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Stress and Faulting Pattern in the Bam Region, SE Iran, Detected by Fault Instability Criterion
and Fry Method
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Abstract—In this study, we determine the stress release from
the 2003 Bam earthquake (Mw 6.6) by applying the stress inversion
technique to focal mechanisms of 199 aftershocks. There is no
evidence of significant surface faulting that can be used to study the
faulting pattern of the Bam fault zone. Therefore, we applied two
independent methods for identifying the faulting pattern in this
zone: the instability criterion based on the analysis of orientations
of nodal planes of focal mechanisms with respect to the regional
stress, and the Fry method based on the analysis of spatial clus-
tering of aftershock foci. The results show that the fault associated
with the 2003 Bam earthquake is well oriented for shearing under
the present-day regional stress. We identified four sets of faults
with a close angular relation to the maximum horizontal com-
pression (SH,,,,) that have been (re)activated. These faults include
strike-slip (right lateral and left lateral), thrust, and normal faults
that are oriented approximately oblique, perpendicular, and parallel
relative to the SH,,,,, respectively. The direction of the SH,,,, is
N31° E. Based on the results, we propose to apply the instability
criterion and the Fry method to seismic data as two valuable and
independent techniques in order to constrain the kinematic and
active faulting in the area.

Keywords: 2003 Bam earthquake, focal mechanism, stress
inversion, Central-Eastern Iran.

1. Introduction

On December 26th, 2003 at 01:56:58 UTC the
Mw 6.6 Bam earthquake with slip of up to 2 m
(Jackson et al., 2006) occurred in the southeastern
Iran, near the southern end of the Nyband-Gowk
fault zone, on the SW side of the Lut block (Fig. 1)
(Engdahl et al., 2006; Rahimi, 2012; Sadeghi et al.,
2006; Shirzad & Moradi, 2022). The Global Centroid
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Moment Tensor (GCMT) center places the
hypocenter of the earthquake at 58.24° E, 29.10° N
with depth at ~ 15 km. The fault plane solution
reflects a right-lateral slip on a steeply eastward
dipping fault, which had not previously been
recognized.

Tectonic stress in the region is primarily influ-
enced by convergence between the Arabian and
Eurasian plates (Nouri et al., 2023). According to
GPS measurements (Khorrami et al., 2019; Vernant
et al., 2004), the convergence rate of these plates at a
longitude of 51° E is ~ 22 mm/year. It causes that
this region is one of the most seismically active areas
in the world (Ambraseys & Melville, 1982; Berbe-
rian, 1976, 2005). It seems that accommodating of
deformation at different rates between the Central
Iran and western Afghanistan is the main origin of the
occurrence of large earthquakes along active faults in
the Central and Eastern Iran (Jackson et al., 2006;
Shirzad & Moradi, 2022). A comprehensive review
of the historical seismicity of the region is given by
Berberian (2005).

The evidence, as reviewed by Berberian (2005),
Jackson et al. (2006), Khorrami et al. (2019), Vernant
et al. (2004), and Walker and Jackson (2004), sug-
gests that the tectonic activity of the region has been
accommodated by a sub-parallel ~ N-S right-lateral
strike-slip fault system with a small component of
thrusting, extending from the Central Iran to the
western Afghanistan. This fault system is bounded by
the left-lateral Doruneh fault and the Makran fold-
and-thrust belt toward north and south, respectively.

Focal mechanisms of earthquakes are the main
indicators of tectonic stress and processes in the
Earth’s crust. They also provide important informa-
tion on the structure of a region. Hence, inverting for

X Birkhauser


http://crossmark.crossref.org/dialog/?doi=10.1007/s00024-023-03398-5&amp;domain=pdf
https://doi.org/10.1007/s00024-023-03398-5

A. Nouri et al.

54° 56° 58° 60°

40°

30°

10 mm/yr
—

Pure Appl. Geophys.

