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Abstract

The structural analysis of large intracontinental wrench faults is fundamental for deciphering the long-
term evolution of continental crust in complex areas in terms of their geodynamic evolution and large-
scale crustal block displacements. In this contribution, we demonstrate a pre-Miocene dextral activity
of the present-day left-lateral Great Kavir - Doruneh Fault System (GKDFS, Central Iran), one of the
major intracontinental active strike-slip faults extending from the Afghan border to the Nain region
between Central Iran and the Sanandaj-Sirjan Zone. We document important dextral shearing
recorded along a segment of the GKDFS, the Arusan Fault System (AFS), located east of Jandaq,
close to the present-day active trace of the GKDFS. The AFS include several ENE-WSW striking
strands exposed for a length of more than 50 km, which couple pre-Cretaceous ophiolites and
metamorphic basement units with the Cretaceous succession of the Khur basin. The fault shows
transpressional structures consistent with a dextral shear including thrusts and en échelon folds
affecting the Cretaceous carbonate units. Paleostress reconstruction based on mesoscopic fault
analysis and related folds geometry allowed to establish vorticity parameters indicating that
deformation occurred close to a total simple shear regime with a calculated Wk between 0.9 and 1.
The enormous Meso-Cenozoic dextral displacements occurred along the AFS and along the entire
GKDFS are attested by the up to several hundreds of kilometers offset of the Paleotethys suture zone,
from NE Iran to the western border of Central Iran.

1 Introduction

Strong deformation of continental crust along major wrench faults, resulting from large rotations of
crustal blocks along vertical axes, was firstly suggested 50 years ago by Freund (1970) along the
Dead Sea Transform. This phenomenon was later documented all over the world (e.g. Ron et al.,
1984; Sonder et al., 1994, Storti et al., 2003; Walker & Jackson, 2004; Onderdonk, 2005; Mattei et
al., 2015). Wrench tectonics is often responsible for large-scale (several hundreds to thousands of
kilometers) displacements of previously continuous geological structures, such as orogens and major
suture zones (Storetvedt 1974, 1987; Tapponier et al., 1990). The Permian dextral mega-shear
transforming Pangea-A to Pangea-B (Muttoni et al., 2009; Kent & Muttoni, 2020) and the
displacement, along the San Andrea Fault of the Baja California Peninsula (e.g. Mount & Suppe,
1987) are just some of the many examples of the role played by wrench tectonics in the evolution of
continental crust.

One of the most fascinating and still unsolved problem of the geodynamic evolution of this area is
the enigma of block rotations within the internal portion of Central Iran (Figure 1). Starting from the
first ideas of Davoudzadeh & Schmidt (1981) and Soffel et al. (1996), who have suggested a total
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counterclockwise rotation of 135° of a large part of Central Iran with respect to stable Eurasia since
the Triassic, recent works (Mattei et al., 2012, 2015, 2019) confirm that at least some blocks forming
the Central Iran area may have rotated counterclockwise up to 80°-90° since the Jurassic. Evidence
of this large-scale block rotations are also based on the displacement of the Paleotethys suture zone
in NE Iran. Tectonic units related to the closure of the Paleotethys ocean were displaced from the
Mashhad-Torbat Jam area south-westward to the north-western corner of Central Iran (Bagheri &
Stampli, 2008; Zanchi et al., 2009b; 2015; Zanchetta et al., 2013; Berra et al., 2017; Balini et al.,
2019) following the trace of the present-day Great Kavir — Doruneh Fault System (GKDFS). The idea
of large-scale block rotations within Iran was also proposed by Alavi et al. (1997) and more recently
by several authors (Balini et al., 2009, 2019; Zanchi et al., 2009b) to explain similarities between the
Aghdarband Triassic succession of NE Iran and the Triassic of Nakhlak, which is located just north
of Anarak in Central Iran (Figure 2).

Pirnia et al. (2020) argue about large crustal-scale rotations properly suggesting that the ophiolites of
Sabzevar and Nain Baft, now located about 400 km from each other, were once part of a unique
complex, which was possibly displaced along a precursor of the present-day GKDFS during the
Cenozoic. Despite its present-day left—lateral motion, well documented by active tectonics and
structural studies (Shabanian et al. 2009; Farbod et al., 2011; Bagheri et al., 2017), the idea that a
large dextral displacement could have occurred along the GKDFS fits well also in paleogeographic
reconstructions related to the Aptian time interval (Barrier & Vrielynk, 2008). These authors, suggest,
in fact, in their maps a dextral motion for the Great Kavir Fault, followed by a Late Cretaceous shift
to left-lateral motion. Dextral shearing was also recognized in the central part of the GKDFS, where
Tadayon et al. (2017, 2019) document dextral transpression during the early Cenozoic along the
Taknar fault system, an important strand of the main fault. A shift from a long lasting right-lateral
shearing to a post-Miocene active left-lateral motion was recently documented (Javadi et al., 2013,
2015). The accommodated left-lateral displacement is supposed to be of a few kilometers, with less
than one kilometer during the Quaternary (Farbod et al., 2011, 2016).

In this paper, we present new original data on the post-Cretaceous right-lateral activity of an important
ENE-WSW dextral shear zone, here named the Arusan Fault System (AFS), related to the western
portion of the GKDFS. The AFS extends east of the town of Jandag, a few kilometers to the south of
the trace of the present day Great Kavir Fault which represents the western segment of the entire
GKDFS. We integrate field-based structural analyses with new stratigraphic reconstruction and
mapping of the Cretaceous units, which provide a firm evidence of Cenozoic dextral shearing along
the precursors of the present-day GKDFS, adding new constraints on the evolution of Central Iran.

Combining our new data with previous structural information, we propose a model in which the
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occurrence of dismembered fragments of the Paleotethys suture originally located in NE Iran and
now exposed along the NW border of Central Iran is consistent with a large-scale dextral
displacement occurred along an intracontinental fault, the AFS representing a portion of its western

sector.

2 Geological setting

2.1 Tectonic setting of Central Iran and surrounding area along the GKFDS

The GKDFS extends more than 700 kilometers from the border in NE Iran with Afghanistan running
across the Iranian Plateau up to Nain (Figure 1a-b). This fault system, which shows an arcuate shape
roughly trending E-W delimits the internal part of Central Iran, which is generally referred as the
Central-Eastern Iran Microplate (CEIM). The CEIM is a very complex and still poorly known area,
due to the occurrence of enormous sand deserts covering large part of the region. The CEIM is entirely
surrounded by an Upper Cretaceous ophiolitic “ring”, often known as the “coloured mélange” which
delimits its most internal part. The ophiolitic ring includes different suture zones, from the Sistan to
the East separating the CEIM from the Helmand and Farah blocks of Afghanistan to the Sabzevar
ophiolites, which were deformed and emplaced between the end of the Cretaceous and the beginning
of the Cenozoic, both showing HP metamorphism (Rossetti et al., 2015; Jentzer et al., 2020). A
possible connection between the Sabzevar and the Nain ophiolites bordering the NW corner of the
CEIM, both representing the remnants of Neotethys Cretaceous back-arcs, has been recently
suggested by Pirnia et al. (2020) based on compositional and geochemical affinities between the two
suites. The CEIM consists of three major blocks, the Yazd, Tabas and Lut blocks separated by N-S
trending active dextral faults, accommodating active deformation (Figure 1a). These blocks were part
of the stable northern margin of Gondwana during most of the Paleozoic, as suggested by the affinity
of their thick Paleozoic successions, which closely resemble the units exposed in the Alborz. A
Precambrian metamorphic basement of Gondwanan affinity intruded by Cadomian granitoids is also
common to the three blocks. During the Mesozoic, after the Cimmerian collision, they were covered
by epicontinental seas taking to the deposition of thick carbonate and terrigenous successions
(Wilmsen e al., 2015; 2018; 2020) followed by widespread Eocene volcanic activity and a shallow
marine to continental succession of Oligocene to Miocene age. Terrigenous continental deposits
characterize the post-Miocene sedimentation in the whole area.

