Miocene and is
still propagating seaward [Peyret et al. 2009]. 

The present-day seismicity of  the Makran is low.
The large magnitude events are related to the down
going plate at the intermediate depths or to the super-
ficial large historical earthquakes in the eastern Makran
[Bayer et al. 2006]. Deeper (>60 km), normal faulting
events occur further landward likely within the sub-
ducting plate. A swarm of  strike-slip events occurred
further landward from 1978 to 1980 [Byrne et al. 1992,
Smith et al. 2012]. 

The geodetic shortening rate of  the Makran is
about 19 mm/yr as estimated by Vernant et al. [2004]. 

Zagros
The Zagros orogenic belt is about 1500 km long

with a 250-400 km wide. It runs from the eastern Turkey
to the Oman Gulf, where it dies out at the Makran sub-
duction zone [Tatar et al. 2002]. The Zagros orogenic
belt forms a prominent tectono-stratigraphic unit in the
southwest of  Iran [Talebian and Jackson 2004]. The Za-
gros orogenic belt consist 6-15 km thick sedimentary
pile that overlies on the Precambrian metamorphic
basement [McCall 1997, Regard et al. 2010]. 

The crustal shortening in the Zagros shows a
transfer of  strain from the predominant longitudinal
pure thrust-slip to the occasional transverse pure right-
lateral slip [Berberian 1995]. The convergence velocity
accommodated by the Zagros collision increases pro-
gressively from NW to SE [Regard et al. 2010]. 

The large magnitude earthquakes are restricted to
the SW of  the Zagros topography [Hatzfeld et al. 2010].

The SE Zagros shows very intense but low magnitude
seismicity [Bayer et al. 2006]. Vernant et al. [2004] sug-
gested that the geodetic shortening rate for the NW,
central and SE of  the Zagros are about 4, 7 and 9
mm/yr, respectively.

3. Method of analysis
The method of  analysis followed here is one pro-

posed by Papazachos and Kiratzi [1992] which is based
on the formulation of  Kostrov [1974], Jackson and
McKenzie [1988] and Molnar [1979]:

The equation of  Kostrov [1974], Kostrov and Das
[1988] and Jackson and MacKenzie [1988] for the seis-
mic strain and average seismic strain rate are:

where , are the elements of  the moment tensor of
the nth earthquake out of  N earthquakes which oc-
curred over a time interval t, n is the shear modulus
(3×1010 N/m2), V is the seismogenic volume which is
considered to be a rectangular cube with length, L1,
width, L2, and the thickness of  seismogenic layer, L3 [Pa-
pazachos and Kiratzi 1992, 1996]. Stephen and Singh
[2004] proposed that the average earthquake focal depths
can be defined the thickness of  the seismogenic layer.

The elements of  can be calculated using the
relation: 

where M0 is the scalar moment and u and n are unit vec-
tors in the direction of  the slip vector and the normal to
the fault plane, respectively [Kiratzi 1991, Papazachos
and Kiratzi 1992]. 

The P-T axes, following Singh [2000] and Bressan
et al. [2003], of  the moment tensors of  the earthquakes
occurring in each target region must be plotted on the
equal area lower hemisphere and then must be aver-
aged to estimate their mean directions.

To examine the 3D deformation style, the strain
rates are represented by quantities that reflect the in-
tensity and style of  deformation for both vertical and
horizontal planes. In this aim, the maximum shear
strain and dilatation rates are estimated. The maximum
shear strain rate is defined by where

is the largest and          is the smallest principle strain
rates, respectively, in vertical or horizontal planes. ,
in practice is and is generally . c is a
proxy for the intensity of  deformation. The dilatation
rate is defined as
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with the same convention as maximum shear strain
rate. When Δ is positive, the deformation in the cell is
performed by elongation or area expansion. On the
contrary, as Δ becomes negative, the deformation is
contractional. When elongation tends to compensate
contraction, Δ approaches zero. Together with the ori-
entation of  the principal strain axes these quantities fully
describe the strain rate field [Mouthereau et al. 2009]. 

