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We examine the source parameters of the March 14, 1998 (Mw 6.6); March 4, 1999
(Mw 6.6); February 14, 2003 (Mw 5.6); December 26, 2003 (Mw 6.6); February 28,
2006 (Mw 6.0); earthquakes by analyzing body waveform seismograms and
compiled source time function of June 11, 1981 (Ms 6.7); July 28, 1981 (Ms 7.1);
November 20, 1989 (mb 5.6) events, obtained from body waveform modeling. The
results from waveform modeling for the March 14, 1998; December 26, 2003 events
indicate that source depth was changed between 4 and 6 km and that the mechanism was right-lateral strike-slip. Evaluation of slip vector azimuths (assuming that
the west-dipping nodal plane is the fault plane) of earthquakes occurred along the
Gowk and Bam faults system (changed between 142o-184o) confirm the govern
tension in this area and the dominant direction of basement is northward. The
source depth of earthquakes (March 4, 1999; February 14, 2003; February 28,
2006 events) in southern part of study area was changed from 22 km to 26 km and
that the mechanism was dip-slip. They probably reflect the lower crust subducted
zone dipping NNE direction with a low angle beneath the central Iran in this
area and suggest a seismogenic layer of > 20 km thick under the deposit layers
sequence. The main purpose of this study is to evaluate fault rupture, and prepare
information about displacement time history on the fault. The major pulse duration
of each event was determined from source time function and used to determine
rupture length. Seismic moments deduced from the body wave synthetics are used for
calculating displacement and stress drop. Minimum and maximum displacement
and stress drop is changed from 0.15 m to 3.5 m, 3.2 bars to 79 bars, respectively.
Varying the seismic moment along total duration of source time function is direct
related to varying the source velocity structure did have an effect on centroid depth
and seismic moment.

1. Introduction
Study of instrumental earthquake records shows
that some of the greater earthquakes had occurred
in south eastern part of Iran during the past 26
years. Recent and active deformation in study area
dominated by NW-striking thrusts and N- to NNEstriking right-lateral strike slip motion is related to
the convergence between the Arabian plate in the
SW and central plateau of Iran to the NE. We focus
on the Gowk Fault, Bam fault, and northern part of
main Zagros reverse fault systems in south eastern

Iran ranges, see Figure (1).
Referring to last study in this region by Berberian
[1], the seismology, SAR interferometry and surface
observations provide a consistent and relatively
simple image of the strike-slip movement on the Gowk
fault during the March 14, 1998 earthquake, with an
average displacement of about 1.3 m on a fault about
21-23 km long, extending from the surface to a depth
of about 7 km.
The transition between Iranian collision zone and
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Figure 1. Tectonic and topography map of the study area and adjacent regions. We reported the main faults from IIEES reports.

Makran subduction zone in southern Iran is characterized by two distinct fault systems. The first, the
Minab-Zendan-Palami fault system, connects the
Zagros continental prism to Makran, see Figure (1).
It trends NNW-SSE and accommodates about 6mm
yr-1 of convergence in a direction about N10oE. The
second, the Jiroft-Sabzevaran fault system, connects
Makran to the deforming belt in northern Iran
and the contribution of these systems is about
12 mm yr-1 convergence in a direction N10oE [2].
The earthquake mechanisms in this region are quite
distinct from those in the Zagros Thrust Belt: they
indicate thrusting at depths of 15-26 km, with slip
vectors directed towards the Zagros. The centroid
depths of earthquakes place the active faults close to
the base of the sedimentary section in the southern
part of the Zagros so that they are likely to represent
thrusting of the crystalline basement of the Precambrian Hormoz salt layer [2].
Recent developments in inversion techniques for
the determination of earthquake source time functions (derived from far-field pulse shape) have shown
that in some cases, the form of this function is complex and consists of several discrete pulsed [3]. This
is assumed to be an expression of the heterogeneity
of the faulting process at the earthquake source. The
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physical features of teleseismic source time functions
appraise the source complexity of the earthquakes.
These features include the overall duration, multiple
or single event character, individual source pulse
widths, and roughness of the time function.
The main purpose of this study is to determine
focal mechanism of March 14, 1998; March 4, 1999;
February 14, 2003; December 26, 2003; February 28,
2006 earthquakes by using teleseismic waveform
data. In addition, we present the results of a survey
study of teleseismic source time function of abovementioned earthquakes with June 11, 1981; July 28,
1981; November 20, 1989 major shallow earthquakes
studied by Berberian [1], for better understanding
detail information about time history of displacement
along the rupture area in southeastern Iran.