In spite of these features, pointing to a general stability of the whole Central Iran, late Paleozoic to
Triassic active margin units occur south of the GKDFS between Anarak and Jandag. These units
show marked similarities with the complexes which mark the Paleotethys suture in NE Iran along the
southern margin of the Turan domain (Bagheri & Stampfli, 2008, Zanchi et al., 2009b, 2015;
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Zanchetta et al., 2013, 2018). Similar units occur also in the internal part of the CEIM in the Posht-
e-Badam area along one of the major dextral faults separating the Yazd from the Tabas block (Bagheri
& Stampfli, 2008; Kargaranbafgi et al., 2011).

2.2 Geological setting of the Arusan area along the Arusan Fault System (AFS)
The analysed structures (Figures 1 and 2) are exposed 50 kilometers to the east of Jandaq along the
southern margin of the Great Kavir Desert, passing across the small oasis of Arusan, which gives the
name to this fault system. The AFS consists of several ENE-WSW dextral strike-slip faults which
crop out a few kilometers to the south of the active left-lateral Great Kavir Fault. The AFS is
continuously exposed for more than 50 kilometers between Mesr and Airekan, flanking the Kuh-e-
Kalateh ridge (Figure 3).

The oldest rocks in the area belong to a polymetamorphic basement (Early Giurassic) and to an
ophiolitic unit, the Arusan ophiolitic mélange (Bagheri & Stampli, 2008; Torabi, 2009). Ophiolites
form an imbricate system of thrust sheets with serpentinized peridotites, altered gabbros, metabasites
and severely folded marble layers. The ophiolites are tectonically interleaved within the metamorphic
basement unit including quartzites, metapelites, gneiss and amphibolites. Undeformed granitoids and
pegmatite swarms are exposed along the AFS showing tectonic to intrusive contacts with the
surrounding units. Late Jurassic K-Ar ages (158-147 Ma) were obtained on granites from this
intrusive complex (Romanko et al., 1979). These units are tectonically juxtaposed onto the Airekan
granitic terrain which has given a Precambrian-early Cambrian U/Pb age obtained on a single zircon
(549 = 15 Ma; Bagheri and Stampfli, 2008) and alternatively a revised younger U/Pb Early
Ordovician age (483 £ 2.9 Ma) following Shirdashtzadeh et al. (2018). The crystalline basement is
discontinuously covered by the Chah Palang Fm., consisting of sandstones and conglomerates derived
from the erosion of the underlying units. This unit, deposited between the Late Jurassic and the Early
Cretaceous (Wilmsen et al., 2015), forms the base of the “mid” to Upper Cretaceous succession of
the Khur Basin (Wilmsen et al., 2015) deposited to the south of the study area, which is part of the
Yazd block of Central Iran.

3. Cretaceous stratigraphy of the Khur basin (Arusan area)

A deep revision of the local stratigraphic features of the Cretaceous succession of the Arusan area
was needed as they differ from those of the central part of the Khur Basin (Wilmsen et al., 2015),
which represents our frame of reference.

In the Arusan area, the crystalline basement is covered by the siliciclastic deposits of the Chah Palang

Fm., discontinuously present at the base of the overlying Cretaceous carbonate succession (Figure
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4a-b). The Chah Palang Fm. consists of conglomerates and sandstones, with clasts deriving from the
underlying basement. The upper part of the unit is finer and richer in quartz grains, documenting a
gradual increase in maturity. This siliciclastic unit likely filled depressions in the basement,
smoothing the previous topography before the marine transgression marking the rapid and widespread
deposition of Cretaceous carbonates in Central Iran. The thickness of the unit is extremely variable,
from absent or reduced to a few centimetres sandstones and fine-grained conglomerates to more than
200 m. The unit is conformably covered by the Shah Kuh Fm. (Figure 4b), consisting of bioclastic
limestone rich in orbitolinids and, locally, rudists, non-conformably laying on basement units. This
unit is extremely continuous and characterized by a typical reddish alteration colour, with a thickness
ranging from 80 up to 145 m. Locally, the upper part is faintly bedded, marked by hybrid limestones
containing well-rounded quartz grains up to 1-2 cm in size, associated with marls and marly
limestones, rich in orbitolinids and large bivalves. It is covered, with an erosional base, by red
conglomerates with carbonate and basement clasts, passing laterally to sandstones and hybrid
limestones, from about 50 to 90 m thick (Figure 4a). Due to its lateral and vertical variability, this
interval cannot be easily referred to the Bazyab and Debarsu fms. of the Khur Basin. This unit is
thinner with respect to the succession to the south (Wilmsen et al., 2015), and characterized by a
coarser grain size, suggesting deposition close to the border of the basin.

The massive carbonates of the Haftoman Fm. follow up-section (Figure 4a-b). They are made of
siliciclastic limestones with quartz pebbles at the base. They usually display a light gray color and
are purely carbonate in the upper part, where rudists are abundant. The unit is from 50 to about 85 m
thick. The top of the Haftoman Fm. records a rapid drowning, with deposition of alternating
limestones and marls, locally glauconitic. The succession above the Haftoman Fm. corresponds, for
stratigraphic position, to the Farokhi Fm. of the Khur basin (Wilmsen et al., 2015). In the Arusan
area, above a transitional unit with 80 m of well-bedded limestones, about 50 m of marls occur with
intercalations of limestone beds and lenses, rich in orbitolinids and bivalves. These are covered by
ca. 100 m of cherty limestones. A second marly horizon (about 50 m) with abundant zoophycos, with
thin intercalations of bioclastic and cherty limestone containing glaucony follows and is covered by
cherty limestones that likely contain the Cretaceous-Paleocene boundary (Figure 4c). Typical facies

of these units exposed around Arusan are shown in Figure 4 (d - j).

4. Structural analyses
4.1 Methods

In order to characterize the geological and especially structural setting of the area crossed by the

Arusan Fault System, our field analyses resulted in a general map (Figure 3) and two detailed original
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maps (Figures 5 and 6). We integrated our field observation with the analysis of Aster colour
composite images and Google Earth detailed imagery (11-11-2013 views).

The Arusan Fault System (AFS) consists of several dextral strike-slip fault strands running along the
slopes of the Kuh-e-Kalateh (Figures 3, 5 and 6), tectonically coupling the Cretaceous successions
with the metamorphic basement and ophiolites. Tectonic slices of Mesozoic pinkish granitoids are
exposed along the main fault, which runs to the NE of Kuh-e-Kalateh, passing across the village of
Arusan and south of Mohammad Abad reaching Airekan within the Great Kavir desert (Figures 3 and
6). The fault trace can be followed from satellite images and available maps for more than 50
kilometers. Another important branch of the AFS, occurs west of Arusan, bordering the nameless
reliefs (1435 m a.s.l.) exposing the Cretaceous cover; this branch of the fault system joins the main
fault just west of Arusan with an overall lateral extension of about 15 kilometers (Figure 3).

Dextral faults with a comparable multi-kilometer linear extension also occur along the SE slopes of
the Kuh-e-Kalateh close to the Nagi Spring (Figure 3), uplifting the metamorphic basement and the
Chah Palang Fm. forming in-line anticlines within the Cretaceous carbonates.