Jackson and McKenzie [1988] discovered the rela-
tionship between the average strain rate and relative ve-
locity between two plates by examining the deformation
of  the volume V. This volume has rectangular faces. In
general, there is a difference in the velocity of  the ma-
terial between each of  the opposite faces of  the volume
V. According to Papazachos and Kiratzi [1992] velocity
tensor can be obtained by the following relations: 

The sign convention of  the velocity, strain and
strain rate is as follows. For the components perpendi-
cular to the box faces (xx, yy, zz) the positive values rep-
resent an extension (for horizontal component) or
thickening (for vertical component), and the negative
values represent compression (for horizontal compo-
nent) or thinning (for vertical component). For the
strike-slip components (xy), the positive values repre-
sent dextral motion and the negative values represent
sinistral motion [Pondrelli et al. 1995]. The schematic il-
lustration of  the sign conventions of  the strain rate ten-
sors is represented in Figure 4. Kiratzi [1994] proposed
that the compressive eigenvalue of  the velocity tensor
indicates the rate of  shortening. The directions of  the
shortening in all of  the regions in this study are deter-
mined by the direction cosine of  the velocity tensor’s
eigenvectors.

Following Molnar [1979]; Papazachoas and Kiratzi
[1992, 1996], the size of  the deformation in each seis-
mogenic source is expressed by the annual scalar mo-
ment released. In the other word, the seismic moment
rate is given by: 
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Figure 4. Description of  the positive components of  the seismic strain rate tensors (modified after Stein and Wysession [2003]). xx= (north-
south extension) north and south sides move apart; xy= east side moves north relative to west; xz= bottom moves north relative to top; yx=
north moves east relative to south; yy= (east-west extension) east and west sides moves apart; yz= bottom moves east relative to top; zx=
north moves down relative to south; zy= east moves down relative to west; zz= (vertical thickening) bottom moves apart from top [Wes-
nousky et al. 1984]. 
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where M0max is the moment of  the largest event in each
source, the A and B are constants that given by:

where a and b are the parameters in the Gutenberg-
Richter relation, LogN = a − bMs, c and d are the pa-
rameters of  the moment-magnitude relation, LogM0 =
cMs + d. According to Kanamori and Anderson [1975],
the values of  c and d are theoretically equal to 1.5, 16 re-
spectively. 

If  a seismic zone with N focal mechanisms which
have occurred over a time period, t, then the moment
tensor of  the nth event, Mn, can be represented as:

where is the scalar moment of  this event and Fn is
a shape tensor representing the geometrical features of
the earthquake which is a function of  the strike, p, dip,
d, and rake, m, of  the corresponding fault plane [Aki
and Richard 1980, Papazachos and Kiratzi 1996]. By
rewriting the Equation (10) for the annual rates of  the
whole zone, the average shape tensor, , (which known
as the focal mechanism tensor) will be calculated

where is the annual moment rate that is given by
. The focal mechanism tensor is just a mo-

ment-normalized tensor; that is, a moment-weighted
average of  the Fn tensors. In practice this means that
the large earthquakes control the calculation of  , sim-

ply because of  their large scalar moment. In the cases
where we have only a few focal mechanisms, if  one
event has a significantly larger magnitude and slightly
different mechanism than the other events, this would
mean that would be totally controlled by the corre-
sponding focal mechanism [Kiratzi and Papazachos
1995]. The focal mechanism tensor is calculated from the
available fault plane solutions, regardless of  their com-
pleteness, since is independent of  time, t [Papazachoas
and Kiratzi 1992, 1996]. In Equation (11), t is omitted
from the numerator and denominator. Therefore, it
would be estimated from the available earthquakes.

Guzmán-Speziale et al. [2006] proposed that this
tensor is simply the average sum of  normalized seismic
moment tensors that can be written as follows:

One way to check whether the focal mechanisms
in an area are consistent with one another is to see the
deviation of  the eigenvalues of  the mean tensor, ,
from the ideal double couple values [Papazachos and
Kiratzi 1996]. For a double couple source the interme-
diate principal moment is always zero, and the other
two principal moments are equal and opposite (+1 and
−1) in value [Frohlich and Apperson 1992]. Therefore,
if  all fault plane solutions within a region are identical,
then the eigenvalues of  , should be +1, 0, −1 [Kiratzi
1993, 1994]. 