2. Algorithm
Body waveform modeling has become one of the
most important tools available to seismologists for
refining earth structure models and understanding
fault-rupturing process. Three component waveform
data from the far-field GDSN stations were obtained
for the selected earthquakes. IASPEI SYN4 algorithm [4], which is a recent version of Nabelek [5]
inversion procedure, based on a weighted least
JSEE / Vol. 14, No. 4, 2012
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squares method, was used for waveform inversion.
The source time function (described by a series of
overlapping isosceles triangles) [4], centroid depth,
and the fault orientation parameters (strike, dip, and
the rake) are used in order to compute synthetic
seismograms and the seismic moment.
The inversion procedure adjusts the relative
amplitudes of the source time function element, the
centroid depth, the seismic moment and source
orientation. We refer to this solution as the minimum
misfit solution. The Green's function for P and SH
waves can be expressed in this form [6]:
g (t ) = C R (t ) ´ M (t ) ´ g S (t )

(1)

where g S (t ) is the displacement of the P or SH
waves emerging at the base of the crust in the source
region in response to an impulse, M (t ) and CR(t )
are the responses to these waves of mantle and crust
at the receiver, respectively.
Amplitudes are corrected for geometrical spreading and attenuation is introduced with a t * = 1 s for
P wave and t * = 4 s for SH wave [5]. As explained
by Fredrich [7], uncertainties in t * affect mainly
the source duration and seismic moment, rather
than the source orientation or centroid depth.
The seismic moment clearly depends on the
duration of the source time function, and to some
extent on centroid depth and velocity structure [6].
We estimated the lengths of time function by increasing the number of isosceles triangles until the
amplitudes of the later ones became insignificant.

2.1. Source Time Function (STF)
The teleseismic source time function gives information about fault ruptures or source complexity.
Studies of source complexity are also important to
evaluate the validity of asperity models of faulting,
where the fault is characterized by localized regions
of higher strength. These source features include the
duration, multiple or single event character, individual
source pulse widths, and roughness of the time function. The measures of source size and complexity
can then be compared with the age of subducted lithosphere, plate convergence rate, and other physical
parameters of subduction zone [8]. The earthquakes
larger than Ms 6.9 can rarely be represented by a
single point source, even at the wavelengths recorded
by the WWSSN 15-100 s long period instruments
(with a peak response at about 15 s period). These
JSEE / Vol. 14, No. 4, 2012

earthquakes usually consist of several discrete
ruptures, separated by several seconds in time and
several km in space [9], often occurring on faults
with different orientations [10].

