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Abstract The Cenozoic deformation history of Central Iran has been dominantly accommodated by the
activation of major intracontinental strike-slip fault zones, developed in the hinterland domain of the
Arabia-Eurasia convergent margin. Few quantitative temporal and kinematic constraints are available from
these strike-slip deformation zones, hampering a full assessment of the style and timing of intraplate
deformation in Iran and the understanding of the possible linkage to the tectonic reorganization of the
Zagros collisional zone. This study focuses on the region to the north of the active trace of the sinistral
Doruneh Fault. By combing structural and low-temperature apatite fission track (AFT) and (U-Th)/He (AHe)
thermochronology investigations, we provide new kinematic and temporal constraints to the deformation
history of Central Iran. Our results document a post-Eocene polyphase tectonic evolution dominated by
dextral strike-slip tectonics, whose activity is constrained since the early Miocene in response to an early,
NW-SE oriented paleo-c1 direction. A major phase of enhanced cooling/exhumation is constrained at

the Miocene/Pliocene boundary, caused by a switch of the maximum paleo-c1 direction to N-S. When
integrated into the regional scenario, these data are framed into a new tectonic reconstruction for the
Miocene-Quaternary time lapse, where strike-slip deformation in the intracontinental domain of Central Iran
is interpreted as guided by the reorganization of the Zagros collisional zone in the transition from an
immature to a mature stage of continental collision.

1. Introduction

The intraplate deformation zones typically show polyphase tectonic histories whose evolution is commonly
assumed to be dynamically linked to the spatiotemporal changes in the mechanical coupling occurring at the
plate boundaries (e.g., Ellis, 1996; Molnar, 1988). In particular, the mode (tectonic style and kinematics) of
intraplate deformation is chiefly controlled by the distribution and architecture of the inherited structural
anisotropies and is modulated by the distribution of the near- and far-field stress regime(s) through time
(e.g., Calzolari, Della Seta, et al., 2016; Cloetingh et al.,, 2005; Cunningham et al.,, 2003; Di Vincenzo et al,,
2013; Holdsworth et al., 1998; Lesti et al., 2008; Niu et al., 2003; Storti et al., 2007; Van Hinsbergen et al.,
2015). Definition of the deformation history in intraplate domains in space and time is thus critical to decipher
the major episodes of tectonic reorganization at the plate boundaries and to link these to the possible
geodynamic causes.

The hinterland domain of the Alpine-Himalayan convergence zone provides the most impressive example of
large-scale intraplate deformation on Earth (Hatzfeld & Molnar, 2010). The intraplate deformation developed
in response to the compressional stresses resulting from continental collision, transmitted far away from the
convergence front (e.g., Molnar & Lyon-Caen, 1988; Reece et al., 2013; Simons et al., 2007; Storti et al., 2003;
Van Hinsbergen et al., 2015; Vincent & Allen, 2001; Ziegler et al., 1998). These far-field stresses are responsible
for distributed Cenozoic inversion tectonics, mainly accommodated through the development of major intra-
continental strike-slip shear belts, as documented in Central Asia, Turkey and Iran (Allen et al., 2004, 2011;
Avouac & Tapponnier, 1993; Molnar & Tapponnier, 1975; Van Hinsbergen et al., 2015; Vernant et al., 2004;
Walpersdorf et al.,, 2014).
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Figure 1. Simplified tectonic map of Iran on the shaded-relief Shuttle Radar Topography Mission (SRTM) image, showing
the main tectonic domains and the major strike-slip fault systems accommodating the Arabia-Eurasia convergence.
(after Allen et al., 2004, 2011; Berberian, 1983; Berberian & King, 1981; Calzolari, Della Seta, et al., 2016; Morley et al.,
2009; Nozaem et al., 2013; Stocklin & Nabavi, 1973). The inset shows the GPS velocity vectors (black arrows) in Iran
relative to stable Eurasia (after Walpersdorf et al., 2014). The black dashed rectangle indicates location of study area,
shown in Figure 2. A: Anarak; FF: Ferdows Fault; DBF: Dasht-e-Bayaz Fault; D: Doruneh; DF: Doruneh Fault; KF: Kuhbanan
Fault; KFF: Kuh-e-Faghan fault; KKTZ: Kashmar-Kerman tectonic zone; KSF: Kuh-e-Sarhangi fault; MF: Meyamey Fault; NF:
Nayband Fault; NeF: Neh Fault; N-DF: Nain-Dehshir Fault; SBF: Shahr-e-Babak fault; ShF: Shahrud Fault; T: Torbat-e-
Heydarieh; ZMTZ: Zagros-Makran Transfer Zone.

In Iran, Cenozoic far-field deformation is mainly documented by positive inversion of the Mesozoic basin
boundary faults in the Alborz and Kopeh Dagh regions (Allen et al., 2004; Guest, Axen, et al., 2006; Guest
et al., 2007; Guest, Stockli, et al., 2006; Hollingsworth et al., 2010; Madanipour et al., 2013, 2017; Robert
et al, 2014; Shabanian, Bellier, et al, 2009; Shabanian, Siame, et al, 2009) and by the late Cenozoic
activation of major strike-slip deformation zones cutting through the intracontinental domain of the
Central East Iranian Microcontinent (CEIM; Figure 1) (Allen et al., 2004; Berberian & King, 1981; Farbod et al.,
2011; Foroutan et al., 2012, 2014; Le Dortz et al., 2009, 2011; Meyer & Le Dortz, 2007; Nazari et al., 2009; Walker
& Jackson, 2004).

Despite a general agreement on the active kinematic scenario in Central Iran, few quantitative temporal and
kinematic constraints are available from the major strike-slip deformation zones cutting across the CEIM,
hampering a full assessment of the style and timing of intraplate deformation in Central Iran. Critical in this
regard is the long-term evolution of the transcurrent boundaries at the north-western termination of the
CEIM, with the sinistral Doruneh Fault (Wellman, 1966; hereafter referred as DF) being commonly considered
as the northern mechanical boundary of the deforming CEIM (Berberian, 1974; Farbod et al,, 2011, 2016;
Fattahi et al., 2007; Javadi et al, 2013, 2015; Stocklin & Nabavi, 1973; Tchalenko et al, 1973; Walker &
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Figure 2. Satellite (Multiresolution Seamless Image Database) image of the northern boundary region of the CEIM, with the available earthquake focal mechanisms
(after Farbod et al.,, 2011) and the major fault systems indicated. The yellow lines indicate the traces of the major active faults (after Berberian, 2014; Farbod et al.,,
2011; Fattahi et al., 2007), the white lines indicate the main fault traces after Javadi et al. (2013). The dashed rectangle indicates the study area shown in Figure 3.

Jackson, 2004) (Figure 1). A complex paleotectonic evolution has been proposed for this region during the
Mesozoic-Cenozoic times, dominated by large-scale crustal wrenching accommodated along the DF and
its precursors during segmentation and displacement of Paleo-Tethys suture from NE Iran to the Anarak area
(Barrier & Vrielynck, 2008; Berra et al., 2017; Davoudzadeh et al., 1981; Mattei et al., 2012; Soffel et al., 1996;
Zanchi et al, 2009; 2015) (Figure 1). In addition, recent papers have documented that kinematic shifts
occurred along the DF region in post-Eocene times, from dextral to sinistral (Bagheri et al., 2016; Javadi
et al, 2013, 2015), whereas other studies have proposed the onset of strike-slip faulting along the DF at
<5 Ma (Farbod et al., 2011). Finally, structural, thermochronological and geomorphological evidence just to
the south of the active trace of the DF attests to dextral shearing distributed along the northern boundary
of the CEIM (along the Kuh-Sarangi and Kuh-e-Faghan faults; Figure 1), also pointing to a different kinematic
scenario during the Neogene-Quaternary times (Calzolari, Della Seta, et al.,, 2016; Calzolari, Rossetti, et al.,,
2016; Nozaem et al.,, 2013). This is in line with what is documented to the north of the CEIM, in the transition
zone between Alborz and Kopeh Dagh mountain ranges, where a major Pliocene-Quaternary change in the
regional stress regime is documented and interpreted as corresponding to a change in the orientation, from
Neogene NW-SE to Quaternary NE-SW directed, of the regional maximum shortening direction (Javidfakhr
et al, 2011; Shabanian et al., 2012).

Therefore, two main outstanding questions remain regarding the spatiotemporal tectonic evolution of the
boundary region to the north of the CEIM: (i) if and when the regional kinematic shift occurred and (ii) which
is the link (if any) with the evolution of the convergent plate margin.