4. Results and discussion
The characteristics of  the study areas, Gutenberg-

Richter relation and the mean directions of  the P and T
axes are represented in Table 1. Figure 5 shows the fre-
quency-magnitude relation for the studied regions. The
a-b values in this study are estimated from the Engdahl
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Zones
L1

(km)
L2

(km)
L3

(km)
t

(year)
N a b M P-axis T-axis

1 690 460 19 35 30 7.41 1.09 4.5-7.7 30 113

2 560 460 23 27 16 7.59 1.16 4.5-6.8 27 119

3 700 470 18 37 51 5.80 0.736 4.1-7.4 35 121

4 615 380 28 34 39 7.10 1.03 4.5-6.5 24 152

5a 550 390 20 36 39 7.88 1.21 4.5-6 26 108

5b 740 390 23 37 78 7.48 1.18 4.3-6.8 29 117

5c 250 390 18 36 42 8.26 1.28 4.7-6.9 177 112

Table 1. Length (L1), width (L2), seismogenic thickness (L3), number of  events (N), time period (t), a and b values, magnitude range (M) and
trend of  the P and T axes in the study areas.

(7)

(8)

(9)

(10)
(12)

(11)

.M M Fn n n
0=



(1900-2007) and ISC (2007-2013) catalogs. To certify a
homogeneous catalog, we calculated the minimum
magnitude of  completeness, Mc. Above the minimum
magnitude, all earthquakes are reliably recorded. Mc
was estimated based on departure from the linear fre-
quency-magnitude relation [Wiemer and Wyss 2000]
using ZMAP [Wiemer 2001]. The earthquakes that
used in this study have M ≥ MC. According to Engdahl
et al. [2006], the uncertainty of  the earthquake depth
in Iran is about 10 km.

The map projection of  the mean directions of  the
P and T axes are shown in Figure 6. We found that in
the regions 1-5b, P-axes were mostly oriented northeast
but in the 5c, P-axis was oriented roughly north-south,
as listed in Table 1. The NE orientation of  the P-axes is
correlated with the oblique shortening due to the Ara-
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Figure 5. The frequency-magnitude relation and the minimum
magnitude of  completeness (Mc) of  the earthquakes occurred in
the selected regions that are obtained from the Engdahl’s catalog.
[a]; Alborz [b]; Kopeh-Dagh [c]; eastern Iran [d]; Makran [e, f, g];
NW-central- SE Zagros, respectively. 

a b

c d

e f

g
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bia-Eurasia collision in the most regions. The N-S ori-
entation is consistent with the orthogonal shortening
dominantly in the SE of  the Zagros, as suggested by
several authors [e.g., Blanc et al. 2003, Talebian and
Jackson 2004, Allen et al. 2006, Zarifi et al. 2013]. 

The components of  the average strain rate tensor
and their eigensystems are summarized in Table 2. The
sign convention of  the compressive eigenvalue (m1) of
the average strain rate tensor in all of  the regions indi-
cated that the compression plays an important role in
the deformation of  the target areas. Kiratzi [1994]
pointed out that the positive eigenvalues represented
an extension of  the horizontal component or thicken-
ing for the vertical component, while negative ones rep-
resented shortening for the horizontal component or
thinning for the vertical component. 

The maximum shear strain rate and dilatation rate
that were estimated from the eigenvalues of  the aver-

age strain rate tensors are demonstrated in Table 3. We
found that the highest c affected the eastern Iran, Al-
borz and SE Zagros, while the lowest one affected the
NW Zagros, Kopeh-Dagh, central Zagros and Makran,
respectively. These results are in good agreement with
the results of  the seismic shortening rates in the fol-
lowing sections. 