3. Source Mechanism of March 14, 1998 and
December 26, 2003 Earthquakes
Figure (2) shows the epicenter location of March
14, 1998 and December 26, 2003 earthquakes. The
focal mechanism of the March 14, 1998 earthquake
was computed by inverting 26 P and 15 SH-LongPeriod waves with good azimuthally coverage,
Figure (3a). Having found a set of acceptable source
parameters, we followed the procedure described by
McCaffrey [11], Nelson [12] and Fredrich [7], in
which the inversion routine is used to carry out experiments to test how individual source parameters
are well resolved. We investigated one parameter at
a time by fixing it at a series of values yielded by
the minimum misfit solution, and allowing the other
parameters to be determined by the inversion
routine.
The synthetic seismogram solution indicates
right lateral strike-slip on a fault dipping 54o (±5o)
NW, with a strike of 158o (-10o /+11o ), a rake of
200o (-11o /+9o ), a centroid depth of 4 km (± 2), a
source time function with a duration of 10 seconds
while the 95% of the energy was abruptly released
within first 9 sec., and a scalar moment of 1.319 ×1019
Nm, Figure (3a) and Table (1). We carried out all
inversions with the following velocity model: a
half space with Vp = 6.5 km.s-1, Vs = 3.7 km.s-1, and
r = 2.85 gr.cm-3. Our solution is in good agreement
with the one published in the global CMT (http://
www.globalcmt.org/CMTsearch.html) catalogue and
by Berberian et al [1], Figure (3b). The only exception is for the seismic moment, that our result
indicates larger than those obtained in previous
studies, Table (1), and we think that our value is more
consistent with observed average displacement.
A number of automatic preliminary CMT solutions for December 26, 2003 Bam earthquake have
been reported by USGS-PDE and others. Among
them, the best double-couple fault plane solutions
determined by Harvard. While all solutions show
dominant strike slip faulting, long-period body wave
seismograms were inverted to obtain a detailed fault
mechanism solution and source parameters of the
December 26, 2003 Bam earthquake. The minimum
287
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misfit solution for the main shock is shown in,
Figure (4). According to direction of local faults in
area [13], displacement observations in the field
[14], we think the north-south direction nodal plane
was fault plane.

3.1. Source Mechanism of March 4, 1999; Feb.
14, 2003; Feb. 28, 2006, Earthquakes
The epicenter was reported for March 4, 1999
earthquake is (28.261° N and 57.209° E), approximately between the Sabzevaran fault and Zagros
Thrusts faults at northern part of the Oman line
(or Zendan-Minab fault zone), which is a collision
zone. The locations of February 14, 2003 and

February 28, 2006 earthquakes are significantly north
of the Hormoz strait, see Figure (2). As usual for
shallow earthquakes, there is some trade-off between
depth and seismic moment, with shallower depths
requiring higher moments to fit the observed seismograms. Referring to last study by Magi [15],
we used the velocity model in a half space with
Vp = 6.0 km s-1 and Vs = 3.5 km s-1 and r = 2.80 gr.cm-3
data in inversion of the process. Realistic changes in
the velocity model make little changes to the source
orientation or depth, but they can affect the seismic
moment. We estimate the uncertainty in moment to
be less than ~20 per cent.
The Sabzevaran fault is probably the continuation

Figure 2. Stars show location of earthquakes analyzed in this study and reported by Berberian et al [1].
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of the right-lateral strike-slip movement of the
Nayband and Gowk faults, and the Zendan-Minab
fault system is the continuation of the Main Zagros

Thrust [16].
The source parameters of March 4, 1999;
February 14, 2003; February 28, 2006 earthquakes,

Figure 3. Minimum misfit solution for the March 14, 1998 earthquake in Gowk fault showing P (top) and SH (bottom) observed (solid)
and synthetic (dotted) waveforms. b: Observed and synthetic seismograms for the March 14, 1998 event, and source
time functions (STF) prepared by Berberian et al [1].

Table 1. Source parameters of recent earthquakes of the study area. Seismic moment (M0) is in units of 1018 Nm. R: this paper
(T, this study), Berberian [1]. ( B1 and B2 meaning the first and the second subevents in the June 11, 1981 earthquake) or
from the CMT solutions by Harvard (H) or USGS (U)and sv is the slip vector azimuth, assuming that the west-dipping nodal
plane is the fault plane.
Date

Time

1981.06.11

07:24:24

Lat (deg) Long (deg) Depth (km)
29.86

57.68

20

mb

Mw Mo (Nm) Strike (deg) Dip (deg) Rake (deg)

R

sv

6.7

6.58

12

1981.07.28

17:22:24

29.99

57.79

4.17

169

52

156

B1

184

5.30

182

88

198

B2

182

20

6.59

9.82

172

37

171

H(57)