58.2° 58.3° 58.4° 58.5°
 36°
29.2°
34°
29.1°
32°
29.0°
30° .
28.9

__a__ Reverse fault

- 6000
| 5000 —— Strike-slip fault
28 ~ Co-seismic crack
H 4000 (Talebian et al., 2004)
=
S|l
-§ 3000 B ciy
3
m 2000 e  Epicenter of earthquake focal
26° | 1000 mechanism used in inversion
for stress
-0

a Fault map of the Central, Eastern, and Southern Iran (after Rashidi et al. (2019) and Sheikholeslami et al. (2021)). The GPS velocity vectors
are from Khorrami et al. (2019) and Walpersdorf et al. (2014). Do F. Doruneh fault, Ka F. Kalmard fault, B F Biabanak fault, KS F. Kouh-e-
Sarhangi fault, DB F. Dasht-e-Bayaz fault, A F. Abiz fault, F F. Ferdows fault, E F. Esfandiar fault, ChR F. Cheshmeh Rostam fault, PB F.
Posht-e-Badam fault, An F. Anar fault, De F. Deh Shir fault, MZR F. Main Zagros Reverse fault, SB F. Shahr-e-Babak fault, R F. Rafsanjan
fault, D F. Davaran fault, Ku F. Kuh-e-Baban fault, La F. Lakarkuh fault, Na F. Nayband fault, Sh F. Shahdad fault, Ba F. Bam fault, EN F.
Eastern Neh fault, WN F. Western Neh fault, Z F. Zabol fault, K F. Kahurak fault, No F. Nosratabad fault. Inset indicates tectonic map of the
Arabian-Eurasian collision zone (after Nouri et al. (2023) and references therein). GPS velocity vectors are from Reilinger et al. (2006).
ZFTB: Zagros fold-and-thrust belt. b Fault map of the Bam area (Talebian et al., 2004; Tatar et al., 2005). The focal mechanism of the 2003
Bam earthquake is from the Global Centroid Moment Tensor catalogue. Note that the regular grid in epicenters shown in b is apparent, being
caused by a limited location accuracy of analyzed aftershocks presented by Tatar et al., (2004, 2005)

the crustal stress from focal mechanisms is one of the
main methods how to study the dynamics of the earth
crust. As regards the seismic activity associated with
the Bam earthquake, the main shock produced a
series of enigmatic surface fractures that are small for
such event (Mw 6.6) (Jackson et al., 2006). This
makes it difficult to detect faulting pattern of this
seismic fault zone from surface faulting like those
that were detected for NW Iran (Faridi et al., 2017),
for north of the Doruneh fault, NE Iran (Tadayon

et al., 2017), for causing fault of the 2012 August 11
Varzaghan—Ahar earthquake (Mw 6.4, 6.2), NW Iran
(Ghods et al., 2015) or for Dasht-e Bayaz fault zone,
NE Iran (Tchalenko & Ambraseys, 1970). Many
researchers have studied the 2003 Bam earthquake
from a variety of viewpoints taking into account the
rupture process, seismotectonics, earthquake hazard,
active tectonics, and the velocity structure around the
fault (Berberian, 2005; Jackson et al., 2006; Rahimi,
2012; Sadeghi et al., 2006; Shirzad & Moradi, 2022).
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This paper aims to study tectonic stress in the region
of the 2003 Bam earthquake and to provide a struc-
tural pattern of the Bam fault zone using the
aftershock activity. Such study would facilitate better
understanding active faulting processes, a long-term
behavior of the active fault zone, and the seismic
hazard of the area.

2. Tectonic Setting

Tectonics of Iran has a long and complex history
associated with multistage evolution of the Tethys
domain resulted from successive opening and closure
of oceanic, back arc, and marginal basins (Berberian
& King, 1981; Stern et al., 2021). Many researchers
have been attempted to describe the shear movements
in the Central-Eastern Iran because of significant
implications for current deformation and the occur-
rence of several moderate to large earthquakes in the
region (Berberian, 2014; Jackson et al., 2006; Meyer
& Le Dortz, 2007; Tatar et al., 2004, 2005; Walker &
Jackson, 2004; Walker et al., 2003; Walpersdorf
et al., 2014). The driving stress associated with the
convergence between the Arabian and Eurasian plates
dominates the deformation through major structural
elements in the Central-Eastern Iran. Historical
(Ambraseys & Melville, 1982; Berberian, 2005) and
instrumental (Engdahl et al., 2006) seismic studies in
this region indicate several destructive earthquakes
that caused even surface ruptures. The activated
faults are mostly surrounding by relatively
stable aseismic blocks with low rates of deformation.
In the Central-Eastern Iran, the surface deformation is
consistent with observations of fault plane solutions
(Jackson et al., 2006; Khorrami et al., 2019; Vernant
et al., 2004; Walker & Jackson, 2004).