The positive dilatation rate indicated that the sub-
ordinate extensional regime existed in the selected re-
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Figure 6. The mean directions of  the Compressional and Tensional axes (P-T axes) of  the earthquakes.

Zones
Average strain rate (1×10-10/year) Eigensystems of  the average strain rate (1×10-8)

f 11
o

f 22
o

f 33
o

f 12
o

f 13
o

f 23
o

m1 Pl Az m2 Pl Az m3 Pl Az

1 29.7 48 -77.7 -66.7 8.05 52.1 -1.04 -61 63 -0.08 25 32 1.12 12 130

2 0.508 -7.19 6.78 1.27 -0.302 3.86 -0.084 -14 95 0.007 -3 10 0.077 -75 94

3 120 -116 -5.10 -9.9 -21.7 170 -2.3 -36 90 0.96 35 32 1.34 34.5 150

4 -6.44 10.4 3.5 10.8 3.16 15.6 -0.155 -5 145 -0.085 57 125 0.24 -30 118

5a 4.68 -6.9 2.23 2.16 -0.218 2.50 -0.079 -14 85 0.029 75 120 0.05 5.5 11.5

5b 11.8 -13.7 1.96 1.72 0.231 7.42 -0.168 21.5 87 0.048 68 108 0.12 -5 175

5c 54 -58 38 30.8 4.6 -9.15 -0.671 -8 75 0.051 82 91 0.62 -2 166

Table 2. The average seismic strain rate tensors, eigensystems, plunges and azimuths are indicated by fij, oij, m1, m2, m3, Pl and Az respectively. 

Zones

1 2 3 4 5a 5b 5c

c (1×10-8) 2.2 0.16 3.8 0.39 0.13 0.28 1.3

Δ (1×10-10) 4 -0.3 -48.4 4.45 -1.4 -2.4 -2.7

Table 3. Maximum shear strain rates (c) and dilatation rates (Δ) of
the study areas.



gions. Dilatation rates in the Alborz and Makran oro-
genic belts were positive, while in the eastern Iran, Za-
gros and Kopeh-Dagh orogenic belts were negative.
These results are consistent with the studies of  several
authors, such as Ritz et al. [2006] who proposed that
the morphological and structural features observed
along the several faults characterized an active transten-
sional deformation occurring in the internal domain of
the central Alborz. Also, the mentioned authors sug-
gested that not only the horizontal movements along
the strike-slip faults in the western Alborz, but also the
vertical component of  the thrust faults in the internal
part of  the range have been reserved; this is an out-
standing example of  extensional phenomena occurring
within compression-dominated region. Grando and
McClay [2007] proposed that since the Middle Pleis-
tocene the coastal part of  the Makran has experienced
the normal faulting.

The components of  the velocity tensor and their
eigensystems are listed in the Table 4. According to Pa-
pazachos and Kiratzi [1996], the positive and negative
values of  V33 indicated the vertical thickening and thin-
ning of  the crust, respectively. V33 for the Alborz and
eastern Iran were −0.014 and −0.0009. Then, these re-
gions experienced vertical thinning of  the crust and the
other regions that have positive values, experienced ver-
tical thickening.

Since the negative and positive values of  the V12
indicated respectively sinistral and dextral strike-slip
motions, we found that the left lateral strike-slip mo-
tion only affected the Alborz and eastern Iran, while the
right lateral strike-slip motion affected the Kopeh-
Dagh, Makran and Zagros orogenic belts. These results
are in good agreement with the several authors, such
as Jackson et al. [2002] who suggested that the earth-
quakes in the Kopeh-Dagh involve mostly right-lateral
strike-slip faulting with N to NNW trending or reverse
faulting parallel to the NW regional strike. Most of  the
focal mechanisms in the Alborz show either reverse

faulting or left-lateral strike-slip on faults parallel to the
regional strike of  the belt. Talebian and Jackson [2004]
pointed out that the NW of  the Zagros with a major
NW–SE right-lateral strike-slip fault system roughly fol-
lows the Zagros Thrust Line for almost 800 km and the
central Zagros associated with the roughly N–S right-
lateral strike-slip fault system between 51°-53°E.

