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The Zagros belt in southern Iran is amongst the world's most seismically active
mountain ranges that accommodates a significant portion of the convergence
between Arabian and Eurasia Plates. Due to the larger earthquakes in Zagros,
which have strike-dlip focal mechanisms without any coseismic ruptures at the
surface; it isimportant to identify the source of these earthquakes in the basement.
The 2005 and 2014 earthquakes with Mw=5-6 in Qeshm Island are exarmples of
them. The NE-trending Gachin fault zone is one of the main transverse faults that
cross cut the major structures of Bandar Abbas zone and continues to the Persian
Gulf; in which deformations of the fault are overprinted on the major structures.
Based on the field, remote sensing and sismotectonic studies; the Gachin fault
Zone is the main cause of the recent deformations on the Quaternary sediments
in Qeshm Island and its activities are continuing to present time; therefore,
the above-mentioned earthquakes were caused by this fault. In other words, the
convergence between Arabian and Eurasia Platesisin favour for the reactivation of
Gachin fault zone in the basement as earthquakes.

1. Introduction

Most of our findings of how continental crust
accommodates plate tectonic motions comes from
studies of the spatial distribution of seismicity in
actively deforming mountain bdts [e.g. 1-7]. The
instrumental earthquake record offers a window
in to the subsurface mechanics of the range, and
has also been the focus of several previous studies
[eg 1,8, 9]

The Zagros bdt in south-western Iran is one of
the most rapidly deforming and seismically active
fold and thrust belts in the Alpine-Himalayan bdlt,
accommodating almost half of the present day
shortening between Arabian and Eurasia Plates,
which is ~25 mm yr* [10-11]. Though sesmicity in
Zagros is dominated by high-angle reverse faulting

[12], strike-slip earthquakes have an important
role in the Zagros range, where convergence is
oblique. However, Zagros earthquakes only rarely
rupture the surface [12]; because of the presence of
Hormuz salt at the base of the ~10 km thick
folded sedimentary cover [e.g. 13-15], together with
the usually absent indication of cosesmic ruptures
at the surface, earlier studies concluded that the
larger strike-slip earthquakes in Zagros involve
faulting mostly within the basement [e.g. 1, 8, 9]. An
increasing number of studies show that patterns
of occurrence of earthquakes may bring reevant
information on the location and time of occurrence
of future major earthquakes [16-21].

There have been few documented studies about
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seismicity of Qeshm Island [5, 22, 23, 24]. In this
article, active faults in the study area have been
investigated and the main cause of the recent
deformations as earthquakes was introduced. Here,
we combine the surface geological information
with seismology of main strike-slip earthquakes
together with field observations to estimate the
source of the earthquakes and investigate the
result of recent deformations in Qeshm Island.
The purpose of this paper is also to document
deformations along the Gachin fault zone and
recognition of the fault pattern on the surface. The
manuscript is also aimed at determining geometric
and kinematics variations of structures along
the Gachin fault zone for better understanding of
the effect of the fault zone on structural deveop-
ment of the Zagros fold-thrust bet.

2. Methods

In this paper, to realize the recent deformation,
subsurface and surface data analyses are done.
Subsurface data include the depth and focal mecha-
nism of earthquakes, and the surface data is the
geometry of structures such as fold and faults on
the cover sediments. Remote sensing study of the
satellite images was utilized for initial recognition of
the exposed structures in Qeshm Island and around
it. Surface patterns such as topography, drainage
pattern, spectral reflection of rocks, bending of fold
axes, and geometry of young folds with en-echelon
pattern were used for recognition of the fault zone.
Upon the results obtained from the remote sensing
study, some areas on the Island were selected for

detailed field studies. Seismological approaches
such as earthquake hypocentral locations and focal
mechanism studies play an important role in the
understanding of present activities in the area.
Therefore, a seismic map of the region has also been
used. In Zagros mountains, there are no dense local
seismic or geodetic networks and we must rely on
catalogs of teleseismically determined earthquake
locations as the on-line moment tensor catalogs,
such as CMT (Centroid Moment Tensor), USGS
(United States Geology Survey) and IIEES
(International Institute of Earthquake Engineering
and Seismology).