We performed mesoscopic structural analyses in about 40 measurement stations located along the
main tectonic structures. We measured several hundreds of fault planes with their slickensides,
establishing the relative sense of motion through kinematic indicators as growth fibres, Riedel
fractures, SC cleavage, etc. (Petit & Barquins, 1998). Folds and cleavages were also analysed in order

to analytically evaluate their cylindricity and determine 3 fold axes.

4.2 The eastern branch of the Arusan Fault System (E-AFS)

This segment of the AFS is clearly visible on Google Earth satellite images (Figure 5), juxtaposing a
thick sandstone succession of the Chah Palang Fm. to the Arusan ophiolites and metamorphic
basement. Elongated horses of Mesozoic granites extending for several kilometers occur along the
fault, which shows a persistent vertical downthrown of at least some hundred meters relative to the
SE block.

In the southern portion of the investigated segment (stop 114-22: Figure 3), ENE-WSW to NE-SW
dextral faults are associated to conjugate NW-SE left lateral faults and other secondary fractures
affecting massive pinkish granitoids (114-22); in a few stops the main right-lateral fault set is
displaced by later normal faults showing throws up to a few meters (117-5, 117-6).

We performed detailed analyses especially to the south of Arusan, mapping the area in order to extend
our observations to the macroscale (Figure 5), based on new data on the stratigraphic setting. Here

we observed a complex association of strike-slip, oblique-reverse and normal faults related to a large
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dextral fault zone with a maximum thickness ranging between 100 and 150 m. The AFS displays here
an anastomosed pattern (stops 114-6, 115-1, 15-2, 15-21, 15-22, 17-1), characterized by dextral
motions on subvertical fault planes with both slight normal and reverse oblique components (pitch
up to 35°) and subordinate reverse oblique motions forming a flower structure (Figure 7, section A-
A’). The fault zone consists of several vertical horses tens of meters thick, including the quartzite
basement, large portions of the Mesozoic granitoids, and the Chah Palang Fm., which are tectonically
coupled with the carbonates of the Shah Kuh Fm. along a dextral reverse SE-dipping shear zone
showing an up to five meters thick fault core with coarse-grained foliated cataclasites. A cleavage
related to SC shear bands formed all along the fault zone.

The high-angle oblique fault zone passes southward to a thrust plane (Figure 7, section B-B’) stacking
the quartzite basement onto the upper part of the Shah Kuh Fm. (Figure 8), thus causing a tectonic
repetition of the lower part of the Cretaceous succession (Figure 7, section B-B’). The contact
between the basement and the Shah Kuh Fm. in the thrust hanging wall is also faulted showing thin
tectonic slices of the Chah Palang Fm., which has been tectonically elided. The hanging wall of the
thrust consists of a reduced succession, in which the carbonates of the Shah Kuh directly grade to
bioclastic massive limestone of the Haftoman Fm. with a few intercalations of hybrid calcarenite and
calcirudite beds containing siliceous clasts (Figure 9a). The basement horse thins out southward, its
displacement being accommodated by a thrust plane propagated within the Shah Kuh Fm. of the
lower unit forming an additional horse (Figure 7, section C-C’). Both thrust planes stop against a
transversal NW-SE left lateral tear fault. SW of this fault the thrust surface is shifted into an upper
structural position along the marly layers which separate the Shah Kuh from the Haftoman Fm.
(Figure 7, section D-D’), dying out progressively to the SW along the north side of the Kalateh ridge.
Regularly spaced left-lateral faults with a horizontal separation of a few hundred meters and normal
faults with a WNW-ESE strike (115-24, 115-25), geometrically consistent with a dextral shear along
the master fault (Figure 8b), displace the Cretaceous units in the hanging-wall, sharply stopping
against the master fault, which crosscuts all these secondary structures (Figure 7, section B-B’).
Around the village of Arusan, the fault shows dextral strike-slip kinematic indicators (stop 114-6)
along the contact between reddish granitoids and the Farokhi Fm. Altered pseudotachylyte veins
occur just to the south of Arusan in the granites along NE-SW dextral faults related to the main system
(stop 114-5). The occurrence of cohesive cataclasites, suggest that deformation started at some
kilometers of depth.

The eastern portion of the fault is poorly exposed south of the oasis of Mohammad Abad (Figures 2
and 3), where the metamorphic basement and the Mesozoic granitoids are tectonically coupled with

the Chah Palang Fm. The contact is covered with recent deposits and we observed secondary faults
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trending between ENE-WSW to ESE-WNW with a dextral displacement based on en échelon veins
(stops 115-31, 115-32; Supplementary Figure 1). In this area, as well, part of the contact between the
Chah Palang Fm. and the overlying carbonates of the Shah Kuh Fm. consists of a low-angle fault with

a reverse slip based on cleavage orientation (stop 115-33, Supplementary Figure 1).

4.3 The western segment of the Arusan Fault System (W-AFS)

Another important fault zone develops to the WSW of Arusan along the southern contact between
the crystalline basement and the Cretaceous cover (Figures 3 and 6). The fault zone, which is
markedly oblique to the structures of the basement, joins the main branch of the AFS at Arusan,
following an ENE-WSW strike. The fault zone is delimited by two parallel faults dipping to the north
(Figure 6). The southern one follows the contacts between the cover and the basement, whereas the
northern one propagated inside the cover, separating the high strain deformation zone from a poorly
deformed block to the north, which shows a continuous Cretaceous stratigraphic succession directly
covering the Jandagq metamorphic basement. The fault system produces a lens-shaped deformation
zone large about 200-300 meters with NE-SW trending en échelon folds (Figure 6; stops 115-10, 115-
18, 115-29-35-36), isolated folds trending NE-SW to NNE-SSW (stops 115-13, 115-37) and small
thrusts forming two small klippen in the Shah Kuh and Haftoman fms., with disharmonic folds below
the thrust planes (Figure 9c,e).

In spite of the marked transpressional character of the fault zone indicated by the occurrence of fold
and thrust structures, mesoscopic fault populations mainly record dextral motions with a small
oblique normal component (stops 115-9, 115-11, 15-15 15-37, Figure 6), or both oblique normal and
reverse motions (stops 115-12, 115/16/17, Figure 6). This kinematic features result in the lowering of
the Cretaceous succession of the hanging wall with respect to the basement.

Variably oriented normal faults (stops 114-30, 115-19/20, 115-26/27, 115-35/36/37; Figure 6) are often
superposed on the strike-slip system all over the area. ESE-WSW normal faults with displacements
limited to a few meters, geometrically consistent with a dextral shear, occur also in the hanging wall,

the largest one varying progressively from west to east into a dextral fault (stop 115-37, Figure 6).

4.4 The Naqgi Spring Fault

The SE strand of the AFS runs along the eastern slope of the Kalateh Ridge in the area of the Naqi
oasis (Figure 3). Here the metamorphic basement and the Chah Palang Fm. are uplifted among the
carbonates of the Shah Kuh and Haftoman fms. along NE-SW trending strike-slip faults. The Chah
Palang Fm. is severely deformed (115-7, Figure 3 and Supplementary Figure 1) with SE-verging

asymmetric inclined folds (Figure 9d). South of Nagi, similarly to what described along the eastern
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segment of the AFS, a small klippe of highly fractured and dismembered Shah Kuh Fm. overlies the
Chah Palang deformed sandstones in the middle of the valley forming an isolated relief (Figure 9d).
The klippe is likely related to a detachment developed between layers with a different rheology given
by the underlying folded thin-bedded sandstones and the overlying massive carbonates. Strike-slip
faults follow the marly layers of the Farokhi Fm. as suggested by their progressive closure (Figure
4c).