The Central-Eastern Iran (Fig. 1) is characterized
by an actively deforming strike-slip system, currently
accommodating the ~ NE-SW  Arabia—Eurasia
convergence. Detailed GPS measurements in the
Central-Eastern Iran (Khorrami et al., 2019) indicate
an active deformation of 5.5-8.1 mm/year, decreas-
ing toward the northern, eastern, and the southern
boundaries of the region. The shear movements
between the Central Iran and western Afghanistan are
mostly taken up by NS right-lateral strike-slip faults.

These faults are mainly extending along the eastern
and western sides of the Lut block, whereas north of
this fault system, shear takes place mostly along ~
EW-striking faults such as the Doruneh and Dasht-e
Bayaz faults (Fig. 1) (Berberian, 1976, 2014; Khor-
rami et al., 2019; Vernant et al., 2004; Walker &
Jackson, 2004; Walpersdorf et al., 2014). The strike-
slip movements along the ~ NS-striking faults allow
the Central-Eastern Iran to move NNE-ward by
gradual indenting northward into the crust of NE Iran
(Hollingsworth et al., 2010; Walker & Jackson, 2004;
Walpersdorf et al., 2014). The ~ NS faults accom-
modates NS shortening by rotating counterclockwise
of surrounded blocks around the vertical axis (Hol-
lingsworth et al., 2010; Walker & Jackson, 2004;
Walpersdorf et al., 2014). Further toward north of
Iran, the convergence is mostly accommodated by
ENE-SWS left-lateral shear along the Shahrud fault
system, shortening in the Kopeh Dagh fold-and-thrust
belt, and eventually ends as right-lateral movements
along the NW-SE-striking Ashkabad fault zone
(Hollingsworth et al., 2010; Khorrami et al., 2019;
Vernant et al., 2004; Walker et al., 2021).

In this region, earthquakes take place in depth
shallower than ~ 20 km (Engdahl et al., 2006) and
sense of slip on faults is governed by the direction of
the maximum compressional stress relative to strike
of the active faults. Most of the seismogenic faults in
the Central-Eastern Iran are known and their behavior
is well understood (Berberian, 1976, 2014; Meyer &
Le Dortz, 2007; Walker & Jackson, 2004; Walker
et al., 2003, 2004). Generally, according to the
studies in the Central-Eastern Iran, a dominant right-
lateral slip occurs on ~ N-striking faults (e.g.,
Nayband fault), A left-lateral slip take places on the
NE to ~ E-striking faults (e.g., Dorouneh and Dasht-
e-Bayaz fauls), and a dominant reverse slip occurs on
the NW-striking faults (e.g., Ferdows fault) (Fig. 1)
(Berberian, 1976, 2014; Meyer & Le Dortz, 2007;
Walker & Jackson, 2004; Walker et al., 2004).
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3. Data and Method

3.1. Data

We compiled focal mechanisms of 199 after-
shocks in the region, previously determined by Tatar
et al., (2004, 2005), see Fig. 2. The aftershocks were
monitored by an array of 23 portable three-compo-
nent stations deployed in the epicentral area of the
2003 Bam earthquake and the focal mechanisms were
determined using first-motion data. Focal mecha-
nisms with a minimum of 12 P-wave polarities were
selected for a further analysis and classified according
to their quality into three categories (Tatar et al.,
2004): category A (well constrained focal mecha-
nisms with an error less than 20° for both two nodal
planes), category B (focal mechanisms with an error
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less than 20° for one nodal plane), and category C
(focal mechanisms with an error higher than 20°).

Also, we compiled locations of 1087 aftershocks
(1 <ML < 4.1) associated with the 2003 Bam
earthquake between December 2003 and March
2004 (Sadeghi et al., 2006; Tatar et al., 2005). These
aftershocks were originally recorded and located
using a 1-D velocity model (Tatar et al., 2005) and a
3-D velocity model (Sadeghi et al., 2006). Both
epicentral and hypocentral uncertainties of the after-
shock focal mechanisms are less than 1 km.

3.2. Method

First, we determined the tectonic stress by
inverting the earthquake focal mechanisms. Then,
we applied the Fry method to aftershock locations

9O BUOIDOI9®

a Focal mechanisms of 199 earthquakes used for determining the stress. Type of the mechanisms is colored based on the background color of

the Frohlich’s triangle diagram (Frohlich, 1992) presented in b. SS strike-sip faulting, 7S thrust to strike-slip faulting, 7 thrust faulting, NS

normal to strike-slip faulting, N normal faulting, and U unknown type of faulting. ¢ Contoured Frohlich’s triangle plots of all mechanisms
used in this study
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and the fault instability criterion to focal mechanisms
in order to determine faulting pattern in the region.