3. Tectonic Setting

The Zagros Fold-Thrust Belt is one of the
youngest mountain belts, located in themiddle part of
the Alpine mountain system. The NW-SE trending
belt deveoped during the collisional stage between
Arabian Plate and Central Iranian block [25-26]. On
the other hand, Following subduction of the Neotethys
Ocean beneath Central Iran during the M esozoic and
early Cenozoic, the NE Arabian margin collided
with the central Iranian continental block, and the
Zagros belt represents the deformed north eastern
edge of the Arabian plate and existed as a passive
continental margin, Figure (1), [e.g. 26-27]. Estimates
of the onset of continental collision range are from
the late Eocene [e.g. 28-29] to the mid-late Miocene
[eg. 30-31].

To the NE of Zagros, the suture between
deformed Arabian margin sediments and volcanic
and metamorphic rocks of central Iran follows the

Figure 1. Structural map of the Zagros fold and thrust belt, showing major faults and anticline axes [39]. The numbers refer to
high angle reverse fault, thrust fault, anticline axis, strike-slip fault and southern edge of the Zagros belt, respectively.
MFF: Mountain Front Fault; SKA: Siah Kuh Anticline; B: Balarud Fault Zone; RH: Ramhormoz Fault; RS: Rag-e Sefid
Fault; KB: Kareh Bas Fault; SP: Sabz Pushan Fault; S: Sarvestan Fault; SF1-SF5: left-lateral faults; DF1-DF2: right-lateral

faults.
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Main Zagros Reverse Fault or Main Zagros Thrust
(MZRF in Figure 1), an important basement
structure that marks the NE boundary of the range
[e.g. 8, 32, 33, 34]. The NE of the MZRF, the
Sanandaj-Sirjan zone contains metamorphosed
rocks thought to belong to the Central Iranian
continental block, although this area is sometimes
included within Zagros itsdf [e.g. 35]. To the SW
of the Zagros Mountains, the Mesopotamian
foredeep basin (in the NW) and the Persian Gulf
(in the SE) are fordand basins on Arabian Plate
(Figure 1), lying at or near sea level with estimated
crustal thicknesses of 40-50 km [e.g. 36-38].

The belt has been divided into two structural
subzones including the High Zagros and the Zagros
Simply Folded Belt from NE to SW that are
distinct in their topography, geomorphology,
exposed stratigraphy and seismicity. The High
Zagros zone contains imbricate slices of Mesozoic
and Palaeozoic sediments as well as ophiolites that
were emplaced onto Arabian passive margin during
the Late Cretaceous [26]. Its NW-trending thrust
and reverse faults are well exposed at the surface,
the most important ones being the Main Zagros
Thrust and the High Zagros Fault in Figure (1).
As mentioned before, this zone is separated from
the Iranian plate along the Zagros orogeny suture
zone (Main Zagros Thrust) (Figure 1), but GPS
measurements suggest that it is no longer active
except in the NW where it is coincident with the
right-lateral Main Recent Fault [eg. 40]. The HZF
constitutes the boundary with the Zagros Simply
Folded Belt.

The Zagros Simple Folded Belt, known as the
Bandar Abbas zone in the study area [8], is very
different from that of the High Zagros, having
major structures paralld to the Zagros fold thrust
belt. Thrust faults and related folds are the main
structural elements of the bet that are transversey
cross cut by two sets of subsurface fault zones
developed during the late Alpine-Zagros orogeny
[14, 39, 41-44]. The first set oriented NNW-SSE
shows right-lateral strike-slip movement such as the
Izeh, Kazerun, Sabzpushan and Sarvestan fault
zones. The second set, NE-SW-oriented, has |eft-
lateral strike-slip movement such as Balarud,
Nezamabad, Firuzabad and Razak fault zones.
The SE of the Zagros bet, Bandar Abbas zone, is
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dominated by the left-lateral strike-slip faults
(Figurel).

4. Geological Setting of Qeshm Island

Qeshm Idand lies in the eastern Persian Gulf,
~10 km off thelranian mainland, Figures (1) and (2).
It is ~110 km in length and ~10 km in width, with
ENE-trending, parallel to the mainland coast.
Geologically, Qeshm Island bears many geological
and structural similarities with the adjacent
mainland; so it is part of the Zagros Simply Folded
Belt and is dominated by folded Neogene marls
and sandstones sediment at the surface [e.g. 45].
There are three major anticlines in the island that
their fold axes do not follow parallel trends,
EEN-WWS (Salakh anticline), NW-SE (L aft
anticline) and NE-SW-trending (Suza anticline),
Figure(2).