5. Paleostress versus strain analyses and structural evolution
5.1 Methods

Selected fault populations were analysed in terms of paleostress determinations (Angelier, 1990;
Delvaux & Sperner, 2003 and ref. therein). This technique allows to establish the compatibility among
faults showing complex geometry and kinematics, as well as to distinguish fault populations related
to different tectonic stages based on rational numerical criteria. Paleostress reconstruction has been
applied in several areas of Iran helping to define its complex evolution (Navabpour et al., 2007; Javadi
et al., 2013, 2015; Jentzer et al., 2017, Zanchi et al., 2006; 2009a; 2016), ensuring significant results
in areas characterized by complex strain patterns related to transpressional and contractional regimes.
Results are especially relevant when measured faults are related to small and homogeneous
displacements showing a pure shear coaxial deformation. We refer to Angelier (1984, 1990, 2002)
and to Delvaux and Sperner (2003) for theoretical principles of the method and adopted algorithms.

Paleostress reconstruction was performed in eleven sites (Figures 10 and 11), in which a sufficient
number of striated fault planes occurs. Results of inversion in terms of the obtained reduced stress
tensor are reported in Table 1. We also prepared rose and Frolich diagrams in Wintensor to synthetize
the geometrical features of the measured faults.

We used fold data for strain analyses considering geometrical relationships between fault zones,
cleavage and folds to determine vorticity parameters, which help to evaluate quantitatively the
dominant tectonic regime along the studied strike-slip zones. Transtentional and transpressional shear
zones are the result of a simultaneous combination of simple shear and pure shear (Fossen et al.,
1994) and can be expressed by the dimensionless kinematic vorticity number Wy (Truesdell, 1953)
for any kind of flow. W, defined as the relative rate of stretching to rotation (Fossen & Tykoff, 1998),
varies between 0 for pure shear and 1 for simple shear (Means et al., 1980). Based on the orientation
of the Instantaneous Stretching Axes (ISAs) with respect to the shear zone boundary indicated by the
0 angle (Fossen et al., 1994), transtension (0 > 45°) can be separated by transpression (0 < 45°). In
addition, Fossen and Tikoff (1993) defined two types of transtension and two types of transpression:

wrench (simple shear)-dominated and pure-shear dominated.
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After calculating paleostress axes, since as reported by Weijermars (1991), the ISAs can be linked
under certain conditions to the principal stress axes, we measured the angle 0 between the 63
(corresponding to the ISA:) in the horizontal plane and the fault zone boundary (Figure 12a). As we
have considered that strain increments were infinitesimal the maximum ISA (ISA1) corresponds to
the direction of minimum stress axis (o3). The relationships between the ISA: and the shear zone
boundary are related to the kinematic vorticity number Wy (Figure 12; Fossen & Tikoff, 1993; Fossen
et al., 1994; Fossen & Tykoff, 1998) by the equation Wx=cos (90°-20), suggested in Fossen and
Cavalcante (2017).

In transpressional and transtentional zones, linear as well as planar markers rotate during progressive
deformation (Fossen et al., 1994) due to the contribution of pure and simple shear components. This
applies both for pre-existing markers and for those that form during deformation. Such structures
comprise, among others, also fold axes, which rotate depending on the Wy of deformation.
Therefore, using the software ArcGIS (esri©), we measured the angle \ between the trend of the fold
axes and the shear zone boundary (Figure 12b) assuming that any rotational incremental strain
occurred during deformation and that orientation of fold axes is parallel to ISA:1 (Fossen et al., 1994;
Tadayon et al., 2019).

The results of field-based geological observations, fault and fold analyses, paleostress inversion and
strain analyses, were integrated to reconstruct the relative chronology among the studied structures.
We suggest the occurrence of two main different deformation stages, which can be related to the

Cenozoic evolution of this portion of Central Iran.

5.1 Stage 1: NW-verging thrust stacking

This event largely affects the crystalline basement of the area. The contacts among the Arusan
ophiolites, the metamorphic basement and the Mesozoic granitoids generally consist of dip-slip SE-
dipping reverse and thrust faults forming a NW-verging thrust fan. Fault populations characteristic
of this stage (Figure 10) are related to internal stacking among the serpentinite bodies of the Arusan
ophiolites (Figure 9e) and the different units of the metamorphic basement. Faults inversion at stop
113-12 (Figure 10a), which is fully representative of this stage, shows a pure compression with a
horizontal NW-SE o1 and a vertical o3. Fault planes are superposed on previous brittle-ductile shear
zones with the same dip, dip-direction and kinematics, suggesting a continuous evolution from ductile
to brittle conditions. This is suggested by a down-dip orientation of the stretching lineation on
mylonites developed along these shear zones and by their top-to-NW shear sense (Figures 9e and

10b). Field relationships among fault population show that these thrust zones (Figure 10a-c) are
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crosscut by ENE-WSW dextral faults (Figure 10d), which are related to the successive deformation

stage.

5.2 Stage 2: NE-SW dextral shearing

Most of the fault populations and folds measured within the Cretaceous units refer to this event, which
corresponds to the activation of the Arusan Fault System with a dextral shear sense. This stage
(Figures 10d and 11) is characterized by a predominance of NE-SW right-lateral fairly pure strike-
slip faults often conjugate to NW-SE left-lateral strike-slip faults resulting in a horizontal o1 trending
from WNW-ESE to a dominant NW-SE trend, a horizontal 63 and consequently in a vertical c2. At
stop 115-15, along the western termination of the western segment of the AFS, we observe a vertical
o1 and a horizontal NE-SW trending o3 possibly due to stress axes permutation between o1 and o2
along this part of the structure, which shows a significant normal throw of the hanging-wall.
Relevant paleostress determinations were obtained for the faults measured along the two main
segments of the AFS and are broadly coherent all across the study area. The one exception is given
by the small thrust faults measured close to the Nagi Spring (stop 115-7; Supplementary Figure 1),
which suggest an E-W pure compression, probably related to local strain partitioning or variations in
the paleostress orientation.

Complex relationships among the strike-slip Arusan Eastern Fault and thrust faults occur SW of
Arusan, where the basement and the base of the Cretaceous cover are thrusted on the lower part of
the Cretaceous succession, forming a double to triple tectonic repetition of the Shah Kuh Fm (Figure
8). As observed in the field, the main thrust surface is crosscut by both dextral and left lateral faults.
This suggests that it can be related to the NW-SE compression observed within the basement, or,
alternatively, to the first stages of the growth of the AFS, forming a restraining bend, which was later
crosscut by the high angle NE-SW dextral faults. A transpressional character of the deformation is,
in fact, evident along both segments of the AFS. The western segment shows as well a marked
transpression in its central part, which is characterized by en échelon fold trains and small thrusts.
Normal faults with ESE-WNW also occur in the hanging wall of both faults suggesting a complex
triclinic strain pattern (Diaz-Azpiroz et al., 2014). We also observed other small normal faults with
variable orientations, which can be related to a younger stage.

Geometrical relationships between the trace of shear zone boundaries and the orientation of o3
obtained with paleostress analyses allowed us to determine vorticity parameters (Figure 12): our data
suggest a wrench dominated regime (Figure 12a; Fossen & Tikoff, 1993; Fossen et al., 1994) for both
the Arusan Western Fault (Wk = 0.95-1.0) and the Arusan Eastern Fault (Wk = 0.90-1.0) shear zone
(Figure 12a).
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For the Arusan Western Fault shear zone, in which isolated and en échelon folds occur, we obtained
a pure shear dominated transpression (Figure 12b), suggesting that first stages of deformation were
accommodated by folding. After this first folding stage, deformation shifted along newly formed

faults, as suggested by paleostress reconstruction.