8

6.59

9.73

169

22

142

U(98)

6.98

36.69

177

69

184

B

7.24

90.10

150

13

119

H(76)

7.02

43.20

293

67

115

U(98)

5.83

0.70

145

69

188

B

18

7.1

15
22
1989.11.20

04:19:07

29.90

57.72

10

5.88

0.82

148

81

165

H(79)

1998.03.14

19:40:28

30.138

57.588

4

6.6

13.19

158

54

200

T

5

6.57

9.09

156

54

195

B

15

6.58

9.43

154

57

186

H(59)

8

6.52

7.70

146

58

181

U(99)

26

6.6

10.27

312

07

125

T
T

1999.03.04 05:38:27.27
2003.02.14

28.261

57.209

5.5

10:29:0.61

28.006

56.79

24

5.7

0.5119

295

16

105

2003.12.26 01:56:53.26

28.905

58.274

6.2

6.6

7.422

356

76

173

T

2006.02.28

28.133

56.821

22

6.0

1.439

299

5

123

T

07:31:02.7
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which are obtained by inverting the P and SH
waveforms, are shown in Figures (4) and (5). In our
waveform modeling, the earthquakes are caused by
a low angle dip-slip faulting, Table (1), with a centroid depth of 26 km (± 4), 24 km (± 3), 22 km (± 1),
respectively.

3.2. Compiling of June 11, 1981; July 28, 1981
and November 20, 1989 Earthquakes
Earlier earthquakes on the Gowk fault in 1981,
which also produced relatively minor ruptures at the
surface, probably occurred principally on different,
deeper parts of the same fault system [1].
The June 11, 1981 Golbaf earthquake produced
surface ruptures on two subparallel N-S strands of
the Gowk fault system, 14.5 and 7.5 km long, SE of
Golbaf. Only ~3 cm of right-lateral strike-slip motion
was observed at the surface after this earthquake,
whereas from the estimated seismic moment of about
4×1018 Nm (the same value for both the local CMT
project and our first subevent) they might expect a
slip of about 75 cm on a fault with dimension ~15 km,

assuming an equidimensional fault with a slip-tolength ratio of 5×10-5. This dimension agrees with
the rupture length observed on the more substantial
eastern strand of the surface ruptures, but the observed displacements were far too small. With a centroid of 10-15 km or deeper; however, it is likely that
most of the slip failed to reach the surface [1].
The July 28, 1981 Sirch earthquake produced
65 km of discontinuous surface ruptures on both
sides of the Gowk valley from Zamanabad to the
north of Chahar Farsakh [1]. These ruptures were
anomalous in that the maximum measured displacements were less than 50 cm (right-lateral and
vertical) and displacements on most ruptures were
much less than this [1]. With a typical slip-to-displacement ratio of 5×10-5, a fault with this length might
be expected to move about 3.3 m. Consideration of
the seismic moment, which was between 4×1019 and
9×1019 Nm, equivalent to Mw leads to the same
conclusion [1].
The P and SH waveforms for November 20,
1989 earthquake are not abundant, Figure (6), but

Figure 4. Minimum misfit solution for the March 4, 1999 and December 26, 2003 earthquakes.
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are sufficient to confirm that the Harvard CMT solution is roughly correct and that the event involved
right-lateral strike-slip on a NNW-SSE nodal plane
that has a westward component of dip [1]. Using the
same arguments as before, event occurred in
November 20, 1989 of this size (MW 5.8) might be
expected to occur on a fault ~8 km long that slipped
~0.4 m. However, the depth is not well constrained
by the seismic data, and whether the small surface
ruptures can be attributed to a deeper centroid or to
the unconsolidated playa deposits in which most of
the ruptures were seen remains uncertain [1].