3.2.1 Stress Inversion and the Fault Instability

To retrieve the principal stress directions and relative
magnitude of principal stresses (i.e., the shape ratio)
R = (01 — 0,)/(6; — 03), we invert the stress from
focal mechanisms by using the iterative joint inver-
sion proposed by VavryCuk (2014). This method
relies on the following three major assumptions: (1)
slip on a fault plane occurs parallel to the direction of
the maximum shear stress (Bott, 1959; Wallace,
1951), (2) all earthquakes on a fault have the same
magnitudes of shear stress, and (3) stress is homo-
geneous and invariant in space and time.

A successful inversion for stress from focal
mechanisms needs knowledge of which nodal plane
is the fault. If such information is missing and faults
are incorrectly interchanged with auxiliary planes, the
stress inversion becomes inaccurate (Vavrycuk,
2014). This brings difficulty when inverting stress,
because the ambiguity between two nodal planes of a
mechanism should be resolved (Ouyed et al., 2022;
VavryCuk, 2015). To identify the true fault plane
from the auxiliary one, usually some additional
information such as geological data is required.
Several researchers (Gephart & Forsyth, 1984; Lund
& Slunga, 1999; Michael, 1987; Ouyed et al., 2022;
VavryCuk, 2014) pointed out that it is possible to
distinguish most likely the true faults from the
auxiliary planes using the joint inversion for stress
and fault orientations. Lund and Slunga (1999) and
VavryCuk (2014) have proposed a method reducing
the ambiguity problem by introducing the so-called
fault instability criterion. In this method, the fault
instability parameter [ identifies the nodal plane that
corresponds to the correct fault by:

1. applying the Mohr—Coulomb failure envelope to
each nodal plane of a mechanism,

2. quantifying how close to the failure a nodal plane
1S,

3. selecting the most likely true faults by choosing a
higher value of the fault instability (where 0 < [
< 1) that indicates a fault with an orientation
nearest to an optimal orientation for shearing.

The fault instability / (Lund & Slunga, 1999;
VavrycCuk, 2011, 2014) is defined as:

:r—,u(o—l) 0
w1+ 2

where 7, u, and ¢ are the shear traction along a fault
plane, the fault friction, and the effective normal
traction, respectively.

In the joint stress inversion method, the stress is
calculated in iterations and the iterative process
continues until it reaches the highest instability I for
selected nodal planes (Vavrycuk, 2014). The first
iteration starts with randomly selected nodal planes
as the faults, and the principal stress directions and
the shape ratio R are calculated using the Michael’s
method (Michael, 1987). In the second iteration, the
most likely true faults are identified by the fault
instability criterion, and the stress inversion is run
again with newly assigned fault planes. This process
is repeated until the stress converges to some
optimum value. In addition, the whole process is
run for several values of friction to get the highest
overall instability /. In addition to the four parameters
of stress, this method determines two fault planes
called the principal faults, which are characterized by
the maximum instability (I = 1). These faults are
optimally oriented for shearing under the given
tectonic stress.

1

3.2.2 Fry Method

The orientation of active faults can alternatively be
identified using spatial distribution of epicenters of
earthquakes by applying the so-called Fry method.
The method was introduced by Fry (1979) for finding
the finite strain based on a two-dimensional analysis
of nearest neighbors to a central reference point. This
method plots translations, called the ‘Fry’ plots, of
point objects by using each point as a central
reference point for the translation. For N points, there
are N> — N translations. Vearncombe and Vearn-
combe (1999) employed the Fry method to study the
2D spatial distribution pattern of mineralization for
identifying the trend(s) of mineralization. Here, we
apply the Fry method on all aftershocks and on
aftershocks declustered by the method proposed by
Reasenberg (1985).
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4. Results

The mechanisms of 199 aftershocks of the 2003
Bam earthquake used in the stress inversion show
various types of faulting as shown in Fig. 2. The
plunge of P, B, and T axes of mechanisms is fairly
uniform and strike-slip faulting is the predominate
mechanism (Fig. 2). The stress inversion of the focal
mechanisms (Fig. 3a-d) yields a narrow distribution
of the shape ratio and small confidence regions
( < 2.5°) for the trend and plunge angles of the three
principal stress axes. This refers to a reliable stress
inversion and to a stable direction of the SH,,,,.. A
sub-vertical orientation is found for the intermediate
principal stress, o,. The minimum and maximum
principal stresses are found to be horizontal.