6. Discussion

6.1 Comparison with the evolution of the GKDFS

The idea that the GKDFS might be a major structure inherited from the Mesozoic evolution of Central
Iran and related to the opening of the Sabzevar Ocean was firstly suggested in the paleogeographic
maps published by Barrier and Vrielynk (2008) and later by Morin et al. (2018). These
authorsproposed an older dextral shearing related to the opening of the Sistan-Sabzevar Ocean
followed by inversion of the shear sense at the end of the Cretaceous that led to the closure of the
basin. Structural observations of the central and western portion of the GKDFS based on mesoscopic
fault associations and displacements observed from satellite images document an important dextral
transpression preceding the post-Miocene left-lateral motion (Javadi et al., 2013, 2015). They suggest
that dextral motion was active between Eocene and late Miocene with an estimated displacement of
280 kilometers evaluated from the Cenozoic counter clockwise (CCW) 35° block rotation of the
CEIM identified by Mattei et al. (2015).

Evidence of an early activity of the GKDFS accommodating NW-SE directed compression was
reported in several areas along the fault trace and adjacent areas. The thrust fan dismembering the
Anarak Metamorphic Complex (Bagheri & Stampfli, 2008, Zanchi et al., 2009b, 2015), stacking the
Carboniferous accretionary wedge within the Cenozoic succession, was interpreted as an expression
of the SW termination of the dextral fault zone (Javadi et al., 2015). In addition, the dextral
transpressional structures north of Doruneh , related to en échelon folds and to the north of the Taknar
Fault, were interpreted as a pre-Pliocene right-lateral imbricate fan (Javadi et al., 2013).

A multi-stage evolution of the GKDFS was documented also for its central segment (between
Doruneh and Kashmar, Figure 1). Structural, stratigraphic and thermochronological data all point to
a polyphase history of the fault (Tadayon et al., 2017, 2019). The provided tectono-stratigraphic
evolution includes a first stage of thrust stacking of the ophiolitic units accompanied by the inversion
of the Late Cretaceous normal faults bounding the Sabzevar oceanic basin under a NW-SE directed
shortening. In this interpretation, shortening resumed at the end of the Eocene, following the same
NW-SE direction of compression accompanied by E-W dextral shearing causing the activation of a
dextral contractional stepover in the Taknar region, which was followed by a steady-state continuous
growth of the structure (Tadayon et al., 2019). North of Kashmar, NE-SW oriented, NW-dipping dip-
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slip thrust faults stacked the Permian and Cretaceous successions onto the Eocene and were crosscut
by almost pure strike-slip E-W trending dextral faults (Tadayon et al., 2017).

The precursors of the GKDFS post-date subduction in the Sabzevar region, as testified by the age of
magmatic rocks that intruded blueschists-bearing metamorphic units related to the Sabzevar
subduction accretionary wedge (Rossetti et al., 2015).

A change in the stress regime from a NW-SE to a N-S direction of compression occurred in both
areas around the Miocene-Pliocene transition, causing a dramatic change in fault kinematics, with the
shift of the GKDFS to a left-lateral transpressional system (Tadayon et al., 2017, 2019).

The evolution of the AFS, here reconstructed for the first time, displays an evolution that is broadly
similar to the one of the GKDFS. A first stage of NW-SE directed compression activating NW-
verging thrust system within the Jandagq metamorphic basement and ophiolites and possibly in the
Cretaceous cover, was followed by important dextral shearing along ENE-WSW and NE-SW strike-
slip faults associated to the formation of major transpressional structures and minor transtensional
faults suggesting a complex triclinic shearing. These structures of the second stage crosscut the
previously formed thrust sheets (Figure 8). The formation of thrust stacks with the same attitude
within the Cretaceous cover suggests a Cenozoic deformation age, as the deformed Upper Cretaceous
succession extends conformably at least to the Paleocene. More accurate time constraints on the age
of this deformation phase are provided by Javadi et al. (2013) and by Tadayon et al. (2019) along
other sectors of the GKDFS. Dextral faulting under a NW-SE compression follows in time thrust
stacking, and was active up to the middle Miocene (Javadi et al., 2013) or up to the Tortonian (Javadi
etal., 2015), from the age of the youngest rocks deformed by dextral faults along the western segment
of the GKDFS. Considering the thrust system displacing the upper Paleozoic Anarak Metamorphic
Complex related to the western termination of the right-lateral GKDFS, deformation could be
constrained to the latest Miocene (Javadi et al., 2015). Farbod et al. (2011) also proposed a NW-SE
compression on the basis of paleostress analyses along the central segment of the GKDFS given by
E-W dextral strike-slip faults measured in pre-Pliocene rocks, whereas recent Pliocene to Quaternary
faults are always consistent with a NE-SW contraction and a left-lateral shear sense of the fault.
Available data indicates that dextral shearing in response of a NW-SE directed shortening is not a
local feature strictly related to the GKDFS, but it is documented in other adjacent areas, like the
Alborz, during the late Cenozoic (Allen et al., 2003, Guest et al., 2006, Zanchi et al., 2006). The
Alborz orogenic belt acted as a distributed accommodation zone of dextral shearing up to the Kopeh
Dagh before oroclinal bending occurred (Mattei et al., 2017), as well as along secondary branches of
GKDFS (Nozaem et al., 2013).
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A similar evolution of the regional stress regime is reported also in the Sistan belt of East Iran, with
a Miocene E-W compression followed by a CCW re-orientation to NE-SW and NNE-SSW
compressions during Pliocene and Quaternary, attesting full mechanical coupling of the Sistan Belt
with the Zagros region only after the Miocene (Jentzer et al., 2017).

This is a major critical point, as the studied area together with the Taknar (just NW of Kashmar,
Figure 1) and surrounding region display a NW-SE compression during the early Cenozoic, which is
at odds with the paleostress pattern reconstructed along the Zagros belt during pre-Pliocene times
through fault analyses (Navabpour et al., 2007). This suggests scarce coupling with the Zagros to the
west, whereas more similarities are evident with the whole region east of the Sanandaj-Sirjan.

We speculate that this particular stress and strain patterns can result from an independent stress field
induced by CCW rotations of rigid blocks between the closing Sistan Belt, subjected to an E-W
compression and active shortening in response to the deformation active along the Makran region
resulting from the motion of Arabia. On the other hand, Tadayon et al. (2019) find a good
correspondence in time among the main stages of the evolution of the Zagros belt, the Arabia-Eurasia
collision and the studied area of Central Iran.

6.2 The remnants of the Paleotethys suture zone along the GKDFS and adjoining

areas

The remnants of the Paleotethys suture zone have been recognized in several areas of Iran, from
Alborz, to NE Iran and Central Iran (Stocklin, 1974; Alavi, 1991; Ruttner et al., 1991; Ruttner 1993;
Zanchetta et al., 2013; Moghadam et al., 2015; Sheikholeslami et al., 2019; Sheikholeslami &
Koupeyma, 2012). In the Mashhad area of NE Iran the Paleotethys remnants consist of the
ultramafics-bearing Binalood metamorphic complex (Sheikholeslami et al., 2019; Sheikholeslami &
Khoupeyma, 2012), which have been related with a trench environment by Alavi (1991). Moving
NE-ward, the mid Paleozoic orogenic complexes of Darreh Anjir (Zanchetta et al., 2013; Moghadam
et al., 2015), the Permian turbiditic complex with carbonate olistoliths exposed between Mashhad
and Torbat Jam (Zanchetta et al., 2013), together with the Triassic volcanoclastic succession of
Aghdarband (Ruttner, 1991; Alavi et al., 1997; Balini et al., 2009; Zanchi et al., 2016; Balini et al.,
2019) point to the existence of an active convergent margin from the Devonian up to the Middle
Triassic. The Upper Triassic granitoids of Mashhad (Karimpour et al., 2010; Mirnejad et al., 2013)
and Torbat Jam (Zanchetta et al., 2013) intruded the deformed units providing a minimum age for
collision. The last significant tectonic event affecting the Paleotethys suture zone occurred during the

Early Jurassic (Sheikholeslami et al.,, 2019) with penetrative deformation and associated
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metamorphism up to amphibolite facies conditions (Sheikholeslami et al., 2019; Sheikholeslami &
Khoupeyma, 2012).