Through the integration of structural and low-temperature apatite fission track (AFT) and (U-Th)/He (AHe)
thermochronology data, collected to the north of the active trace of the sinistral DF (Figures 2 and 3), this
paper aims to provide new kinematic and temporal constrains on the tectonic evolution of the northern
boundary of the CEIM. Our results document a polyphase tectonic evolution dominated by dextral wrench-
ing, with a major phase of enhanced cooling/exhumation starting at the Miocene/Pliocene boundary in
response to a switch of the regional (paleo-)maximum compression direction from NW-SE to N-S. These data
are discussed at regional scale and used to propose a new tectonic scenario for the post-Eocene kinematic
evolution of Central Iran.

2. Geological Background

The approximately 2,400 km long Zagros-Bitlis collision zone has been generated by the Arabia-Eurasia
convergence during Mesozoic-Cenozoic times (Hatzfeld & Molnar, 2010, and references therein). Collision
is commonly estimated to have started at the Eocene-Oligocene boundary (e.g., Agard et al,, 2011; Allen &
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Figure 3. Geological map and synthetic stratigraphic column of the study area (readapted after Vahdati Daneshmand & Nadim, 1999; Ghaemi & Moussavi Herami,
2008; Jafarian et al.,, 2000; Shahrabi et al., 2005; Taheri et al., 1998) on the Multiresolution Seamless Image Database (MrSID) image. The major fault systems are also
indicated. The yellow lines indicate the sampling transects (T1 and T2) for the AFT and AHe thermochronometry, and the black dots the location of the studied
samples with the corresponding age results (see Tables 1 and 2). The area shown in Figure 4 is also indicated.

Armstrong, 2008; Francois et al., 2014; Hafkenscheid et al., 2006; Hessami et al., 2001; Homke et al., 2009, 2010;
Karagaranbafghi et al., 2012; Madanipour et al., 2013; McQuarrie et al, 2003; Mouthereau et al,, 2012;
Robertson et al., 2006; Vincent et al., 2007). A regional increase in collision-related uplift, exhumation and
subsidence in adjacent basins, began in the early to middle Miocene, as documented along the Bitlis-
Zagros collisional front, the Alborz Mountains, and Central Iran by low-temperature thermochronometric
(Axen et al., 2001; Ballato et al., 2013; Calzolari, Della Seta, et al., 2016; Francois et al., 2014; Gavillot et al.,
2010; Guest, Stockli, et al., 2006; Homke et al., 2010; Khadivi et al., 2012; Madanipour et al., 2013; Okay
et al,, 2010; Verdel et al., 2007), stratigraphic (e.g., Ballato et al., 2008, 2011; Hessami et al.,, 2001; Guest,
Axen, et al, 2006; Guest, Stockli, et al., 2006; Khadivi et al., 2010; Madanipour et al.,, 2017; Morley et al.,
2009; Mouthereau et al., 2007) and structural (e.g., Allen et al., 2004; Mouthereau et al., 2007) evidence.

A widespread tectonic reorganization during late Miocene to early Pliocene is attested in the Iranian region
by (i) enhanced exhumation in the Alborz and Talesh mountains (Axen et al., 2001; Madanipour et al.,, 2013;
Rezaeian et al., 2012), (ii) fault kinematic changes along the Zagros belt from a distributed transpressive sys-
tem (late Miocene) to an across and along-strike partitioned system (early Pliocene (Authemayou et al., 2006;
Hatzfeld et al., 2010), (iii) fault kinematic changes in Central Iran along the DF (Javadi et al., 2013, 2015), (iv) the
establishment of strike-slip faulting in the Kopeh Dagh region (Javidfakhr et al, 2011; Robert et al., 2014;
Shabanian et al., 2010, 2012), (v) oroclinal bending of the Alborz Mountains (Cifelli et al., 2015), and (vi)
change in the regional stress field and activation of the Zagros-Makran transfer zone (Regard et al., 2005,
2010). The Miocene-Pliocene boundary also corresponds with the time when the Zagros collisional zone
became overthickened and unable to sustain further significant shortening (Allen et al., 2004; Austermann
& laffaldano, 2013). Such tectonic events are thought to have given rise to in the current regional kinematic
configuration (Allen et al.,, 2004).

The GPS displacement vectors in the Iranian region indicate a NNE motion of the Arabian plate relative to
Eurasia, with ~18 mm yr™' in the northwest and increasing to ~25 mm yr~' to the southeast due to
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location of the Arabia-Eurasia Euler pole situated in North Africa (McClusky et al., 2003; Reilinger et al., 2006;
Sella et al., 2002; Vernant et al., 2004; Walpersdorf et al., 2014). This convergence is mostly absorbed through
contractional deformation along the Zagros and by distributed shortening in the north, within the Alborz and
Kopeh Dagh Mountain ranges (Figure 1). The obliquity of convergence with respect to the major tectonic
boundaries has resulted in a combination of translation and shortening in the intracontinental domains
(Authemayou et al, 2006; Calzolari, Della Seta, et al, 2016; Djamour et al, 2010; Ghods et al.,, 2015;
Hollingsworth et al., 2010; Javidfakhr et al., 2011; Mousavi et al., 2015; Nozaem et al., 2013; Ritz et al., 2006;
Rizza et al, 2011; Robert et al, 2014; Shabanian et al., 2010, 2012; Shabanian, Bellier, et al., 2009;
Shabanian, Siame, et al., 2009; Talebian & Jackson, 2004).

The CEIM is moving northward at 6-13 mm/yr with respect to the stable Afghanistan crust at the eastern
edge of the collision zone (Walpersdorf et al.,, 2014). Such differential motion is largely accommodated by
the active strike-slip faults systems that bound and dissect the CEIM, which are organized into N-S dextral
(from west to east: the Dehshir, Anar, Nayband-Gowk, and Nehbandan faults) and E-W sinistral (from north
to south: Doruneh and Dasht-e Bayaz faults) shear systems (Allen et al., 2004, 2011; Berberian & King, 1981;
Farbod et al., 2011; Fattahi et al., 2007; Foroutan et al., 2012; 2014; Le Dortz et al., 2009, 2011; Masson et al.,
2007; Meyer & Le Dortz, 2007; Vernant et al.,, 2004; Walker & Jackson, 2004) (Figure 1), which in most cases
are seismically active (Berberian, 2014, and references therein).

3. Geological Setting

The arcuate sinistral DF is commonly regarded as the longest strike-slip fault in intraplate domain of Central
Iran, extending from longitude 54°E and 60°30'E, with an along-strike cumulative length in excess of 750 km
(Figure 1). According to Javadi et al. (2013), the architecture of the DF is characterized by three main fault
strands, western, central, and eastern, respectively. The western strand, also known as Great Kavir Fault,
extends from the Doruneh village to central Iran for a cumulative length of approximately 500 km, striking
NE-SW and showing sinistral kinematics (Javadi et al., 2015; Stécklin & Nabavi, 1973; Tchalenko et al., 1973).
The central strand, with an E-W strike and sinistral kinematics, extends from the Doruneh village to
Torbat-e-Heydaryeh city, with a cumulative along-strike length of approximately 170 km (Farbod et al., 2011,
2016; Fattahi et al.,, 2007; Javadi et al., 2013; Tchalenko et al., 1973). The eastern strand strikes NW-SE and cuts
across the Torbat-e-Heydaryeh region to the Iran-Afghanistan border (Javadi et al., 2013) (Figure 1). Based on
geomorphic and structural evidence, Farbod et al. (2011) have proposed internal segmentation of the central
part of the DF that, consequently, cannot be regarded as a unique, continuous structure.

At the regional scale, the DF is considered to adsorb a significant amount of the ~15 mm yr~"' N-S motion of
the CEIM with respect to the stable Afghanistan (Berberian, 2014; Farbod et al., 2011; Fattahi et al., 2007;
Vernant et al,, 2004). In particular, Farbod et al. (2011), based on GPS data from Masson et al. (2007), has cal-
culated a N-S convergence (across the DF) of 2.2 mm yr~" and 2.5 mm yr~' of E-W sinistral motion. The latter
is compatible with the independent geomorphic-derived 2.5 mm yr~' sinistral slip rate proposed by Fattahi
et al. (2007). More recently, based on in situ produced '°Be and *°Cl cosmogenic dating, Farbod et al. (2016)
have documented a maximum sinistral slip rate of 8.2 + 2.0 mm yr~" since the late Pleistocene.

The DF region is characterized by moderate seismic activity, as documented by historical and instrumental
records (Ambraseys & Melville, 1982; Berberian, 2014; Farbod et al, 2011, 2016; Fattahi et al, 2007;
Jackson & McKenzie, 1984; Tchalenko, 1973; Tchalenko et al., 1973). The available focal mechanism solutions
(M>4.5) are not directly located along the active trace of the DF and the most common focal plane solutions
point to thrust faulting on E-W fault planes (see review in Farbod et al., 2011) (Figure 2).