3.3. Evaluation of STF of Earthquakes Data
Evaluation of STF of earthquakes data obtained
in this study and previous works [1] show that the
fault system has complex features. The June 11, 1981
Golbaf earthquake produced surface ruptures on two
subparallel N-S strands of the Gowk fault system.
Displacements were small, typically with 3 cm
right-lateral strike slip and 5 cm vertical offset on the
longer eastern fault and hairline cracks on the shorter

western one [17]. This event shows a complex
rupture process, involving slip in at least two sub
events of different orientation [17]. We can see
clearly the same pattern in STF, Figure (7): its complexity as evidenced by the complexity of the body
phases, low fault rupture velocity, is explained in
terms of a multiple source.
The STF of July 28, 1981 Sirch earthquake had
larger moment release in the second part of the
process and consisted several impulses that can be
interpreted as a more complex rupture process,
Figure (7).
The STF of November 20, 1989 and March 14,
1998 earthquakes started with a high release of
energy in first part of subevent one. In addition,
uncertainties in attenuation factor, t*, mainly affect
estimates of source duration and seismic moment.
The STF of these events show that the rupture
characteristics contain a different size of subevents
with same shape and same rupture history. The rise
time of subevent one is larger than another subevent
and most part of seismic moment releases in the first

Figure 5. Minimum misfit solution for the February 28, 2006 and February 14, 2003 earthquakes.
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Figure 6. Compiled earthquake source mechanisms of June 11, 1981; July 28, 1981; November 20, 1989 events [2]..
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Figure 7. Far-field source time functions of the March 14, 1998; March 4, 1999; February 14, 2003; December 26, 2003; February
28, 2006 earthquakes by using teleseismic waveform data (this study) and results of a survey study of teleseismic
source time function prepared by Berberian et al [1].

rupturing process.
The STF of July 28, 1981; November 20, 1989;
February 14, 2003; December 26, 2003 earthquakes
have larger moment release in the first part of the
process. These Events show a complex rupture
process formed more than one subevents. In conjunction with the spatial and temporal behavior of
these events, the complexity of rupture suggests that
strain accumulated gradually on a system of faults
in the sediments, granitic and basaltic region [18].
The STF of March 14, 1998; March 4, 1999;
February 28, 2006 events start with a high release of
energy in first part of subevent one. The STF of these
events show that the rupture characteristics contain
a different size of subevents with same shape and
same rupture history. The rise time of subevent 1 is
larger than other subevents and most part of seismic
moment release in first rupturing process.

4. Discussion
A motivation for this study was the apparent
re-rupture of the Gowk fault at the surface in repeated earthquakes after only a short time interval of
17 years (1981-1998). The overall picture on the
Gowk fault system of central Iran (Northern part of
study area) is one in which regional oblique rightlateral, and convergent motion is achieved by a
complex system of strike-slip, normal and thrust
faulting, with the normal component related either
to a change in dip of the thrust faulting at depth
(possibly a 'ramp-and-flat' configuration) or to a large
topographic contrast across the fault system, or to
both [1].
There is no significant historical earthquakes
report in southern part of the study area [19]. Our
JSEE / Vol. 14, No. 4, 2012

results indicate that March 4, 1999; February 14,
2003; and February 28, 2006 Earthquakes were
caused due to a low angle oblique right-lateral faulting affected by Arabian plate motion beneath the
Iran crust. Because the focal depths are higher than
common events in Zagros (i.e. focal depth of £ 15
km), we suggest that this region is the Arabian plate
border that collide to Central Iran as a low-angle
subducted zone.
In this paper, the independent source param~2
eters used most often will be S (fault area ~ L
),
M o (moment), and largest pulse duration t p (dura~
tion of major fraction = L
/ v where v is average
propagation velocity, we used 2.8 km/sec) [20]. The
relationships between average offset, D , source area
and seismic moment, M o , is given by M o = m S D .
The dimensions of the fault are L and w (length and
~
width) which we represent by L. For a vertical
fault w is the depth interval over which displacement
occurs. The stress drop Ds is given by:
~
Ds = Cm( D / L)