Correlation among the described units of the Paleotethys suture of NE Iran and the dispersed crustal
fragments exposed in the NW border of the CEIM is a major conundrum of the crustal scale geology
of Iran. Systematic investigations of these blocks followed by regional scale correlations performed
in recent years (Bagheri & Stampfli, 2008; Zanchi et al., 2009b; Balini et al., 2009; Zanchi et al.,
2015; Berra et al., 2017; Zanchetta et al., 2018) suggest that the Paleothetys suture zone could have
been displaced along the GKDFS for several hundreds of kilometers.

The oldest units recognized close to Jandaqg occur in the Godar-e-Siah Complex, where a Devonian
to Carboniferous succession described by Sharkowski et al. (1984) contains Carboniferous
brachiopod faunas and foraminifera with a northern European affinity (Berra et al., 2017). The U-Pb
zircon data obtained from granitoid boulders found in conglomerates exposed in the same area
provided a Late Devonian to Mississippian age (Berra et al., 2017), testifying to the occurrence of an
active magmatic arc during the Devonian and its subsequent deep erosion during the Paleozoic.

The occurrence of an active margin during the Carboniferous within the CEIM is provided by the
Carboniferous Anarak Metamorphic Complex (Bagheri & Stampli, 2008; Zanchi et al., 2015), located
between Jandaq and the town of Anarak to the south, showing subduction-related HP-LT
metamorphism and deformation during the Late Carboniferous (Zanchi et al., 2015; Zanchetta et al.,
2018).

In addition, the Triassic volcanoclastic succession of Nakhlak (Figure 2), which contains deep-water
sediments interlayered with volcanic arc products, ammonite faunas, undeformed granitic clasts and
rock fragments derived from a metamorphic basement, has been correlated with the Aghdarband
succession (Ruttner, 1991; Alavi et al., 1997, Balini et al., 2009; Zanchi et al., 2009b; Balini et al.,
2019). The two areas are the only ones where a Lower to Middle Triassic deep water marine
succession deposited in an active arc environment crops out. During the same time, in fact, the entire
Iranian plate was covered by shallow sea carbonate platforms (Elika Fm.), pointing to a
paleogeographical affinity of the two successions currently separated by more than 600 kilometers.
The Posht-e-Badam Complex, located between the two dextral strike-slip Posht-e-Badam and
Chapedony faults, gives additional evidence of a displaced fragment of the Paleotethys suture within
the interior of the CEIM. Its present-day position has been interpreted as the result of large-scale
CCW of the Yazd Block along dextral large-scale sub-circular shear zones juxtaposing this unit
between the two Yazd and Tabas blocks (Bagheri & Stampli, 2008). The Posht-e-Badam Complex
bears several similarities with the Anarak-Jandag units (Davoudzadeh & Weber-Diefenbach, 1997),

as it shows Carboniferous metamorphic ages and it was intruded by Upper Triassic granites and
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granodiorites (Ramezani & Tucker, 2003). Evidence of Cimmerian deformation and metamorphism
in this area was recently confirmed by “°Ar-**Ar amphibole ages of ca. 220 Ma (Kargaranbafghi et
al., 2012).

Pirnia et al. (2020) also proposed possible displacements of large blocks related to the CCW rotations
of the CEIM, based on the strong similarities in composition and origin between the Sabzevar and
the Nain-Ashin ophiolites, now lying more than 300 km apart (Figure 1a). According to these authors,
both units derived from a suprasubduction volcanic arc setting, active during the Early Cretaceous
along the northern margin of the CEIM. This margin was possibly in continuity with the northern
portion of the Sistan Ocean and they were displaced, together with their continental basement, along
a dextral precursor of the GKDF during the Cenozoic. This new hypothesis is in contrast with
previous interpretations correlating Nain and Baft ophiolites to the same origin in a back-arc position
with respect to the Sanandaj-Sirjan Mesozoic active margin located to the SW of Central Iran (e.g.
Hassanzadeh & Wernicke, 2016).

6.3 The CEIM blocks rotation and the GKDFS

The idea of a strong internal rotation of continental blocks forming the CEIM was born forty years
ago (Davoudzadeh & Schmidt, 1981). It was supported by the first paleomagnetic data produced on
this area by Soffel et al. (1996), suggesting a CCW rotation along vertical axes of the entire region
up to 135°. Based on new paleomagnetic data, the total amount of these CCW rotations was evaluated
between 45° and 82° with an average of 66° (£13°) in the Upper Jurassic of the Yazd, Tabas and Lut
blocks (Mattei et al., 2015). According to Mattei et al. (2012, 2015, 2017), the CEIM was affected by
two main stages of rotations (Figure 13). The former event caused an average rotation of about 30°
and occurred between the Late Jurassic and the Early Cretaceous (150 Ma to 100 Ma). This rotation
was related either with the northward propagation of the opening of the Sistan Ocean or with its
eastward subduction under the Afghan block. The occurrence of high-pressure rocks of Coniacian
age (Brocker et al., 2013) indicates that subduction was active during the Late Cretaceous. We
propose that the opening of the Sistan Ocean, rather than its closure, was a more probable cause for
the Early Cretaceous rotations (Jentzer et al., 2017). In addition, the occurrence of Albian radiolarites
and Albian-Aptian oceanic rocks in the Sistan region (Zarrinkoub et al., 2012) indicate an existing
oceanic environment.

Before rotations, the Yazd, Tabas and Lut blocks forming the CEIM were oriented WSW-ESE with
the Lut block facing southward the Neotethys, as proposed by Wilmsen at al. (2015). A subsequent
stage of paleomagnetic rotations occurred after the Oligocene producing a total CCW rotation of 35°
with 20° during the last 10 Myrs, following a long time lapse during which no rotations along vertical
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axes were recorded within the CEIM. According to Mattei et al. (2012, 2015), Cenozoic rotations
accommodated NNE-SSW shortening related to the convergence between Arabia and Eurasia. In this
framework, N-S trending dextral faults favoured CCW rotations of the single blocks forming the
CEIM, whereas to the north of the Doruneh Fault, poor or no clockwise rotations occurred (Mattei et
al., 2012; Walker & Jackson, 2004). It is important to stress that these large-scale paleomagnetic
rotations are confined to the CEIM, as no such rotations were measured outside its borders, although
post-Miocene oroclinal bending is responsible for the present curvature of the Alborz Mountains to
the north, due to Arabia-Eurasia indentation in front of the rigid South Caspian Basin (Mattei et al.,
2015, 2017, 2019).