Structural evidence has documented a change in the slip sense from dominant dextral to sinistral kinematics
along the western and central fault segment of the DF (Bagheri et al.,, 2016; Javadi et al., 2013, 2015). In par-
ticular, (i) the onset of dextral shearing along the DF region is placed during the Eocene (55.8 Ma), when the
DF acted as a major tectonic zone within the Central Iran to accommodate the anticlockwise rigid block rota-
tion of CEIM during Cenozoic times, and (ii) the slip sense inversion to sinistral kinematics in post-late
Miocene times (Javadi et al., 2013, 2015). Based on the geomorphic evidence along the active trace of the
DF, Farbod et al. (2011) instead proposed a maximum Pliocene age (<5 Ma) for the initiation of (sinistral)
strike-slip faulting along the DF.
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Temporal constraints on the long-term (pre-Quaternary) evolution of strike-slip faulting and nature of tec-
tonic deformation in the DF region are available only to the south of the study area, along the E-W Kuh-
Faghan Fault (Figures 1 and 2). There, a polyphase Miocene to Quaternary tectonic evolution is documented,
involving the nucleation and propagation of intracontinental dextral shearing (Calzolari, Della Seta, et al.,
2016; Calzolari, Rossetti, et al., 2016). In particular, thermochronological data document spatially and
temporally punctuated fault system evolution that well fits into the two-stage early Miocene collision-
enhanced and the late Miocene to early Pliocene tectonic reorganization of the Iranian region (Calzolari,
Della Seta, et al.,, 2016).

The existing information on the paleostress regimes in the DF region is available from the fault slip analysis
presented in Farbod et al. (2011), which documents a progressive transition of the horizontal maximum com-
pression direction (o7) from an early NW-SE and N-S orientation to a NE-SW one that controls the modern
state of stress. A post-Miocene transition from NW-SE to NNE directed maximum compression direction is
also derived from the analysis of the Cenozoic folding to the west of the study area (Javadi et al., 2013)
(Figure 1). The stress solution as obtained from inversion of focal mechanism solutions (Shabanian et al.,
2010; Zamani et al.,, 2008) and geodetic measurements (Mousavi et al., 2013; Zarifi et al., 2013) across and
to the north of the DF region has documented a seismotectonic scenario dominated by a NNE trending .

3.1. The Study Area

The study area is located to the north of the active trace of the central segment of the DF, from longitude 58°E
to 59°E (Figures 2 and 3). The geology of the study area is dominated by the exposure of the calc-alkaline
Eocene Kashmar granitoids (Shafaii Moghadam et al,, 2015; Soltani, 2000), which defines an approximately
100 km long magmatic belt (hereafter referred as Kashmar-Azghand Intrusive complex, KAIC) to the north
of the Kashmar and Azghand cities (Figure 3). The U-Pb zircon dating of the southern rim of the KAIC provided
a middle Eocene (40-41 Ma) age (Shafaii Moghadam et al., 2015). The granitoids are emplaced within a thick
pile of Paleocene-Eocene, Nummulite-bearing volcanoclastic successions (Shafaii Moghadam et al,
2015; Soltani, 2000; Taheri et al., 1998) that unconformably overlie discontinuous Mesozoic (Jurassic and
Cretaceous) sedimentary and Precambrian and Paleozoic basement units, which are exposed along NE-SW,
fault-bounded structural highs in the western sector of the study area (Figure 3). This structural setting is
interpreted as the consequence of a Cretaceous-Paleocene tectonic inversion of the pristine horst and gra-
ben structures formed during a Mesozoic rifting phase (Taheri et al., 1998). These units are unconformably
overlain by a ~2 km thick succession of reddish continental conglomerates and sandstones, known as the
Oligocene Lower Red Fm (Behroozi et al., 1987; Eftekhar-Nezhad et al.,, 1976; Farbod et al., 2011, 2016).
Despite original contacts having been reworked by faulting, a major erosional unconformity can be recog-
nized between the KAIC and the basal deposits of the Lower Red Fm, which also contain boulders (up to
1 m in diameter) of the Eocene granitoids (Figure 4). This field evidence indicates that the KAIC was already
exhumed and exposed to erosion prior of the sedimentation of the Lower Red Fm.

Discontinuous continental deposits of the Miocene Upper Red Fm crop out in the southern sector of the
study area, where they are systematically observed in fault contact with those of the Lower Red Fm
(Behroozi et al., 1987; Farbod et al., 2011, 2016) (Figure 3). Quaternary continental deposits, consisting of gray
unconsolidated conglomerates and gravels, unconformably cover the previously described units and are
commonly involved in faulting (Taheri et al., 1998; Fattahi et al., 2007; Farbod et al., 2011, 2016).

The seismotectonic scenario of the study area is characterized by complex kinematics, varying from pure
reverse to pure sinistral faulting, and fault segmentation (Farbod et al., 2011). The major seismogenic struc-
tures are observed to the north of the DF trace, corresponding to the NE-SW sinistral faults (Dahan-Qaleh
and Taknar faults), and to the west of it, along the reverse, NW-SE striking, Kharturan Fault (Farbod et al.,
2011, 2016; Fattahi et al., 2007; Pezzo et al., 2012) (Figure 2).

4, Materials and Methods

Brittle structural analysis and apatite thermochronology are combined in this study with the aim to link tec-
tonic structures to the major episodes of rock exhumation/uplift, and hence to reconstruct the long-term
evolution of the DF. The low-temperature closure of isotope systems in AFT (partial annealing zone (PAZ):
75-120°C, with an effective closure temperature of 110 = 10°C; Green & Duddy, 1989; Ketcham et al., 1999)
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Figure 4. (a) Satellite image showing the stratigraphic relations between the middle Eocene KAIC and the overlying
Oligocene Red Fm (LRF; see Figure 3 for location). (b) Panoramic view showing the erosional contact at the base of the
Oligocene Lower Red Fm (see Figure 4a for location). (c) Enlargement (see Figure 4b for location) showing up to 1 m sized
boulders derived from the KAIC within the Lower Red Fm.

and AHe (partial retention zone (PRZ): 40-80°C, with an effective closure temperature of 70 + 10°C; Farley,
2000) makes this techniques particularly useful to assess the cooling history in the upper 3-5 km of the of
the crust, where brittle deformation prevails.

Analyses were focused on the Eocene KAIC cropping out to the north of the trace of the active DF (Figure 3),
since the granular (dominantly isotropic) igneous texture provides the opportunity to derive the regional
paleostress directions from inversion of the fault slip data. Structural investigations were devoted to defining
the structural architecture at regional scale by multiscale observations. Recognition and characterization of
the brittle structural fabrics and description of fault patterns and their kinematics was mainly based on clas-
sical criteria as derived from the analysis of the striated fault surfaces (e.g., Doblas, 1998; Fossen, 2010; Petit,
1987), complemented by recognition of geological offsets in the field and as derived from remote sensing
analysis. Structural data on faults, joints, veins, and bedding were collected at 194 georeferenced field ana-
lysis sites distributed in the study area (see supporting information S1). A total of 1,052 (measured faults and
associated slickenlines) data were collected. The fault population analysis and the inversion of the fault slip
data implemented to obtain regional paleostress directions was performed using the computer program
Daisy v522e (http://host.uniromas3s.it/progetti/fralab/). By the use of a polymodal Gaussian distribution statis-
tics (Storti et al., 2006) (see Appendix A for details on computation techniques), the collected fault popula-
tion was separated in four main kinematic groups based on the measured pitch angle of the fault
slickenlines (the angle on the fault plane measured clockwise from above between the fault strike and
the slickenline, ranging 0-180°) as dextral, sinistral (pitch angle of the slickenlines: 0-30°, 150-180°), reverse,
and extensional (pitch angle of the slickenlines: 70-120°). The stress inversion method based on the rotax
(also known as “slip normal,” i.e., the line lying on the fault surface and orthogonal to the slickenlines;
Salvini et al.,, 1999; Storti et al., 2006; Wise & Vincent, 1965) analysis option enclosed in the Daisy v5.22e soft-
ware (multiple-faulting method; see Appendix A for details on computation techniques) is adopted in this
study. Rotax analysis is a standard practice to discriminate between polyphase faulting events (see, e.g.,
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Figure 5. Multiresolution Seamless Image Database (MrSID) satellite image (top) of the study area and interpretative line drawing (down) showing the main fault
systems with their kinematics indicated (see text for further details). Representative stereoplots (Schmidt net, lower hemisphere projection) showing the fault
data set (see also the supporting information S2 for the complete structural data set), presented as contour diagrams of poles to fault planes (contouring interval 2%),
great circles and slikenlines (arrows). Dashed rectangle shows location of Figure 7; locations of Figures 8 and 9 are also indicated.