(2)

where m is the rigidity and C is a no dimensional
shape factor. For shallow infinite longitudinal shear
~
faults (strike-slip), L = w and C = 2 / p [21]. For
shallow infinite transverse shear faults (dip-slip),
~
L = w and C = 4(l + m) / p(l + 2m) where l is the
Lame constant [22, 23]. In all cases, C ~ 1. The
average offset and source area are estimated by
using above assuming, Table (2). The stress drop
does not represent absolute levels of stress, it does
indicate how much, or little stress is being released
in an earthquake, and therefore, it gives a minimum
value of the initial stress level. While estimates for
large and great earthquakes give relatively low stress
293
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Table 2. Source parameters of largest subevents were observed from source time functions.
~
L ×(103)

MO×(1018)
(Nm)

Δσ
(bar)

0.70

4.17

9.5

Strike-Slip

1.08

36.69

6.1

Strike-Slip

112

0.20

0.703

5.35

Vertical

282

1.55

13.19

17.6

Strike-Slip

16.8

436

0.78

10.27

13.92

Vertical

8.4

70.56

0.24

0.511

8.5

Vertical

3

8.4

70.56

3.5

7.422

79

Strike-Slip

5

14

308

0.15

1.439

3.2

Vertical

tp (sec)

No

Date

1

1981.06.11

5

2

1981.07.28

12

3

1989.11.20

4

4

1998.03.14

6

5

1999.03.04

6

6

2003.02.14

3

7

2003.12.26

8

2006.02.28

S×(10 6)
(m2 )

Displacement
D (m)

14

196

33.6

1128

11.2
16.8

(m)

drops of 10 to 100 bars [20], results from earlier events
indicate stress drops may range up to a 1 kb [24-25].
One interpretation of this apparent discrepancy is
that larger earthquakes consist of smaller subevents
which break points of higher stress concentration and
then continue to rupture into areas of lower stress.

5. Results
The seismology, observations provide a consistent
and relatively simple image of the strike-slip movement on the Gowk and Bam faults, Table (2), with
an average displacement of about 0.2-3.5 m on a
rupture length about 8-33 km long, extending from
the surface to a depth of about 4-20 km. Referring to
slip vector data (range 142 o-184 o) reported by
Berberian [1], Table (1), along the Gowk fault
system (northern part of study area), the govern tension in this area and dominant direction of basement
is northward.
The centroid depth of March 4, 1999; February
14, 2003; and February 28, 2006, earthquakes shows
that the seismogenic layer for moderate earthquake
of transition zone between Zagros collision and JiroftSabzevaran fault system, which is > 20 km, is deeper
than frequent events in northern part of the study
area. Our results represent a low downward motion
of slab at depth in NNE direction towards the central
Iran. Additionally, our results show that all events
have approximately similar focal mechanism orientations, Table (1), especially centroid depths of 2226 km. These earthquakes depth and low angle dips
show that these events are caused by the Arabian
plate motion and their focal are in basement that confirmed by geological information. Comparing it with
the Main Zagros Reverse Fault (MZRF) strike, it is
seen that there is a change directivity of fault strike
from NNW-SSE to N-S from south to north in this
294
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region. Our results represent a low downward
motion of slab at depth in NNE direction towards
the central Iran.
Comparison of source time functions of these
events show different characteristics because it is
depending on the magnitude and depth of earthquakes. The variation in stress drop is considerable,
but no evidence is seen for a scaling relation in
which stress drop increase with moment. The stress
drop of an earthquake must represent the minimum
tectonic stress operative to cause the event, as well
as a minimum estimate of material strength near
the rupture surface. The proximity of low and high
stress drop events indicates in homogeneities in
stress or material properties within a rupture zone.
The nature of STF function shows that the faulting
consists of several fractures separated by strong
barriers, which remain unbroken after the event. If
the barriers are completely broken, there may be no
aftershocks within the main-shock fault plane.
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