Bulandg anticline o B
¢

Figure 2. Major fold axes are marked with black lines on
Qeshm Island satellite image. Black coloured
polygons are salt domes.

Evaporites outcrop in the far western part of
the island, where a salt dome (Kuh-e Namakdan)
brings Cambrian Hormuz salt to the surface as a
diaper in the core of Salakh anticline. Besides, we
can seethebig salt domein the west of Laft anticline
(Figure 2). These are two of many similar salt
domes in the Simply Folded Belt. Hormuz salt
outcrops in the cores of many anticlines in the
Bandar Abbas zone. It is possible that Qeshm
Island anticlines may also be cored with evaporites,
although no salt is currently exposed at the surface
[23].

The basement depth on the island is not known
specifically. Spectral analysis of the aeromagnetic
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data [46-47] reveals a basement depth of ~16 kmin
the NW of Qeshm Idland, on the mainland. While
application of the half-slope method to individual
magnetic anomalies yieds depths of 10-17 km in
the same area [48].

5. Recorded Earthquakes

Based on historical records, a few destructive
earthquakes have inflicted damages on Qeshm
Island in the past centuries. The location of
earthquakes (of the twentieth century) in Iran
shows that the island has been the locale of only a
few background events, see Figures (3a) and (3b).
As seen in Figure (3b), the island marks the
southern edge of the Zagros fold system where
seismicity of Zagros diffuses into the Persian Gulf.
Nevertheless, from 2005 to 2015, the relative
seismic quiescence of the island ended and a
number of large and moderate earthquakes with
depth>12 km shook the island during a ten-year
period (Figure 3c and Table 1).

Here we focused on the two last main earth-
guakes in Qeshm Island; 27 November 2005 and 27
May 2014 with Mw=5.5-5.3 and depth=12-15.1
respectively (Table 1 and Figure 4). These earth-
guakes have strike-dlip focal mechanisms (Table 1
and Figure 5). As the seismological approaches
such as earthquake hypocentral locations and focal
mechanism studies play an important role in the
understanding of present activities of the area, the
seismotectonic map of the region has been used in
thefollowing.

6. Structures along the Gachin Fault Zone
6.1. Major (Image Scale) Structures

The SE of Zagros bdt (Bandar Abbas area) is
dominated by the left-lateral strike-slip faults that
are detected by Furst [41], 1-17 in Figure (4a).
Generally, the trend of fold axes in the mainland
Iran, north of the Qeshm Island that is part of
Zagros, are mainly NW-SE, E-W, NE-SW which
suggest a change in the trend of structures from
west and central Zagros towards southeast where
seismicity and mountain ranges disappear into
Makran region (Figures 1 and 4a). Remote sensing
studies of satellite images, show the presence of
structures such as curvilinear geometry of the major
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Figure 3. &) Seismicity of Iran from 1900 to the end of 2004
[22]. The study area has been marked by rectangle
b on the map. b) Seismicity of Qeshm Island from
1900 to the end of 2004 [22]. c) Seismicity of
Qeshm Island from 2005 to the end of 2015, only
earthquakes with Mw>5, Table (1). Filled circles
show the location of earthquakes.
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Table 1. Date, location, magnitude and depth of Qeshm Island earthquakes from 2005 to the end of 2015. Data comes from
CMT (Centroid Moment Tensor), USGS (United States Geology Survey) and IIEES (International Institute of Earth-
quake Engineering and Seismology). The strike-slip earthquakes studied in this research are highlighted.

Date Latitude  Longitude  Strike 1 Dip 1 Rakel  Strike2 Dip2 Rake2 Mw  Depth Km
2005/11/27 26.66 55.8 257 39 83 86 51 96 5.9 12
2005/11/27 26.7 55.59 254 49 52 124 53 126 5 14.6
2005/11/27 26.65 55.89 218 87 2 308 88 177 55 12
2005/11/30 26.81 55.58 127 39 132 258 62 62 47 21.9
2006/06/03 26.72 55.83 111 45 112 260 49 69 5.1 12
2006/06/28 26.77 55.81 247 33 96 59 57 86 5.8 12
2008/09/10 26.65 55.72 234 33 76 71 58 99 6.1 12
2008/09/17 26,75 55.96 245 45 59 106 53 117 52 12
2008/12/07 26.82 55.74 69 41 115 217 53 69 54 12
2008/12/08 26.83 55.76 238 49 59 100 50 120 5.1 12
2008/12/09 26.75 55.8 241 33 73 81 59 101 5 14
2009/07/22 26.6 55.7 207 44 91 116 46 89 53 12
2012/01/09 26.86 55.65 242 45 36 125 66 129 4.9 17.2
2014/05/27 26.38 55.72 112 70 178 21 88 20 3.3 1581