Salvini et al., 1999; Storti et al., 2006; Tavani et al., 2011). In the assumption of dynamic rupture according to
the Coulomb Failure criteria, the line on the fault plane normal to the slip vector (the fault rotax) lies parallel
to the o, direction. Statistical analysis of the rotax attitude distribution allows first to subdivide the fault
populations into possible conjugate subsets and then to obtain the corresponding (paleo)stress directions
(Salvini et al.,, 1999; Salvini & Vittori, 1982).

A total of 11 samples were collected from KAIC for AFT and AHe thermochronometry (see Appendix A for
details on the analytical protocols adopted in this study) in order to link the paleostress reconstruction to
the post-Eocene exhumation/burial history of the KAIC. All samples were collected along two altimetric
profiles, located in the eastern and western sector, and hereafter referred as transect-1 (T-1) and
transect-2 (T-2), respectively (see Figure 3 for location of the sampling transects). The apatite grains were
separated by crushing, sieving, standard heavy liquid, and magnetic separation according to the proce-
dure described in Appendix A.

5. Structural Architecture

The structural architecture of the study area is depicted in the structural map shown in Figure 5, where the
major fault traces and relative kinematics are indicated (see also supporting information S2). The map is
derived from the existing geological cartography at the 1:100.000 and 1:250.000 scale (Behroozi et al.,
1987; Eftekhar-Nezhad et al., 1976; Taheri et al., 1998) and has been revised based on original field work, inte-
grated with extensive remote sensing analysis using Landsat satellite and Google Earth imagery.
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Figure 6. Left: Rose diagram of faults strike for the cumulative fault population. Right: Frequency and Gaussian best fit
analysis of fault dip (left) and slickenline pitch angle (right) of the measured fault population.

An array of distributed, subvertical fault strands are recognized to cut across the Eocene KAIC and the host
Paleogene volcano-sedimentary units exposed in the study area (Figures 3 and 5). The results of the polymo-
dal Gaussian statistics (Storti et al., 2006) applied to the collected cumulative fault population (1052 data) are
shown in Figure 6. Dextral faults show main strikes at N65°, N101°, and N156°, whereas the sinistral faults at
N27°, N10° and N152°, respectively. For what concerns dip-slip faults, reverse faults exhibit main strikes at
N68°, N103°, and N30°, extensional faults at N177° and N120°. The dominant strike-slip character of the regio-
nal faulting is attested by the mean pitch angle of the slickenlines, of 13°and 162° (Figure 6). The overprinting
relationships among these different fault strands are clearly observable at regional scale and in the field
(Figures 3 and 5), providing the evidence of a polyphase tectonic evolution as the result of two main genera-
tions of tectonic structures.
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Figure 7. (a) Geological and structural map of the NW corner of the study area (Koshab area in Figure 5) on the shaded-relief SRTM. The white dashed line shows the
trace (indicated as A-B) of the geological cross section shown in Figure 7b). (b) Interpretative geological cross section, showing the overprinting relationships
between the first-generation NE-SW reverse and E-W dextral fault systems. (c) Example of a polished fault surface belonging to the NE-SW striking reverse fault
systems (Permian carbonates). Slickenlines are nearly dip-parallel and kinematic indicators, as provided by synthetic Riedel shears and lunate fractures, indicate
reverse kinematics. (d) Example of a polished fault surface part of the E-W striking dextral fault system (Paleocene-Eocene deposits). The slickenlines are strike
parallel, and the kinematic indicators are provided by synthetic Riedel shears and lunate fractures, pointing to dextral shear. (e) Stereoplots (Schmidt net, lower
hemisphere projection) of the collected fault data (fault as great circle and striae as arrows).
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Foliated cataclasite

Figure 8. (a) Panoramic view showing the structural architecture of the dextral, NW-SE Kalat-e-Teimor fault (KTF in Figure 3)
controlling the contact between the KAIC and the Eocene volcanic sequences (host rocks). (b) Close-up of the fault

zone showing the fault damage zone and the fault core. The fault core mostly localizes within the host Eocene volcanics,
with local development of foliated cataclasites. The stereoplot (Schmidt net, lower hemisphere projection) shows the
corresponding structural data measured in the area (fault surfaces and secondary foliation as great circles and striae

as arrows). () Meter-scale, NW-SE striking polished fault surfaces showing subhorizontal slickenlines and diffuse fault-
controlled rock alteration in the KAIC (structural analysis site 50). (d, €) Mesoscale NW-SE striking polished fault surfaces in
the KAIC, with subhorizontal slickenlines and kinematic indicators as provided by synthetic Riedel shears and lunate
fractures indicating dextral kinematics. See Figure 5 for location of figures.

The first generation of tectonic structures is recognized on the north-western corner of the study area
(Khoshab area), where the pre-Eocene sequences are exposed, and to the south of the Kalat-e-Teimor Fault
(Figure 5). In the Khoshab area (Figure 7a, station 180 in Figure 5), high-angle NE-SW striking, NW dipping
faults juxtapose folded Paleozoic (Permian limestones of the Jamal Fm) and Mesozoic (early Cretaceous
Orbitolina-bearing limestones) cover rocks in the hanging wall onto Eocene, Nummulite-bearing deposits
in the footwall (see the cross section in Figure 7b). Fault kinematics is dip-slip reverse with a minor dextral
component (pitch angle of slickenlines: 70-75°; Figure 7¢; see the stereoplot in Figure 7e, red fault planes)
and the fault zones are marked by decameter-thick damage zones, mostly developed within the hanging wall
rocks. These reverse faults are cut across by a set of steeply dipping dextral fault strands, roughly E-W
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(N90-120°) striking (Figures 7a and 7b). The analysis of the fault kinematics documents nearly pure strike-slip
motion (pitch angle of slickenlines: 5-17°; Figure 7d; see stereoplot in Figure 7e, black fault planes). There is
stratigraphic evidence of fault offsets across these dextral faults, which are in the order of 1-2 km for the
single fault strand (Figure 7a).

Moving toward the east, the first generation NE reverse and E-W dextral faults abut against the NW-SE Kalat-
e-Teimur Fault that is part of the second generation of fault structures. This high-angle fault cuts obliquely
across the KAIC and defines the major fault zone in the study area, reworking the original intrusive contacts
and dying out toward the SE (Figure 3). The fault damage zone is more than 300 m thick and it is made up of a
verticalized panel of highly fractured rocks. The fault core is defined by a approximately 50-100 m thick
gouge, mostly developed in the volcanic host rocks and dipping steeply to the SSW (Figures 8a and 8b).
Fault data document a dominant strike-slip motion with a minor component of dip-slip (reverse) motion
(pitch angle of slickenlines: 5-21° and 140-172°; see stereoplot for station 50 in Figure 5; Figures 8c and 8d).
The phyllonite fault rocks exhibit a penetrative S-C fabric made up of WSW-ENE striking tectonic foliation
and NW-SE slip surfaces (see the stereoplot in Figure 8b). Fault kinematics as deduced from kinematic
indicators on polished fault surfaces, including Riedel shears, lunate fractures, ridge-in-groove lineations,
and S-C fabrics, systematically point to dextral kinematics (Figures 8b and 8e).

The fault pattern within the KAIC is distinctly different in the northern and southern fault blocks delimited by
the Kalat-e-Teimur Fault (Figure 5). In the southern block, the first generation of fault structures are well pre-
served and made of a set of subvertical NE-SW striking dextral transpressive to reverse fault strands, mostly
localized along the boundary between the KAIC and the host volcanic rocks (see stereoplots for station 180
and 260 in Figure 5). These faults are cut across by a complex array of second-generation faults, made of
NNW-SSE dextral (striking N140-170°), NNE-SSW sinistral (N10-30°), and nearly NS striking (N170°-N10)
extensional (see stereoplots for station 223, 229, and 405 in Figure 5) fault strands. In the northern block,
the structural architecture is instead controlled exclusively by the second generation of faults that consist
of conjugate arrays of NNW-SSE dextral and NNE-sinistral fault strands (see stereoplots 50, 87, 140, 229,
255, and 405 in Figure 5), associated with N-S striking extensional faults (Figures 5, 9a, and 9d). These fault
strands are closely spaced (at about 0.5 1 km intervals), with mutual cross-cutting relationships (Figure 5)
As recognized both at the outcrop (Figure 9a) and regional scale (Figure 5), the acute dihedral angles defined
by the conjugate strike-slip faults are commonly bisected by N-S striking veins/fractures and extensional
faults (see stereplots 87 and 368, 384, and 405 in Figures 5, 9a, and 9b). The major deformation zones are
usually characterized by dm-thick damage zones, and on polished fault surfaces, the kinematic criteria are
dominantly provided by Riedel shears, lunate fractures, and ridge-in-groove lineations (Figure 9c). The exten-
sional faults also commonly form conjugate arrays (Figure 9d), often in association with subparallel fractures
and veins. At the southward termination of the KAIC, a set of ENE-WSW to E-W striking, northward dipping
reverse faults control the tectonic contacts between the KAIC with the Eocene volcanoclastic host rocks
and, locally, of these latter deposits with the Oligocene sediments of the Lower Red Fm (see stereoplot
125, 225, 266, 267, and 368 in Figure 5). Within the KAIC, these faults are associated with development of
up to 0.5 m thick fault cores, with the local development of foliated cataclasites (Figures 9e and 9f).