This two stages rotation model (Figure 13) can explain the scenario of differential displacement of
large crustal blocks within and around CEIM. The larger displacement shown by the upper Paleozoic
to Triassic Paleotethys fragments with respect to the horizontal separation occurring between the
Sabzevar and the Nain-Ashin arc-related “ophiolites” can be thus explained in terms of their different
age of formation. The Paleotethys suture was affected by the maximum amount of CCW vertical axes
rotations, which has been recorded at least from the Jurassic-Cretaceous boundary,
contemporaneously with the opening of the Sabzevar and Sistan oceanic basin around the CEIM.
Wrench tectonics accompanying the post-collisional stage of the Cimmerian orogeny (Zanchi et al.,
2016) may have favoured additional displacements starting from the end of the Triassic. The second
significant stage of CCW rotations occurred during the Cenozoic after a long time of null rotations
and can be directly related with the dextral activity of the Doruneh Fault System and related structures
as recognized by structural analyses carried out all along the fault zone. According to this idea, Javadi
et al. (2013) evaluated a Cenozoic displacement of about 280 kilometers along the GKDFS, which
can help to restore the Nain-Ashin ophiolites to their original position closer to Sabzevar and to
accomplish the entire rotations of the Paleotethys blocks up to the NW corner of the CEIM. The
approximate curvilinear geometry of the GKDFS and of the other major faults responsible for the
rotations of the Posht-e-Badam block are additional indications of the occurring rotation along a
stable pivot point which can be located in the southern part of the CEIM with limited variations
through time (Figure 13).

The CCW rotation of the CEIM crustal block could had been activated in response to the tectonic
evolution of adjacent areas to the east, i.e. the Makran subduction zone and the closure of the Sistan
Ocean, rather than to the progressive building of the Zagros belt. This interpretation is consistent with
the absence of rotation of the Sanandaj-Sirjan crustal block during the same time interval.

7. Conclusions



611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644

Integrated structural and stratigraphic analyses and detailed geological mapping of a ENE-WSW fault
system of regional importance (the Arusan Fault System) in the NE sector of the CEIM, just south of
the present-day active Great Kavir — Doruneh Fault, take to the following main results:

- The AFS, including two main fault strands (the western and eastern ones), shows dextral
motion all along its development, accompanied by transtensional and transpressional
structures. Based on crosscutting relationships, transpressional structures resulting in en
échelon folds and thrusts formed along the western segment during dextral shear. The eastern
segment shows relationships that are more complex, as thrust faults laterally pass to a dextral
transpressional shear zone which crosscut NW-SE normal faults and NNE-SSW left-lateral
strike-slip faults consistent with a dextral shear. Both segments of the AFS display similar
kinematic and geological features. Both fault zones juxtapose strongly uplifted Mesozoic
crystalline basement rocks including amphibolite facies metamorphic rocks and ophiolites to
the Cretaceous carbonate succession, which is underlain by the Chah Palang ?Upper Jurassic-
Lower Cretaceous conglomerates directly resting on the basement.

- Two main tectonic stages could be recognized in the Arusan area: (i) an older one related to
a NW-SE compression stacking the basement and the ophiolites in a NW-verging thrust fan;
(ii) a younger event related to the development of ENE-WSW dextral strike-slip faults that
crosscut and/or reactivate thrust faults related to the older event. Structures that could be
correlated with the first event, on the base of their trend and kinematics, also affect the
Cretaceous succession just south of Arusan, suggesting a post-Cretaceous, “mid” Cenozoic
deformation age.

- Paleostress analyses carried out in several sites along fault strike give homogeneous results,
with the main horizontal stress axes 1 and 63 trending respectively NW-SE and NE-SW in

a dominant transtensional regime.

The proposed structural reconstructions are consistent with the regional evolution recognized by
previous authors, pointing to dextral activity of the GKDFS up to the end of the Miocene, when the
fault zone flipped to left-lateral strike-slip motions.

Considering the continuity of the exposed portion of the AFS and its dimensions and related
structures, we propose that this fault may directly represent one of the main branches of the dextral
GKDFS, which was active before the Pliocene time interval. The GKDFS represents a w

ell-defined example of the large dextral shear zone bordering the northern boundary of the CEIM
during most of the Cenozoic connecting the central part of the fault, the Doruneh segment, with its

westernmost termination in the Ashin area.
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Integrating our structural data with previous structural analyses on the GKDFS, available
paleomagnetic data and the updated information on the displaced fragments of the Paleotethyan and
Neotethyan ophiolites, we propose a simple geometrical model. The model restores these units to
their previous positions, in response to the CCW rotations occurred along vertical axes (Mattei et al.,
2015). The larger displacements shown by the Paleotethys units is explained by the larger rotations
occurring since the Triassic, with respect to the smaller displacements suffered by the Upper
Cretaceous Neotethyan ophiolites.

Several uncertainties on large block rotations and displacement of crustal blocks remain to be better
investigated, especially with concern to the evolution of the poorly known regions of the Sistan and

Makran orogens and to their role in the deformation of Central Iran.
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Table 1. Relevant information from stress inversion with Wintensor software (Delvaux & Sperner,
2003). Location of analysed sites in previous figures. AR-OPH: Arusan Ophiolites AWF: Arusan
Western Fault; AEF: Arusan Eastern Fault; MA: Mohammad Abad. Data: total number of
measurements; Used: number of accepted faults for stress inversion; trend/plunge of the main stress
axes o1, 02, and 63 with 61 2 02 2 O3, with 1 sigma standard deviation; stress ratio R (62-63)/(61—03);
tectonic stress regime index R’ and its 1 sigma standard deviation (StDev). R' = R when o7 is vertical
(extensional stress regime), R' = 2 - R when o3 is vertical (strike-slip stress regime), R' =2 + R when
o3 Is vertical (compressional stress regime). Quality estimator Rwsm takes into account the number
of faults measurements accepted on the total number of the faults used for the inversion and the
accuracy of the evaluation of the slip sense (World Stress Map project, Zoback, 1992). Quality
estimator Rt also considers the heterogeneity of the fault data orientations (Delvaux & Sperner, 2003);
both indexes range from A (best quality) to E (worst quality). Solutions were accepted for values of
the F5 misfit function < 30 (range 0-360 from perfect fit to complete misfit) and single values of the
angle a < 30° between the slip vector on the fault plane and the computed shear stress. F5 is an
iterative function minimising the angle a, as well as the normal and shear stresses magnitudes

favouring the slip on the plane.
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Figure 1. (a) General of Iran and surrounding areas extending to Afghanistan with the main fault

zones. (b) Simplified structural map of the Great Kavir Doruneh Fault System (GKDFS), location in

Figure 1a; modified from Javadi et al., 2013.



980
981

982
983

g,

{“n - Caspian Sea ‘ e
; AOpp
\ s, ,.77 p&’DA o
- 3 < Teh -~ % Mashhad
> ehran P .—

34° N Kermanshah.
S Central Iran

" Mohammad
Ababd

<7 Arusan |

/ uer;uéqﬁ;v esue)

\ 4 Fault System
ARABIAN -, \ “
PLATE : e = :
26°N () Persiancur ] [ [ Central Iran 34°]
D - \ Gulfof Oman ~—
200km S0°E /B4 N 58° ‘ ‘PIiocene-Quaternary

Late Paleozoic accreted units
Anarak Metamorphic Complex
=% (Carboniferous), s: serpentinite /

Godar-e-Siah Complex
(late Palaeozoic)

i \:’ Miocene marls

o/ ma Miocene gypsum clay
sandstone, limestone

- Eocene volcanics

Khur platform
| (Cretaceous)

— Chah
5 "\ Rizab
< €% Godar-e-Siah'

Triassic Arc of Nakhlak e LN \\ SR - Shemshak Group
= s ) . Triassic Arc
KI\]IE* Nakhlak mine of Nakhlak

W) Triassic Flysch

(Doshak, Bayazeh) -
Triassic intrusives

b

o - Arusan Ophiolites
/] -Jandaq MC(Jurassic)

— 'S \ ~ 2
Bid Airekan Terrane
< \ + + + i
Alrekan granite
| |

Posht-e-Badam

—~Triassic metasediments =~

)
Palang

1

Nain Cretaceous-
Paleogene ophiolites

Chah

Paleozoic-Triassic \
; carbonates of Yazd Block { 5.