(a)

2014/5/27- Mw/=53

Vesseriinb Greater Tunb

Data SIO, NO

| Abu Musa

(b)

Figure 4. a) The left-lateral strike-slip faults in the Bandar Abbas area [41]. b) The satellite image of the study area shows left-lateral
strike-slip faults and fold axial traces. The fault number 15 (a) is named Gachin fault in this article (b). Black coloured

polygons are salt domes.

fold axial traces (Figure 4b), and bending of major
reverse fault traces (HZF: High Zagros Fault; MFF:
Zagros Mountain Front Fault and ZFF: Zagros
Foredeep Fault), Figure (1), along the Gachin fault
zone (the fault number 15 in Figure (4a) is named
Gachin fault in this article). These signs can be seen
along theother |eft-lateral strike-slip faultsin Bandar
Abbas zone [41] (Figure 4a). Due to the left-lateral
deflection of Salakh anticlinein Qeshm Island together
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with evaporates outcrop in the far western of the
island where Kuh-e Namakdan (core of Salakh
anticline), Lesser Tunb, Greater Tunb and Abu Musa
salt domes are exposed as diapirs, it is suggested
that the Gachin fault is continued toward Abu Musa
Island, Figure (4b). Besides, as seen in Figures (4b)
and (5), the Qeshm thrust fault has left-lateral
bending as result of left-lateral reactivation of
Gachinfault.
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Figure 5. The satellite image of the study area shows Gachin and Qeshm faults. Location and focal mechanism of 2005/11/27 and
2014/5/27 earthquakes are illustrated. The position of Figure (6) is marked by black rectangle.

6.2. Minor (Field Observation) Srructures

The NE-trending Gachin transverse fault zone
has an influence on the structures of the entire cover
sediment in the Bandar Abbas zone and Qeshm
Island. Minor structures with different orientation
than the behaviour of the belt major structures,
which can only be recognized in the field, were
studied along the Gachin fault zone. Thesestructures,
which are referred to as younger structures in this
study were overprinted on the belt mgjor structures.
It should be noted that because of Gachsaran and
Mishan formation special rheological behaviour
during deformation, they were not included in the
analysis. Fidd studies show that the frequency of
minor folds in the folded belt is more than the
faults, while in the High Zagros bdlt, faults are more
abundant. Therefore, in this study area, minor folds
are abundant. Theminor structures along the Gachin
fault zone were developed in both Tertiary (Pabdeh,
Asmari and Aghajari formations) and Quaternary
deposits. Such a distribution on the orientation and
geometry of the minor structures in the zone reflect
the presence of restraining zones across the Qeshm
area along the Gachin fault zone. The structural
map shows the location of minor fold structure and
their stereograms related to the restraining zone
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(Figure6).

Most of minor structures along the Gachin fault
zone are developed on the alternation of soft
marly siltstone and silty marl (Bakhtyari Formation
equivalent) that usually covered by marine terraces
with transitional bed that makes hard identification
of small scale structuresin thisarea. As the SW part
of this fault zone, Qeshm Island, is covered by
recent deposits, the minor folds and faults are
observed difficulty. For example, some of the minor
folds with SW-trending of fold axial traces are
mapped in Qeshm Island, north of Kuh-e Namakdan
salt dome (Figure 6). These folds are outcropped on
the Quaternary sediments (Figures 7a and 7b). The
geometry of the folds is gentle (Figure 7) with
different orientations of the axes that are obviously
clear, so that they change from paralld to the main
fault zoneto WSW toward the west of the fault zone
(Figure 6¢). Moreover, in this selected area, the
streams are affected by some minor right-lateral
strike-slip faults with en-echelon arrangement
(Figure 7¢), as P fractures (according to [49, 50])
within Gachin deformational fault zone (Figure 6).
This geometry in a strike-dlip fault system, generally
produce either zones of restraining step-over regions
or compression at restraining step-over regions [50].