To sum up, a first generation of NE-SW reverse-to-dextral transpressive faults associated with roughly E-W
striking dextral ones is overprinted by a second generation of faults that comprise a set of conjugate
strike-slip faults, (NYJNW (dextral) and (N)NE (sinistral), in association with N-S extensional and E-W reverse
faults. Mutual cross-cutting relationships are recognized among the second generation of fault strands in
the study area (Figure 5).

6. Thermochronology
6.1. AFT Results
Only 7 out of 11 granitoid samples collected from the Eocene KAIC provided AFT measurements. Specifically,

two samples are from the T-1 (F2-09 and F2-12) and five samples are from T-2 (113-06, F2-04, F2-05, F2-07,
and F2-08).

Results of the AFT analysis are presented in Table 1. The AFT ages span from 60.8 + 9.2 to 15.4 + 2 Ma, show-
ing a poor correlation with the sample elevation (Figure 10a). The majority of the AFT samples (5 out of 7)
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Figure 9. (a) Outcrop-scale conjugate arrays of NNW-SSE dextral and NNE-SSW sinistral faults cutting across the KAIC. Note
the N-S striking veins and fracture arrays that bisect the acute dihedral angles defined by the conjugate faults.

(b) Stereoplot (Schmidt net, lower hemisphere projection) showing the collected structural data. (c) Close-up of a fault
surface (see Figure 9a) showing subhorizontal slickenlines and kinematic indicators as provided by Riedel shears and lunate
fractures pointing to sinistral shear. (d) N-S striking conjugate normal fault systems cutting across the Eocene volcanic units
(structural analysis site 368) and interpretative line drawing (top left). The stereoplot (Schmidt net, lower hemisphere
projection) shows the corresponding fault data (fault as great circle and striae as arrows). (e) E-W striking, N dipping reverse
faults at the southern termination of the KAIC. Foliated cataclasites decorate the fault core. The stereoplot (Schmidt net,
lower hemisphere projection) shows the collected structural data. (f) Detail (see Figure 9e) showing a close-up of a fault
surface showing dip-parallel slickenlines and kinematic indicators as provided by Riedel shears and lunate fractures
pointing to reverse shear. See Figure 5 for location of figures.
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Table 1
List of the Studied Samples for AFT Thermochronology, With Geographical Location and Results of the AFT Measurements Indicated

Location Number  Spontaneous Induced Confined Dpar AFT
Sample (latitude- Elevation of track densjty  track densjty track (mean (mean =+ SD; ageto Chiisquare P (c2)
number longitude) (m) crystals (x10 cm®) (x10 cm”) length + SD; pm) um) (Ma) (c”) test %
113-06 58°28'0.50"E-35°19/13.70"N 1,283 20 1.80 1243 258 +£2.7 2.80 100.00
F2-04 58°27'33.22"E-35°19'42.55"N 1,375 20 1.54 17.86 12.16 £ 147 136 £0.11 154 +£2 2.38 100.00
F2-05 58°27'4.12"E-35°19/59.69"N 1,523 20 342 10.60 1235+ 1.18 137+0.12 557 +5.7 20.16 38.50
F2-07 58°26/9.27"E-35°20'29.49"N 1,813 20 1.82 5.08 60.8 £ 9.2 1.38 100.00
F2-08 58°26'15.13"E-35°20'33.45"N 1,887 8 1.04 341 573+116 0.67 100.00
F2-09 58°46/55.90"E-35°17'31.98"N 1,384 15 2.38 7.23 557 £ 6.6 7.86 98.80
F2-12 58°46/20.50"E-35°19'1.42"N 1,876 20 1.46 5.57 492 +7.8 0.31 100.00

Note. All calculation were computed with a Zeta number of 362.48 + 12.69.
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Figure 10. (a) AFT age versus elevation graph. (b) AHe age versus elevation
graph for sampling Transect-1. (c) AHe age versus elevation graph for the
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sampling Transect-2 (see Table 2 for further details).

provide Paleocene-early Eocene ages (from 60.8 + 9.2 to 49.2 + 7.8 Ma);
only two samples show Oligocene (25.8 £ 2.7 Ma; sample 113-06) and
middle Miocene (15.4 £ 2 Ma; sample F2-04) ages. Consequently, only
the latter samples show AFT ages younger than the independently
obtained Middle Eocene U-Pb zircon crystallization age (approximately
40-41 Ma; Shafaii Moghadam et al., 2015). Radial plots as obtained
through the TrackKey 4.2 software (Dunkl, 2002) are shown in
Figure 11a, where the U-Pb zircon age of the KAIC at 41 Ma and the
inferred age of the erosional unconformity at the base of the Lower
Red Fm, here placed at 34-31 Ma (Morley et al., 2009; Rezaeian et al.,
2012), are also shown. These plots show that sample F2-04 is fully
reset and sample 113-06 almost fully reset by the burial phase
associated with deposition of the Lower Red Fm. A significant
number of confined track length measurements were obtained for
samples F2-04 and F2-05 (Table 1 and Figure 11b). Confined track
lengths for both samples show an unimodal distribution, with
peaks at 14.7 pm and at 144 pm for samples F2-04 and F2-05,
respectively, suggesting rapid cooling (Galbraith & Laslett, 1993)
(despite having occurred in different times). The etch pit diameter,
Dpar, for AFT F2-04 and F2-05 which are within the 0.94-1.57 and
1.16-1.7 interval, respectively, was used to infer annealing kinetics
(Burtner et al,, 1994). Dpars for both samples are in the range of
standard Durango apatite (Ketcham et al,, 2007).

6.2. AHe Results

Up to three single-grain aliquots were dated for each sample, as shown
in Table 2. The quality of AHe results was checked using criteria such as
value of U, Th and He and their relative errors, possible relationships
between age and eU or radius and inconsistencies between the AHe
and AFT ages. Analytical data are in general acceptable, although
critically low He and U concentrations (<1 mol/g and <10 ppm) occur
in some grains. In cases of low reproducibility, this is mostly due to inter-
play of several factors (e.g., fractures, crystal defects, and impurities)
given that the dated grains were generally far from ideal. The scarce cor-
relation between age and compositional parameters suggests that the
effects of zonation, inclusions, and coating are not significant. Samples
with reproducible ages therefore indicate a minor effect of bad crystal
features and their weighted mean can be used for interpretation.

The AHe ages range from 12.7 + 0.6 to 2.8 £ 0.1 Ma. In particular, results
derived from the eastern T-1 show a southward decrease in mean age
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Figure 11. (a) Radial plots for AFT samples with formation ages (red areas) and the Eocene-Oligocene boundary unconfor-
mity age (green areas) indicated. Central age, relative error, and number of grains are provided in each plot. (b) AFT
confined track length distribution for the two measured samples. Radial plots were constructed using the TRACKKEY 4.2

software (Dunkl, 2002).

from 8.8 to 3.5 Ma that readily correlates with a decrease in sample elevation (Figure 10b). This elevation-age
relationship suggests the granitic body exhumed as a coherent block from approximately 8.8 Ma to 3.5 Ma.
The western sampling transect-2 provides AHe mean ages ranging from 8.0 + 0.26 to 3.1 £ 0.1 Ma. The AHe
ages versus elevation diagram for this transect shows a poor correlation, such as the southward age

rejuvenation (Figure 10c).

In summary, the results of the AFT and AHe thermochronology indicate the KAIC cannot be regarded as a
homogeneous magmatic body. In particular, our AFT data (Figure 3) suggest that it consists of composite,
chronologically distinct magma batches, likely Paleocene-Eocene in age. Furthermore, the markedly different
distribution of the AFT ages within the KAIC (see also Figure 10a) suggests that only locally (southern sector of
the KAIG; see Figure 3) the AFT system was reset, whereas the AHe system was fully reset.