The rate of  the short-term seismic crustal defor-
mation was determined from the compressive eigen-
value (m1) of  the velocity tensor. The orientations of
the short-term seismic deformation were defined by
the direction cosine of  the eigenvector components.
The short-term seismic deformation rates for zones 1,
2, 3, 4, 5a, 5b and 5c were about 4.00, 0.34, 5.50, 0.94,
0.32, 0.55 and 3.45 mm/year, respectively. Our results in
the Zagros orogenic belt indicated that the shortening
rate due to the seismic moment tensor summation in-
creased from NW to SE. This is consistent with the pre-
vious works published by Nilforoushan et al. [2003],
Vernant et al. [2004] and Masson et al. [2007]. We found
that the eastern Iran, Alborz and SE Zagross have the
highest seismic shortening rates, while the NW Zagros,
Kopeh-Dagh, central Zagros and Makran have the low-
est ones. These results are compared with Vernant et
al. [2004] who measured the geodetic deformation
(shortening) rates in Iran (Figure 7). Vernant et al.
[2004] proposed that the geodetic deformation rates for
the Alborz, Kopeh-Dagh, eastern Iran, Makran and the
NW, central and SE Zagros orogenic belts are about
8±2, 6±2, 9±2, 19±2, 4±2, 7±2 and 9±2 mm/year, re-
spectively. Hessami et al. [2006] suggested that the
shortening rate across the NW Zagros is about 5±3
mm/year.

Following Masson et al. [2005], when the ampli-
tude of  the seismic deformation rate is the same order
as the amplitude of  the geodetic deformation rate, the
large part of  the deformation would be seismic. We
have compared the seismic shortening rate in this study
with the results of  Vernant et al. [2004] and find that in
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Zones
Velocity tensor (cm/year) Eigensystems of  the velocity tensor

V11 V22 V33 V12 V13 V23 m1 Pl Az m2 Pl Az m3 Pl Az

1 0.2 0.22 -0.014 -0.61 0.0003 0.02 -0.40 -2 45 -0.12 87 18 0.52 1 135

2 0.002 -0.033 0.001 0.011 -0.00014 0.0018 -0.034 -3 75 0.007 83 172 0.027 -5 165

3 0.843 -0.544 -0.0009 -0.09 -0.0076 0.056 -0.55 -5 86 0.085 84 78.5 0.465 1 176

4 -0.04 0.039 0.0009 0.083 0.0017 0.0057 -0.094 -1 33 -0.001 87 131 0.095 3 125

5a 0.026 -0.027 0.0004 0.017 -0.00008 0.0009 -0.032 1.5 74 0.0008 88 118 0.031 -1 164

5b 0.087 -0.054 0.0004 0.013 0.00009 0.0031 -0.055 -3 83 0.006 86 100 0.049 -0.3 175

5c 0.136 -0.226 0.0007 0.24 0.0017 -0.0033 -0.345 -0.5 63 0.06 89 71 0.285 0 153

Table 4. The velocity tensors, eigensystems, plunges and azimuths are indicated by oij, m1, m2, m3, Pl and Az respectively. 
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the eastern Iran and Alborz, the amplitude of  the seis-
mic shortening rate are almost near the geodetic one,
while in the Makran, Zagros and Kopeh-Dagh the am-
plitude of  the seismic shortening rate are far from the
geodetic one. 

Figure 8 shows the orientations of  the short-term
seismic crustal deformation. We have compared the di-
rections of  the seismic shortening with the directions
of  the P-axes, were oriented NNE, and discover a dif-
ference between them. We perceive that if  all of  the
events that were used in this study have only the thrust
mechanism, the directions of  the seismic shortening
and the P-axes should be about parallel, whereas all of
the regions in this study are encompassed with the
combination of  the strike-slip and thrust-slip mecha-
nisms. In such environments because of  lateral transla-
tion, one cannot equate the P-axes with the directions
of  the shortening. 