Fault planes selected by the stress inversion
according to their instability / show the following
strikes in relation to their sense of slip: (1) ~ NNW-—
SSE-striking planes (mean strike: 345.2° &+ 8.3°)
showing a right-lateral sense of the slip (Fig. 3e),
(2) ~ ENE-WSW striking planes (mean strike:

Fig.

Stress inversion results (a—d) and stereonet showing nodal planes selecgted by the stress inversion as fault planes (e-h). a Stereonet projections

of the 95% confidence region for three principal stress axes oy, g,, and o3 indicated by red, green, and blue color, respectively, b Mohr circle

diagram, ¢ shape ratio histogram, d stereonet showing the two optimum (principal) faults, e right lateral faults, f left lateral faults, g thrust

faults, h normal faults. Rose diagrams of strike of different fault types are illustrated in the background of the stereonets. The shadow red areas
are the 95% confidence regions for the mean vector indicated by the red arrow
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345.2° 4 8.3°) characterized by a left-lateral sense of
the slip (Fig. 3f), (3) NW-SE-striking planes (mean
strike: 72.2° + 5.1°) characterized by thrust faulting
(Fig. 3g), and (4) NE-SW-striking planes (mean strike:
39.1° & 17.3°) showing normal faulting (Fig. 3h).

The Fry plots of epicenters of all earthquakes
show a ~ N-S structural trend parallel to the co-
seismic rupture (Fig. 4a). Applying the Fry plot to the
epicenter locations of the declustered catalogue dis-
tinguishes four trends: N-S to NNW-SSE,
approximately NE-SW, ENE-WSW, and SE to NW
(Fig. 4b).

5. Discussion

5.1. Stress

5.1.1 Relation Between Results Stress Inversion
and Active Faulting

The number of focal mechanisms used in the stress
inversion is large enough for determining reliably the
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Epicenters of all aftershocks (a) and of aftershocks from the declustered catalogue (b), along with their corresponding translations and rose
diagrams depicting the trends of these translations (from left to right)

present-day local tectonic stress (Balfour et al., 2011;
Michael et al., 1990). The value of the shape ratio
R and plunge of o0y, 0,, and 63 axes point to a
transpressional stress regime with a dominating
strike-slip component (Simpson, 1997), as concluded
by Walpersdorf et al. (2014). The shape ratio R is
well-constrained with a small error, and the 95%
confidence regions for the principal stresses are quite
tight (Fig. 2 and Table 1). This implies that any
interchangeability of ¢y, 0,, and g3 would be difficult.

Applying the method of Lund and Townend
(2007) to the stress inversion results, we found that
the direction of the SH,,,,, is N31° E. The direction of
the surface trace of the Bam fault and co-seismic
cracks of the 2003 Bam earthquake is ~ NS. There-
fore, the angle between the SH,,,, and the fault trace
is ~ 30°, which leads the fault to the right-lateral
slip at an average rate of 2.1 + 1.0 mm/year, and to
the reverse slip at an average rate of ~ 0.3 £ 1.7
mm/year (Walpersdorf et al., 2014).

Table 1

The results of the stress inversion presented by the orientation of the principal stress axes ¢;, 6, and 73 given as trend/plunge in degree and
the shape ratio R

N o1 (°F°) a2 (°F°)

o3 (°F°) R a (®)

SHmax (O)

199 211 + 2.3/04 329 + 2.5/81

120 + 2.3/08 0.67 34.17 31

Direction of the maximum horizontal compression (Sg;,,.,) is in degree

N is the number of earthquake focal mechanisms used in the inversion for stress, o is the deviation angle (°)
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The retrieved stress in the region is very similar to
the regional stress determined by Sheikholeslami
et al. (2021). Sheikholeslami et al. (2021) studied
variations of stress in the Central Iran by inverting
focal mechanisms of large earthquakes. In the region
under our study, the o; axis is approximately
horizontal (Sheikholeslami et al., 2021) and is
oriented oblique to structures highlighting the impor-
tance of the oblique-slip kinematics in the structural
development of the region.