6.3. Time-Temperature Modeling

In order to reconstruct the low-temperature (in the range ~130-45°C) cooling history (7-t) of the study area,
AFT and AHe data from the KAIC were modeled through the HeFTy software (Ketcham, 2005). HeFTyY soft-
ware uses the Monte Carlo method to find the T-t paths compatible with observed AFT and AHe data such
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Table 2

List of the Studied Samples for AHe Thermochronology, With Geographical Location and Analytical Data for the Single Apatite Grains Indicated

Sample Location Elevation Radius U Th “He eU Corrected single crystal Weighted mean
number (latitude-longitude) (m) (um) (ppm) (ppm) (nmol/g) (ppm) AHe age + ¢ (ma) AHe age + 6 (ma)
F2_03_1 58°27'58.26"E-35°18/38.39"N 1225 58.91 3947 11.28 0.50 42.12 2.87 £0.16

F2_03_2 58°27/58.26"E-35°18'38.39"N 1225 48.56 60.63 145.42 1.26 94.80 3.53+0.22 3.11 £ 0.1
F2_03_3 58°27'58.26"E-35°18/38.39"N 1225 50.22 30.39 9.58 0.40 32.64 3.1+£0.13

113_06_1 58°28'0.50"E-35°19'13.70"N 1283 85.87 29.44 36.60 0.54 38.04 317 £0.15

113_06_2 58°28'0.50"E-35°19'13.70"N 1283 61.77 36.68 37.39 1.10 4547 5.82 £ 0.27 45+ 0.21
F2_04_1 58°27/33.22"E-35°19'42.55"N 1375 36.71 15.46 33.36 0.64 23.30 8.15 £ 042

F2_04_2 58°27'33.22"E-35°19'42.55"N 1375 55.30 37.22 53.20 131 49.72 6.53 + 0.44 7.99 £ 0.26
F2_04_3 58°27/33.22"E-35°19'42.55"N 1375 42.21 74.99 85.55 3.27 95.10 9.53 + 048

F2_06_2 58°26'41.32"E-35°20'13.66"N 1669 50.20 2534 29.33 0.63 3224 5.03 £ 0.26 487 +0.26
F2_06_3 58°26'41.32"E-35°20'13.66"N 1669 58.77 26.14 42.89 0.70 36.22 4.7 £0.27

F2_07_1 58°26/9.27"E-35°20'29.49"N 1813 52.31 8.64 17.38 0.23 12.73 442 +0.27 3.84+0.2
F2_07_3 58°26/9.27"E-35°2029.49"N 1813 47.10 12.75 29.00 0.24 19.57 3.25+0.34

F2_08_1 58°26/15.13"E35-33.45"N 1887 44,03 8.31 23.54 0.36 13.84 6.92 + 0.42 5.71£034
F2_08_3 58°26'15.13"E-35°20'33.45"N 1887 43.21 9.13 2297 0.24 14.53 45+ 0.28

F2_09_1 58°46'55.90"E-35°17'31.98"N 1384 70.46 9.50 21.69 0.24 14.60 3.7 +£0.21

F2_09_2 58°46'55.90"E-35°17'31.98"N 1384 58.45 12.58 25.65 0.25 18.61 3.23+£0.19 3.54 £ 0.1
F2_09_3 58°46/55.90"E-35°17'31.98"N 1384 49.03 19.55 48.22 043 30.88 3.65+0.15

F2_10_2 58°46'16.73"E35°18/23.81"N 1550 39.93 22.38 31.09 0.50 29.68 475 £ 0.28 486 +0.18
F2_10_3 58°46'16.73"E-35°18/23.81"N 1550 47.72 12.95 25.43 0.36 18.92 494 +0.23

F2_11_1 58°46'21.49"E-35°18'50.28"N 1691 39.63 14.40 25.00 0.35 20.28 487 £ 0.4

F2_11_2 58°46/21.49"E-35°18'50.28"N 1691 50.54 6.75 20.32 0.35 11.53 7.7 £0.36 6.29 + 0.38
F2_12_2 58°46'20.50"E-35°19'1.42"N 1876 43.64 10.87 19.53 0.51 15.45 8.81 £ 0.39 8.81 £ 0.39

as spontaneous, induced tracks and confined tracks, apatite crystal dimension, amount of Uranium, Thorium
and measured age. We decided to model only sample F2-04 as it is located close to the sites where U-Pb
zircon formation ages are available (Shafaii Moghadam et al.,, 2015) and a significant number of tracks
were measured.

The following independent constraints are adopted in the modeling (Figure 12): (i) the formation age of the
KAIC is placed at 41 Ma after Shafaii Moghadam et al. (2015) (Box 1); (ii) the age of the erosional unconformity
at the base of the Oligocene Lower Red Formation is placed at the Eocene-Oligocene boundary (see also
Rezaeian et al., 2012; Box 2); and (iii) the present-day mean temperature is assumed at 15 + 5°C. Based on
the older AFT ages shown in the radial plots for the reset samples (samples F2-04 and 11306; Figure 11), reset-
ting for the AFT system is placed at 20-28 Ma (Box 3; Figure 12).

From the output of the thermal modeling, four main stages are recognized (Figure 12). The first stage corre-
sponds to an episode of enhanced cooling (~20°C/km) after crystallization and emplacement of the KAIC at
the Eocene-Oligocene boundary, when KAIC was exhumed to the surface and eroded. The second stage is
characterized by reheating, consistent with a burial phase to temperatures above the PAZ during the
Oligocene. The third stage corresponds to exhumation-related cooling (approximately 10°C/km) during the
early Miocene (22-18 Ma) after burial, followed by a steady state cooling at a much lower rate (approximately
1°C/km) up to the late Miocene. The fourth stage corresponds to a renewed episode of enhanced cooling
(>10°C/km) starting at the Miocene-Pliocene transition, at about 5-6 Ma, during which the KAIC was finally
exposed to the surface (Figure 12).

7. Discussion

The integration of the structural and low-temperature thermochronology data collected within the KAIC
documents a prolonged record of intracontinental tectonics in the region to the north of the active trace
of the DF during the Cenozoic (post-Eocene) times. Based on the fault cross-cutting relationships observed
at the outcrop and regional scale, which attest for conjugate (N)NW-(S)SE dextral and (N)NE-(S)SW sinistral
faults that overprint early NE-SW dextral transpressional and E-W dextral faults (Figures 3 and 5), a polyphase
brittle tectonic evolution is recognized in post-Eocene times.

TADAYON ET AL.

TECTONICS OF THE DORUNEH FAULT REGION 3052



@AG U Tectonics 10.1002/2017TC004595

[ LRFE | QF [ URF | Pliocene-
Eocene Oligocene Miocene Quaternary.
0’5048464442403836343230282624222018 16 14 12 10 8 6 4 2 0
Box2
20 + /\
40 — R
o
(a5
60— o
T
<<
© 80+ S
©
| = <C @
& 1004 - $
g L ©
£ 120~ «
kS 120 5
®
140 — \ / 2
— ©
Box3 2
160 = S
2
180 =
Onset Hard %
200 Box1 of collision collision @
50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 O
Time (Ma)
First stage Second stage Third stage steady state Fourth stage
(cooling/exhumation) (burial phase) (cooling/exhumation) (final cooling/exhumation)

Figure 12. The T-t history of the KAIC as provided by the thermal modeling performed with the HeFTy software (Ketcham,
2005). The boxes indicate the T-t constraints adopted in this study, which refer to (i) the formation age of the KAIC that
is placed at ~41 Ma (Shafaii Moghadam et al., 2015) (Box 1), (ii) the age of the unconformity at the base of the Lower Red
Fm., placed at the Eocene-Oligocene boundary (Box 2), and (iii) the resetting for the AFT system that is placed at

28-20 Ma at 140°C (Box 3). The green area indicates the acceptable probability solutions and the blue line refers to the
weighted-mean thermal history path. The stratigraphic ages of the Lower Red Fm (LRF), Qom Fm (QF), and Upper Red Fm
(URF) are after Morley et al. (2009) and Rezaeian et al. (2012). The main regional tectonic events are also indicated (see
text for further details).