33"
Posht-e-Badam Terrane
Chapedony Complex (Eocene) 3 .

POSht-e-Badam Complex (Triassic) | - [:

rmemrmn Boneh-Shurow Complex A b »
JE! (Cambrian) g g
53230’ '*
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information. CEIM: Central Eastern Iran Microplate.
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Figure 3. Geologic map of the Arusan area, modified from the Arusan and Mesr sheets of the
Geological map of Iran (1:100,000; Romanko et al., 1979) according to our field survey. The location
of some structural sites not present in the following maps are reported. The square shows the position

of Figures 5 and 6.
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Figure 4. The Cretaceous succession exposed north of Kuhr close to Arusan. (a) View of the

Cretaceous succession non-conformably covering the metamorphic basement close to cross section
E-E’ (Figure 7 ): a thick conglomerate unit (referred to as Haftoman Fm. by Wilmsen et al. 2015) is
present between the Shah Kuh Formation and the limestone of the Haftoman Formation. (b) View of
the succession on the north-western side of the study area, where the conglomeratic unit (Figure 4a)
is not present. (c) The Farokhi Formation, south of a major branch of the AFS close to the Naqgi Spring

(Figure 3); note the alternation of marly and calcareous units. (d) Current ripples in quartz-rich
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sandstone of the Chah Palang Formation. E: rudists in life position in the Shah Kuh Formation. (f)
Bioclastic silty rudstone with Orbitolinid macroforaminifera in the upper part of the Shah Kuh
Formation. (g) Erosional surface between the massive limestone of the Shah Kuh Formation and the
overlying, poorly selected conglomerates with carbonate clasts. (h) Typical aspect of the rudist
limestone of the Haftoman Formation. (i) Bedded fine-grained packstone with chert of the lower
cherty limestone marking the drowning recorded by the Haftoman Formation. (j) Close-up view of
chert nodules in fine-grained pelagic mudstone/wakestone of the upper cherty limestone.

bcg: conglomerate at the base of the Shah Kuh Formation; sl: silty limestone, sm: silty marl (at the
base of the Haftoman Fm.); cgl: red conglomerate (Haftoman Fm. sensu Wilmsen et al., 2015);; M1:
lower marls; CL1: lower cherty limestone; M2: upper marls; CL2: upper cherty limestone.
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Figure 5. (a) Geological map of the eastern branch of the Arusan Fault; the map is bases on our
original structural and stratigraphic analyses. We also used ASTER satellite imagery and it was drown
in Google Map. Location of the structural observations and the traces of cross sections are reported.
Stereographic projections are Schmidt, lower hemisphere; faults are shown as cyclographic
projections with striations and sense of motion when available; blue dotted lines are cleavage and
black dotted lines represent bedding. (b) Three plots showing data located out of the map to the south

showing faults measured along the Eastern Arusan Fault; location in Figure 11. ThS: Thrust Sheet.
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Figure 6. Geological map of the western branch of the Arusan Fault. Symbols as in Figure 5.
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Figure 7. Serial geological sections across the two branches of the Arusan Fault System. Traces of
sections A to D are reported in Figure 5; traces of sections E to G are shown in Figure 6. E-AFS:
Eastern Arusan Fault System; W-AFS: Western Arusan Fault System; ThS: Thrust Sheet.
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Figure 8. (a) Panoramic view from SSW to NNE of the eastern branch of the AFS, showing field

relationships among thrust and strike-slip faults deforming the Cretaceous succession south of
Arusan. Gr: Mesozoic granitoids, other symbols as in previous figures. (b) The eastern branch of the
AFS south of Arusan, where it shows a marked transpressional character showing high-angle reverse
oblique faults including several horses. (c) Schematic block diagram showing geometrical
relationships among the western branch of the AFS south of Arusan shown in Figure 8A.

CP: Chah Palang Fm.; FF: Farokhi Fm.; Gr: granites; HC: conglomerates at the base of Haftoman
Fm.; HF: Haftoman Fm.; Ja-Met: Jandaq Metamorphic Complex; SK: Shah Kuh; ThS: Thrust Sheet.
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Figure 9. Field photos of the Arusan area. (a) One of the main thrusts displacing the Cretaceous
successions and the metamorphic basement. Notice that the the Haftoman Formation directly cover
the Shah Kuh carbonates. (b) The Western branch of the AFS at site 114-22. The fault juxtaposes
Mesozoic pinkish granitoids to the Chah Palang Formation. The Cretaceous succession is exposed on
top of the Chah Palang sandstones. Secondary left-lateral faults (Riedel R1) occur between the two
main dextral faults. (c) A small klippe consisting of bioclastic limestones of the Haftoman Formation

overthrusting folded hybrid limestones of the Shah Kuh Formation along the western branch of the
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AFS at site 115-10. (d) Asymmetric closed fold in the Chah Palang sandstones along the Arusan Fault
System close to the Nagi spring (Figure 3). The Shah Kuh Formation forms a klippe on top of the
folded sandstones; M. Mattei for scale. (e) Sheared ophicalcite layers about 20 meters thick between
imbricated ophiolites here consisting of serpentinites, NW of site 114-22 (Figure 3). The inset shows

the ductile fabric developed along the shear zone within the ophicalcites.
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Figure 10. Mesoscopic observation within the Arusan basement consisting of ophiolites and quartzite

mica schists. (a) Fault associations representing the oldest stage of NW-SE compression with faults
measured within ophiolite thrust sheets. (b) Poles to mylonitc foliations (grey dots) and extensional
lineations (empty dots) measured along ductile shear zone preceding the activation of faults,
measured in the ophiolites. (c) The main thrust fault measured within the Arusan basement. (d)

Dextral faults crosscutting thrust faults within the Arusan basement.
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Figure 11. Paleostress reconstruction along the two main branches of the AFS. Obtained paleostress
solutions are reported for each site with trend and plunge of the mains stress axes and other significant
parameters, including histograms of the angular deviations alpha. See text and table 1 for additional
information. Rose diagrams relative to each branch of the fault system are reported; rose diagrams
represent strike (blue), dip direction (blue), dip (blue), pitch (red) and rake, with number of analysed
faults. Triangular Frolich diagrams are also shown. Stereoplots, rose and Frolich diagrams were
obtained with Wintensor (Delvaux & Sperner, 2013, release 5.8.9).
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Figure 12. Relationship between the orientation of the maximum Instantaneous Stretching Axis
(ISAmax) with respect to the shear zone boundary (angle 0) related to the kinematic vorticity number
WKk (modified after Fossen et al. 1994; Fossen & Cavalcante, 2017). The WKk (a) has been obtained
for the Arusan Western Segment shear zone (green dots) and Arusan Eastern Segment shear zone
(light blue dots) and (b) for en échelon folds occurring in the Arusan Western Fault shear zone. In A
are reported a rose diagram showing the value of 6 and a schematic representation of the orientation
of the ISAs. A scheme showing the shear zone boundaries, 63 orientation and the traces of fold axial

planes is also reported. szb: shear zone boundaries.
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Figure 13. Two stage CCW rotation model of blocks forming the present day CEIM. A pre Late
Miocene total CCW rotation (data from Mattei et al., 2015) of 65-70° accounts for the observed
displacement of the previously continuous Paleothetys Suture Zone (PTSZ) in NE Iran, as well of the
ca. 30° CCW rotation along the precursor of the Great Kavir Doruneh Fault System that displaced
the Nain ophiolites from the Sabzevar complex.