The results reveal that mostly one of the two
optimally oriented faults, determined under the given
stress field, activated during the 2003 Bam earth-
quake (strike/dip/rake: 185°/85°/173°). The second
optimally oriented fault characterizing by a left-
lateral slip (strike/dip/rake: 235°/81°/— 1°) was less
active or was not activated at all during the 2003 Bam
earthquake. The stress inversion results show that
the ~ N-striking Bam fault is in agreement with the
NS-striking principal fault is optimally oriented for
shearing (instability > 0.9) under the retrieved active
stress field (Figs. 1b and 2g). In addition, another
SW-striking left-lateral fault is optimally oriented for
shearing (Fig. 2g). The inversion results reveal that a
system of ~ NE-SW-striking faults with the left-
lateral slip characterized by a high fault instability
was picked in the final inversion for stress (Fig. 3b).
This indicates that the NE-SW-striking faults are
important for estimating potential seismic hazard in
the region. However, the fault instability / identifies
just how favorably oriented the fault is for shearing in
the given stress field. Hence, the fault instability
I does not show, whether the Mohr—Coulomb failure
criterion is actually satisfied or not for this fault.
Moreover, the fault instability / does not reflect the
presence of fluids and the value of the pore pressure
in the focal zone (Fojtikovda & Vavrycuk, 2018;
Vavrycuk et al., 2013).

5.1.2 Homogeneity/Heterogeneity of Stress

Michael (1991) discussed the issue of homogeneity/
heterogeneity of stress according to the average misfit
angle. The misfit angle is defined as the deviation
between the observed and theoretically modelled slip
direction on a fault plane. According to Michael
(1991), when the average error of focal mechanisms

Pure Appl. Geophys.

is ~ 20° and the average misfit angle is < 48°, the
stress field is approximately homogeneous. Other
researchers (e.g., Delvaux & Barth, 2010; Gephart &
Forsyth, 1984) pointed out that nodal planes with the
misfit angle > 30°-40° are too scattered, and hence
such data have not been included into the inversion
for stress. As shown in Fig. 5, a series of fault planes
reaching high instability values shows a high misfit
angle. This inconsistency between the fault instability
and the misfit angle implies that other factors are
needed to identify the homogeneity/heterogeneity of
stress.

We propose six conditions for assigning the
retrieved stress to be homogeneous: (1) 95% confi-
dence regions of the o, and o5 axes that do not
overlap. (2) 95% confidence regions of the ¢, and o,
axes with a high shape ratio (R) and/or those of the o,
and o5 axes with a low shape ratio and which do not
overlap. (3) The well-constrained R value with a
small error. (4) The well-constrained orientation of
the SH,,,.. The orientation of the SH,,,, is stable and
does not change when adding or rejecting focal
mechanism(s) to the data set subjected to the
inversion. (5) The retrieved stress regime should
agree best with sense of most of the mechanisms. (6)
The homogeneity of the structural pattern and/or
absence of the structural variation. Since the struc-
tural pattern of a large-scale region is not
homogenous, the focal mechanisms in such region
cannot be inverted altogether in terms of the
homogenous stress state. Hence, to study a regional
variation in stress, the target region should be divided
into sub-areas (Nouri et al., 2023). Based on the
above considerations and as shown in Table 1 and

2 180 2
2140 * ::'. -~
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Instability
Fig. 5

Distribution of the misfit angle (°) versus instability / value in the
scatter diagram
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Fig. 2, we conclude that the stress in the region under
study is very likely homogeneous.

5.2. Structural model

Different sets of fractures in the strike-slip system
are widely studied by field studies (Coelho et al.,
2006; Storti et al., 2006; Wilcox et al., 1973),
analogue modelling (Coelho et al., 2006; Smith &
Durney, 1992; Wilcox et al., 1973), and numerical
modelling (Braun, 1994; McKinnon & de la Barra,
1998). From studies on sets of fractures, it is possible
to estimate the angle between structural elements and
the SH,,,, direction. At the time of failure, exten-
sional and contractional structures are initiated
parallel and perpendicular to the SH,,,,, respectively.
Shear or conjugate sets of fractures develop oblique
to the direction of the SH,,,,. The SH,,,, is approx-
imately bisector of the acute angle of the conjugate
fractures. These fractures are oriented approximately
at 45° £+ ¢/2 relative to the SH,,,., where ¢ is the
angle of internal friction of the rock and generally is
equal to ~ 30°. However, precise angular relations
of different sets of fractures in a volume of rock are
dependent on fluid pressure, strain and stress rate and
state, vorticity, and on the angle of internal friction
(Coelho et al., 2006; Fossen, 2011).