7.1. Structural Evolution

In order to reconstruct the regional paleostress directions responsible for the reconstructed structural evolu-
tion, we first performed the frequency distribution analysis of the fault rotax population as derived from the
cumulative fault slip data collected within the KAIC. This analysis reveals a well-defined, near-vertical cluster
(mean orientation: 217°, 77°; Figure 13a), attesting to a (paleo-) o, direction remained nearly vertical through-
out the polyphase brittle tectonic evolution documented in this study and hence for a tectonic environment
dominated by polyphase regional-scale strike-slip faulting/tectonics. In the assumption of fault-parallel
simple shear conditions within the fault damage zone, the rotax analysis allows to discriminate among the
different conjugate systems (synthetic R shears and antithetic R’ shears, respectively), which have a
Coulomb relationship to one another and are oriented obliquely (at + ~15° and + ~75°, respectively) to the
trace of the principal displacement zone (PDZ) (e.g., Davis et al, 1999; Mandl, 2000; Sylvester, 1988;
Tchalenko, 1968) (Figure 13b). When applied to the cumulative strike-slip fault population (862 data over
the total of 1052), three main conjugate subsets are recognized (total data: 635, corresponding to the 74%
of the analyzed cumulative strike-slip fault population; Figure 13b and supporting information S3): (i) subset
1 (a and b), with mean strike of N94° (dextral) and N150° (sinistral); (ii) subset 2 (a and b), with mean strikes of
N119° (dextral) and NO6° (sinistral); and (iii) subset 3 (a and b), with mean strikes of N148° (dextral) and N28°
(sinistral), respectively.

These subsets are compatible with a dextral PDZ oriented approximately ENE-WSW to E-W (for subset 1 and
subset 2) and NW-SE for the subset 3 (Figure 13b), respectively, in good agreement with the field evidence
(Figure 5). The corresponding paleostress solutions exhibit three main groups of paleo-o; directions (trend
and dip): (i) NW-SE (N301°, 02°) for subset 1, (i) NNW-SSE (N335°, 6°) for subset 2; and (iii) ~NS (N182°, 17°)
for subset 3, respectively. Collectively, these paleostress solutions point to two main groups of paleo-o;
directions, trending (N)NW-(S)SE and N-S, respectively (Figure 13b). These results are in accordance with
the first-phase (assumed as Eocene in age) NW-SE directed regional shortening event proposed by Javadi
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Figure 13. Results of the stress inversion as obtained through the Daisy software using the rotax analysis applied to the cumulative strike-slip fault slip data (see text
and Appendix A for further details). (a) Contour diagram of the fault rotaxes (Schmidt net, lower hemisphere projection). (b) Stereoplot (Schmidt net, lower
hemisphere projection) showing the mean fault strikes as derived from contour diagrams of poles to fault planes for the different conjugate Riedel subsets and the
corresponding paleostress tensors (see text for further details).

et al. (2013) and with the paleostress states as reconstructed in Farbod et al. (2011), where NW-SE and N-S
directed paleo-c; directions are proposed.

Despite the fact that the assumptions made above may oversimplify the actual fault pattern evolution
and the paleostress regimes in the study area, this reconstruction is compatible with and confirms the occur-
rence in the field of (i) the first generation of NE-SW reverse to dextral oblique faults (i.e., nearly orthogonal to
the early NW-SE o, direction), recognized in the western part of the study area, where they mainly correspond
to reactivated preexisting (Mesozoic in age) rift-related structures (Figure 3); and (ii) the occurrence of roughly
E-W reverse and N-S extensional faults (orthogonal and parallel to the subsequent N-S o, direction, respec-

tively), associated with the second-generation conjugate NNW-SSW dextral and NNE-SSW sinistral faults
within the KAIC (Figures 3 and 5).

According to the reconstructed relative fault chronology (Figure 5), these results suggest a progressive clock-
wise rotation of the paleoregional stress field, resulting in the shift of the paleo-c; direction from a ~NW-SE to
a ~NS direction. Such a shift has been already recognized to the north of the study area, along the Alborz-
Kopeh Dagh Mountains, during the Neogene-Quaternary transition (Ballato et al.,, 2013; Javidfakhr et al.,
2011; Shabanian et al,, 2010, 2012) and interpreted as a transient state of stress that was prevailing sometimes
before the active stress state (the NE trending compression) in the region (Farbod et al., 2011; Javidfakhr et al.,
2011; Shabanian et al., 2010). Similarly, a post-Pliocene change to NS directed maximum compression direc-
tion was recognized in the Zagros belt (Navabpour et al., 2007). Combining this evidence with the thermo-
chronology results presented in this study, documenting a renewed stage of enhanced exhumation
starting at the Miocene-Pliocene boundary (at about 5-6 Ma), we then propose that the Miocene-Pliocene
transition corresponds to a major shift in the paleo-c, direction from NW-SE to ~N-S and that this subsequent
stress regime was responsible for the brittle structural architecture of the DF region.

7.2. Tectonic Synthesis

The integration of the structural and thermochronological data set confirms the reconstruction presented in
Javadi et al. (2013), indicating pre-Quaternary dextral kinematics for the deformation zone to the north of the
active trace of the DF. In particular, the polyphase history of strike-slip tectonics documented in this study is
associated with a punctuated history of fault-related cooling, burial, and exhumation that occurred during
the late Eocene to early Oligocene, the Oligocene to early Miocene, and the Miocene to Pliocene boundary,
respectively (Figure 12). This polyphase history fits well with both the Cenozoic stratigraphy of the study area

(Figure 3) and, at larger scale, with the main regional tectono/stratigraphic events recorded along the Bitlis-
Zagros convergence zone.

The early episode of cooling/exhumation at the Eocene-Oligocene boundary (first stage in Figure 12) is in
good agreement with the regional thermochronological data set, commonly interpreted as the time of onset
of the Arabia-Eurasia collision (Allen & Armstrong, 2008; Ballato et al., 2011; Francois et al., 2014; Hafkenscheid
et al,, 2006; Hessami et al., 2001; Homke et al., 2009, 2010; Madanipour et al., 2013; McQuarrie et al., 2003;
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Mouthereau et al., 2012; Robertson et al., 2006; Vincent et al., 2007). This time lapse also corresponds to a
major stage of intracontinental deformation resulting from positive inversion tectonics documented in the
Iran region along the Alborz and Kopeh Dagh Mountains (Guest et al., 2007; Madanipour et al.,, 2013;
Robert et al.,, 2014).

This early episode of exhumation is followed by a burial phase during the Oligocene (second stage in
Figure 12). This period corresponds to a phase of tectonic quiescence and regional subsidence as documen-
ted in Central Iran (Morley et al., 2009). In the DF region, it was accompanied by the deposition of the detrital
continental sediments of the Oligocene Lower Red Fm, whose thickness was only locally (southern sector of
the KAIC; see Figure 3) sufficient to reset the AFT system in the KAIC. On the other hand, thickness of the
Lower Red Fm was sufficient to totally reset the AHe system in the KAIC (Figure 3).

The second episode of cooling/exhumation occurred during the Miocene times, with enhanced exhumation
during the early Miocene (22-18 Ma), followed by a nearly steady state cooling/exhumation during the mid-
dle to late Miocene (Figure 12). This thermal evolution during the Miocene is compatible with the absence of
sedimentation of the Qom Fm (Oligocene-Miocene in age; (Reuter et al., 2009) and the deposition of the
Miocene Upper Red Fm in the regions that surround the exhuming KAIC (Figure 3). This time lapse is also con-
sistent with the “hard continental collision” period (Ballato et al., 2011) along the Zagros convergence zone
(Figure 12) and also in agreement with (i) the closure of the Neotethys seaways along the Bitlis/Zagros colli-
sional front (Okay et al., 2010), and (ii) the accelerated exhumation of the Talesh Mountains in the western
Alborz (Madanipour et al., 2017). Within Central Iran, this timing corresponds to (i) the early Miocene activa-
tion of dextral shearing to the south of the study area along the Kuh-e-Faghan Fault (Calzolari, Della Seta,
et al, 2016) and reactivation of the Kashmar-Kerman Tectonic Zone in Central Iran (Karagaranbafghi et al.,
2012; Verdel et al., 2007) (Figure 1).

The third and final episode of accelerated cooling/exhumation occurred at the Miocene-Pliocene boundary,
which is compatible with the tectonic reorganization of the Iranian territory at regional scale (e.g., Allen et al.,
2011) (Figure 12). This event is also nearly synchronous with (i) a change in the mode of accommodation of
Arabia-Eurasia convergence along the Zagros collisional zone (Authemayou et al.,, 2006; Hatzfeld et al., 2010);
(ii) the oroclinal bending of the Alborz Range, starting as younger than 7.3 Ma (Cifelli et al., 2015; Mattei et al.,
2017); and (iii) renewed activity of dextral shearing in Central Iran as documented along the NE-SW Kuh-
Sarhangi and E-W Kuh-e-Faghan faults during Pliocene-Quaternary times (Calzolari, Della Seta, et al., 2016;
Calzolari, Rossetti, et al., 2016; Nozaem et al., 2013) (Figure 1).