JSEE/ Vol. 18, No. 4
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Figure 6. (a) and (b) The structural map of some minor folds and faults on the Quaternary sediments in the north of the
Kuh-e Namakdan salt dome on the geological map of Qeshm, along the Gachin fault zone. The stereonets show limbs
and fold axes. (c) Schematic model of the minor structures. The position of this Figure is marked in the Figure (5).
DFZ: Gachin Deformation Fault Zone, PI-Q: The Plio-Quaternary alternation of soft marly siltstone and silty marl
(Bakhtyari Formation equivalent); Red line: Fault; Black arrow: Fold axis.

Figure 7. (a) and (b) Photos of minor folds on the Quaternary sediments of Qeshm Island. The stereonet shows fold axes
(SW-trending). c. The offset of streams along right-lateral minor faults with SW-striking within the left-lateral Gachin
fault zone in the island. Black line: Minor fold axis; W hite line: Bedding; Red line: Minor strike-slip fault; Blue line: Stream
path. View of the photos: Toward south.
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Figure 7. Continue.

7. Conclusion

The SE of Zagros belt (Bandar Abbas areg) is
dominated by theleft-lateral strike-slip faultsthat are
detected by Furst [41]. In this article, based on the
field, remote sensing and sismotectonic studies; we
believed that the NE-trending Gachin left-lateral
strike-dlip fault zone is the main cause of the recent
deformations on the Quaternary sediments in
Qeshm Island and surrounding aress.

The left-lateral strike-slip kinematics of
the Gachin fault zone has interpreted using the
curvilinear geometry of the major structures affected
by the fault as well as the en-echelon pattern of
minor structures developed within the fault zone.
Remote sensing studies of the satdllite images along
the fault zone, show the presence of such structures
ascurvilinear geometry of faults and fold axial traces
aswel as Salt dome outcrops (Figure 4). The major
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structures of Zagros in this area are left-laterally
deflected where they pass the Gachin fault zone
(Figure 4). This happens only on the trace of the
major structures the length of which is longer than
the width of the fault zone. This interpretation is
compatible with the field study [e.g. 51-52] and
experimental modelling [53, 54] on similar strike-
slip fault zones.

Other significant structures, such as minor folds
and faults, can only bemapped by field studies. These
minor structures can be recognized on Quaternary
sediments in Qeshm Island and are related to
reactivation of the Gachinfault zone (Figure6). This
geometry in a strike-slip fault system, generally
produce either zones of compression at restraining
step-over regions [50]. Detailed analyses of the
minor folds and faults along the main fault zone
indicate that they are spatially developed in
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restraining zones along the fault zone (Figure 6).
Therefore, the Gachin fault zone along which
these restraining zones have formed itself as a
deep-seated principal deformation Fault zone.

The Gachin Strike-slip fault continues to the SW
toward the Abu Musa salt dome. The epicentre
locations of few strike-slip earthquakes, especially
the November 27, 2005 and May 27, 2014
earthquakes, are along the Gachin fault and occurred
with left-lateral focal mechanism (Figure 5).
Therefore, it can be concluded that, the reactivation
of Gachin fault zone is continuing to the present
time and is the main cause of 2005/11/27 and
2014/5/27 earthquakes in Qeshm Island.
Seismotectonic studies and migration of the
earthquakes toward SW show that the SW tip of
Gachin fault zone (in Qeshm Island) is more
active than the middle part and the NE tip of it.

Comparing the presented models of the strike-
gdlip faults origin in the orogenic belts by the surface
deformations of Gachin fault zone reactivation,
indicate that this fault zone is a basement fault. The
basement origin of the Gachin fault can be confirmed
by Hormuz salt formation extrusion and presence of
earthquakes with the basement origin along the fault.
Comparison between depth of the earthquakes and
depth of the basement in Qeshm Island indicate this
result of the basement origin of active Gachin fault
zone.

The north-eastward movement of the Arabian
Plate towards Central Iran is in favour for the
reactivation of thefault. Therefore, itisproposed that
such convergence can account for the reactivation
of similar fault zones in the Zagros Fold-Thrust Belt
like 1zeh fault zone[55].
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