The directions of  the seismic shortening in this
study have been compared with Vernant’s and Mas-
son’s. We distinguish that the directions of  the seismic
shortening in some regions (e.g. Makran, some parts of
the Alborz and SE Zagros) have some similarities with
the geodetic shortening and in some regions (e.g. Kopeh-
Dagh and some parts of  the NW-central Zagros) have
discrepancies. According to Masson et al. [2005], if
strain in a region is not homogeneous (i.e. because of

unknown faults or blind faults or may be due to faults
with varied mechanism), the directions of  the seismic
and geodetic shortening will be different. We have also
detected that the seismic shortening direction of  some
triangles of  the Zagros (triangle 7), Zagros-Makran (tri-
angle 9), Makran (triangle 10), Alborz (triangle 24) and
Kopeh-Dagh (triangle 26) orogenic belts that con-
strained by Masson et al. [2005] have NW striking and
are in contrast with this study and the NE plate motion. 

We have also compared our results with Zarifi et
al. [2013] who, based on the seismic activity between
1909 and 2012 and the geodetic data during 1999-2011,
calculated the principle axes of  stress and seismic and
geodetic strain rates in Iran. We find that the directions
of  the seismic shortening and the trends of  the P-axes
in the all regions except the central Alborz, are in good
agreement with the results of  Zarifi.

We find that the mean directions of  the P-axes
based on the summation of  the seismic moment ten-
sors in some regions of  Iran are nearly fitting with the
geodetic shortening directions.

The seismic deformation percentage was deter-
mined by the ratio of  the seismic deformation rate on
the geodetic deformation rate. Our results indicated
that the percentages of  the seismic deformation in the
study areas were about 50, 5.5, 61, 5, 8, 7.8 and 38 for
the Alborz (1), Kopeh-Dagh (2), eastern Iran (3),
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Figure 7. Schematic representation of  the geodetic shortening rate (mm yr-1) of  Iran [Vernant et al. 2004]. 



Makran (4), and Zagros (5a, 5b, 5c) orogenic belts, re-
spectively. The present results in some cases are on the
contrary to the previous studies such as Jackson and
McKenzie [1988]. They suggested that the Kopeh-Dagh
has the high seismic deformation percentage (50-100%)
same as the Alborz and eastern Iran, while we repre-
sented that the Kopeh-Dagh orogenic belt is one of  the
most aseismic deformation regions in Iran. Jackson and
McKenzie [1988] did not calculate the seismic defor-
mation for the Makran and different parts of  the Za-
gros (such as NW and SE of  the Zagros separately). 

The seismic/geodetic ratio of  this paper has also
some discrepancies with Masson’s. We found that the
NW Zagros and Kopeh-Dagh have the high aseismic
deformation, while Masson et al. [2005] based on the
recent 100 years earthquakes suggested that the NW
Zagros and Kopeh-Dagh have the large seismic defor-
mation (171% and 97%, respectively). We calculated

that the Alborz orogenic belt has 50% seismic defor-
mation, while Masson et al. [2005] proposed a very high
percentage (176%, about 3 times of  ours). There are big
discrepancies among the percentages of  the seismic/ge-
odetic ratio of  Masson in the neighbor triangles of  the
Alborz (461% for the triangle 19, 0% for the triangle
20, 59% for triangle 21 and 8% for the triangle 23). We
estimated that the eastern Iran has the most seismic
deformation percentage, while Masson et al. [2005] sug-
gested that around the eastern Iran the seismic strain
rate decreased on considering a larger historical period.
Also their results about the seismic/geodetic ratio in the
adjacent triangles (28 and 30) in the eastern Iran have
large discrepancies (8% and 174%, respectively). 

We detected that the SE Zagros has the most seis-
mic deformation percentage among the other parts of
the Zagros orogenic belt. This is in agreement with
Zarifi et al. [2013] who suggested that the main active
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Figure 8. The orientations of  seismic deformation of  the Iranian regions that are estimated from the direction cosines of  the velocity tensors.