The strikes of the fault planes selected from the
nodal planes of focal mechanisms by the stress
inversion show a broad variation. Some focal mech-
anisms show right-lateral slips on ~ NE-SW-
striking fault planes opposite to left-lateral slips on
these fault planes. Also, some ~ NW-SE-striking
fault planes which are selected during the inversion
for stress show left-lateral slips opposite to right-
lateral slips on these fault planes. Such opposite sense
of the slip on faults with the same strike was also
reported by Aydin et al. (1992) after the 1989, Loma
Prieta, California, earthquake, by Xu et al. (2020)
after the 2019 Ridgecrest earthquake, and by Wetzler
et al. (2021) along the Dead sea basin. It can result
from: (1) the slip on pre-existing and weak faults that
are not necessarily well-oriented relative to the
current stress, and (2) small-scale stress perturbations
due to mechanical anisotropy, interaction of faults,
mainshock, and fluid pressure variations (Hardebeck

& Okada, 2018; Plenefisch & Bonjer, 1997; Stein,
1999; Zoback, 1992; Zoback et al., 1987).

The structural trend identified in the Fry plot
agrees well with the co-seismic crack, the strike of
the Bam fault, and the instability-based selected
nodal planes as the faults (Figs. 3, 4). Based on the
results of the stress inversion, the above description,
and knowing that active tectonic studies are mostly
constrained by earthquake focal mechanisms (Heid-
bach et al.,, 2018; VavryCuk & Adamovd, 2018;
Zoback, 1992), we propose a kinematic model to
illustrate the main features of the active faulting in
the Bam area, as shown in Fig. 6.

Such model is proposed for north of the Doruneh
fault, NE Iran, by Tadayon et al. (2017), according to
geological data, and for north of China by Li et al.
(2015) according to the seismic data. The 2003 Bam
earthquake occurred on a blind fault (Jackson et al.,
2006; Tatar et al., 2005). The ~ N-striking right-
lateral fault (Fig. 6) is concluded by Talebian et al.
(2004), Tatar et al. (2005), and Sadeghi et al. (2006).
The principle slip on the fault at depth has occurred in
south of the fault zone (Talebian et al., 2004). Tatar
et al. (2005) and Jackson et al. (2006) believed that

1Bam fault

Fig. 6
Simplified diagram illustrating t%le fault pattern of the Bam fault
zone deduced from seismic data. The faults parallel to the
maximum and minimum horizontal compression stress are the
normal and thrust faults, respectively, and others are shear (strike-
slip) faults. Diameters of the stress ellipsoid as shown in red color
are based on the stress ratio
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the fault has been propagated northward. According
to the Frohlich$ diagram (Frohlich, 1992) (Fig. 2),
mechanisms of the aftershocks mainly show strike-
slip faulting. Nevertheless, thrust faulting is also
considerable. According to Jackson et al. (2006), in
addition to the right-lateral movements, a reverse
component of the slip was detected along the Bam-
Baravat escarpment revealed in the radar interfero-
grams and field studies. This implies that faulting
may be in the early stages of a slip partitioning of the
oblique convergence across the region into the strike-
slip and reverse components (Jackson et al., 2006).

The results allow us to suggest that the instability
criterion proposed by Lund and Slunga (1999) and
VavryCuk (2011, 2014) selects the fault planes with
the best agreement with seismic and geological
evidences. Besides, the Fry plot technique proposed
by Vearncombe and Vearncombe (1999) can be
utilized to identify the structural trends from seismic
data.

6. Conclusion

The 2003 Bam earthquake (Mw 6.6) aftershock
sequence occurred along a relatively unknown fault
zone. The results of the analysis of the fault insta-
bility criterion and the Fry method consistently show
that the aftershocks of the 2003 Bam earthquake were
distributed along faults and subfaults well oriented
for shearing under the present-day regional stress.
This allows us to propose that the Fry plot method,
previously used to determine the mineralization
trends, can also serve as a novel supporting technique
for structural analysis utilizing seismic data.
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