Zones
Average shape tensor Eigenvalues

11F 22F F33 F12 F13 F23 m1 m2 m3

1 0.0076 0.012 -0.02 -0.017 0.0002 0.013 -0.0254 -0.0035 0.0289

2 0.0034 -0.049 0.046 0.0086 -0.002 0.0261 -0.057 0.005 0.052

3 0.0074 -0.0007 -0.0003 -0.0006 -0.0013 0.01 -0.0171 0.007 0.0102

4 -0.005 0.0075 0.0025 0.0078 0.0023 0.0076 -0.0091 -0.0057 0.0148

5a -0.013 -0.019 0.0061 0.006 0.0006 0.007 -0.0061 -0.002 0.0081

5b 0.0064 -0.0074 0.001 0.0009 0.00012 0.004 -0.009 0.0025 0.0065

5c 0.0179 -0.019 0.0012 0.01 0.0015 -0.003 -0.022 0.002 0.02

Table 5. Average shape tensors and their eigenvalues indicated by Fij, m1, m2, m3, respectively. 
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shortening is observed in the southeastern part of  the
Zagros, while less shortening is observed in the north-
western part. 

The average shape tensors and their eigenvalues
are listed in Table 5. From the eigenvalues of  the aver-
age shape tensors one can infer that the Kopeh-Dagh
has the most similarity of  the earthquake focal mecha-
nisms, whereas in the other regions the focal mecha-
nisms are different. 

Table 6 shows the calculated seismic moment rate
and parameters A and B in the target regions. The seis-
mic moment rate indicates the size of  deformation. The
zones affected by the highest seismic moment rates are
respectively the eastern Iran, Alborz, Makran, SE Zagros,
Kopeh-Dagh, NW and central of  the Zagros orogenic
belts. These regions are approximately similar to the re-
gions that the seismic shortening rates are estimated. 

5. Conclusion
The short-term seismic crustal deformation is eval-

uated by the instrumental catalog. The mean directions
of  the P and T axes are determined by the equal area
projection of  the seismic moment tensors. We con-
clude that the orientations of  the P-axes in Iran are
dominantly NE, which affect the most target areas and
nearly consistent with the orientations of  the geodetic
shortening. 

The average seismic strain rate tensors and veloc-
ity tensors are determined for each study area. The m1
of  the average seismic strain rates indicates that the
compression component of  the deformation exists in
all of  the regions. The results of  the dilatation rate show
that the Alborz and Makran orogenic belts have a sub-
sidiary extensional component in some regions. 

Based on the sign convention of  V33, we find that
the vertical thinning of  the seismogenic layer have oc-
curred in the Alborz and eastern Iran and vertical thick-
ening have occurred in the other regions. The values
of  V33 indicate that left-lateral strike-slip motion affect
the Alborz and eastern Iran, while right-lateral strike-
slip motion affect the Kopeh-Dagh, Makran and Zagros
orogenic belts. 

The rates and orientations of  the seismic defor-
mation are calculated using the eigenvalues and eigen-
vectors of  the velocity tensors. The eastern Iran, Alborz
and SE Zagros have the highest seismic shortening
rates, whereas the NW Zagros and Kopeh-Dagh, cen-
tral Zagros and Makran have the lowest ones. The seis-
mic shortening rate in the Zagros orogenic belt
increases from NW to SE. The orientations of  the seis-
mic deformation are different from the P-axes, probably
due to the lateral translation. 

The percentage of  the seismic deformation is de-

termined by dividing the seismic deformation rate on
the geodetic deformation rate. Our work has led us to
conclude that the eastern Iran has the most seismic de-
formation percentage among the study areas, while the
Makran and Kopeh-Dagh have the lowest one. 

Based on the eigensystems of  the average shape
tensor, it is concluded that the Kopeh-Dagh has the
most fault plane solution similarity relative to the other
orogenic belts.

The seismic moment rate is determined using the
moment tensor components, frequency-magnitude and
moment-magnitude relations in the study areas. We
find that the eastern Iran has the largest size of  defor-
mation, while the central Zagros has the lowest one.
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