Collectively, our results suggest that the Zagros convergent zone and the different tectonic domains in its
hinterland (Figure 1) were mechanically/tectonically coupled since the middle Eocene. Furthermore, the evi-
dence of no significant tectonic rotation occurred for the DF region during the Cenozoic, as documented by
(i) paleomagnetic investigations in Central Iran (Cifelli et al., 2015; Mattei et al.,, 2012, 2017); and (ii) the main-
tenance of the NE-SW oriented regional tectonic fabrics throughout the DF region and to the south of it in the
Kuh-Saranghi/Kuh-e-Faghan shear belt (Calzolari, Della Seta, et al., 2016; Calzolari, Rossetti, et al., 2016; Javadi
etal, 2013, 2015; Nozaem et al.,, 2013) (Figures 1 and 2) is against the rigid block rotation models (e.g., Javadi
et al., 2013; Walker & Jackson, 2004) as the cause of the observed, post-Eocene polyphase tectonic evolution
of the DF region.

Based on the above discussion, a new tectonic reconstruction is presented below, which frames the
spatiotemporal deformation distribution in Central Iran, as the result of the varying stress field conditions
generated along the Zagros convergence plate boundary and the accommodation styles of the generated
residual stress(es) in its hinterland domains.

7.3. Evolutionary Scenario

At the onset of the Arabia-Eurasia collision, during the Eocene-Oligocene times, the nearly orthogonal
(NE directed) convergence at the plate margin (Allen & Armstrong, 2008; McQuarrie et al, 2003;
Navabpour et al., 2007) was accommodated by the along-strike transition from continent-continent collision
along the Zagros convergent margin to oceanic subduction along the Makran subduction zone (e.g.,
Mouthereau et al.,, 2012; Regard et al., 2005). As a result, we expect an along-strike (southeastward) decrease
in the amount of the residual stress transmitted to the intraplate domain, following a general reduction in
plate coupling at the plate boundary. Convergence was then largely accommodated by crustal thickening
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Figure 14. Conceptual spatiotemporal evolutionary model for the intraplate response to the Arabia-Eurasia convergence
history as recorded in Central Iran during the last 25 Ma. (a) The early Miocene stage. (c) The Pliocene-Quaternary stage
(modified and readapted after Allen et al., 2011; Ballato et al., 2011, 2013; Calzolari, Della Seta, et al., 2016; Calzolari, Rossetti,
et al., 2016; Hollingsworth et al. (2010); Mattei et al., 2017; Mouthereau et al., 2012; Navabpour et al., 2007; Robert et al.,
2014). Location of structures is only indicative. List of abbreviations: BF: Binalud fault; CEIM, Central East Iranian
Microcontinent; DF: Doruneh fault; DQF: Dahan-Qaleh Fault; KFF: Kuh-e-Faghan fault; KKTZ: Kashmar-Kerman tectonic zone;
KSF: Kuh-e-Sarhangi fault; NBF: Naiband fault; ZMTZ: Zagros-Makran transfer zone; SF: Shahroud fault. Numbers refer to the
tectonostratigraphic and timing constraints available from the literature: (1) Madanipour et al. (2013, 2017), (2) Rezaeian
et al. (2012); (3) Ballato et al. (2011); (4) Guest, Axen, et al. (2006); (5) Allen et al. (2003); (6) Robert et al. (2014); (7)

Bagheri et al. (2016); (8) Karagaranbafghi et al. (2012); (9) Verdel et al. (2007); (10) Nozaem et al. (2013); (11) Calzolari, Della
Seta, et al. (2016); (12) Cifelli et al. (2015); (13) Hollingsworth et al., (2010); (14) Shabanian et al. (2012); (15) Javadi et al.
(2015); (16) Bagheri et al. (2016); (17) Calzolari, Rossetti, et al. (2016); (18) Regard et al. (2005; 2010).

and uplift along the Zagros collisional zone, and, in part, transferred northward through central Iran to the
Alborz and Kopeh Dagh regions, where a major episode of positive tectonic inversion occurred (Agard
et al., 2005; Francois et al., 2014; Madanipour et al., 2013, 2017; Mouthereau et al., 2012; Robert et al., 2014).

In the early to middle Miocene, the Arabia-Eurasia collision system entered into a mature stage with an
increase in plate coupling, and the consequent intraplate stress transfer resulted in renewed intraplate short-
ening (Figure 14a). This new geodynamic configuration imposed a northeastward escape component to the
intraplate domain of Central Iran due to the wedge-shaped geometry defined by the roughly E-W trending
Alborz-Kopeh Dagh accommodation zone to the north and by the western-northwest boundary of the
CEIM. To the north, dextral transpression has been documented in Central Alborz from early Miocene to late
Miocene in response to a NW-SE directed shortening direction (Allen et al.,, 2003; Ballato et al., 2011; Guest,
Axen, et al., 2006; Landgraf et al., 2009; Zanchi et al., 2006). In Central Iran, Miocene distributed dextral shear-
ing is documented along the Kuh-Sarhangi Fault (Nozaem et al., 2013), Kuh-e-Faghan Fault (Calzolari, Della
Seta, et al.,, 2016), and the DF region (Javadi et al., 2013; this study) (Figure 1). Coeval dextral shearing is also
documented during the tectonic reactivation of the Kashmar Kerman Tectonic Zone (Karagaranbafghi et al.,
2012; Verdel et al., 2007) (Figures 1 and 14a), where a prolonged history of deformation and magmatism is
recorded since the late Proterozoic (Ramezani & Tucker, 2003; Rossetti et al., 2015). It thus emerges that at
least during the early to late Miocene a major, crustal-scale dextral shear belt existed within the hinterland
domain of the Zagros convergence zone, largely accommodated along the Alborz Range and southern
regions along the boundary with the CEIM (along the Doruneh, Kuh-e-Sarhangi, and Kuh-e-Faghan fault
systems; Figure 14a). In this view, the early NW-SE maximum compression direction documented across
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the DF region and the Alborz Range is therefore here interpreted as a kinematic stress field generated at the
NW boundary of the CEIM within a general scenario of NE directed extrusion of the intraplate domain during
progress of the continental collision at the convergence front. The resulting far-field stress was largely accom-
modated through tectonic reactivation of the inherited Mesozoic rift structures in Central Iran that were lately
by-passed during propagation of dextral shearing in the intracontinental domain (Figure 14a).

At the Miocene-Pliocene boundary, the deformation regime in Central Iran changed, in response to a switch
to a NS oriented convergence direction along the Zagros collisional margin (Allen et al., 2004; McQuarrie
etal, 2003; Navabpour et al., 2007) (Figure 14b). At that time, the Alborz and Kopeh Dagh deformation zones
were not able to accommodate the compressional stresses transmitted from the Zagros collisional zone that
was also probably too thick to sustain further shortening during ongoing convergence (e.g., Allen et al., 2011;
Austermann & laffaldano, 2013). The rigid blocks of the Caspian Sea to the west and the Turan plate to the
east then became then part of the intraplate deformation domain. This new stress regime was in part accom-
modated by dextral transpression along the Zagros-Makran Transfer Zone (Regard et al., 2005) and by a major
kinematic change from range parallel dextral to sinistral strike-slip tectonics in Central Alborz (Allen et al.,
2003; Ballato et al., 2011, 2013; Guest, Axen, et al., 2006). In Central Iran, far-field propagation of the residual
stress generated at the collisional boundary resulted in the development of N-S striking dextral strike-slip
fault systems bounding and dissecting the CEIM along the boundaries of the constituent tectonic blocks
(Yazd, Tabas, and Lut; see also Konon et al.,, 2016). The northward motion of the CEIM was dominantly accom-
modated to the north by the oroclinal bending of the Alborz Range (Cifelli et al.,, 2015; Hollingsworth et al.,
2010; Mattei et al,, 2017), which occurred in conjunction with the activation of NW-SE dextral Binalud Fault
in Kopeh Dagh (Shabanian et al., 2010) and by the NE-SW sinistral Shahrud Fault along the eastern Alborz
Range (Hollingsworth et al., 2010) (Figure 1). We infer that after oroclinal bending stopped along the
Aborz-Kopeh Dagh belt, the accommodation zone of the residual component of the NS convergence in intra-
plate Central Iran expanded southward to the Cenozoic deformation zone described in this study. The region
to the south of the Alborz-Kopeh Dagh zone (the DF region) mechanically acted as a rigid block in response to
the continuous NS directed shortening, being cut across by conjugate sets of NW-SE dextral and NE-SW sinis-
tral faults strands as documented to the north of the active trace of the DF region (Berberian, 2014; Farbod
etal, 2011; Hollingsworth et al., 2010; Javidfakhr et al., 2011; Khodaverdian et al., 2015; Shabanian et al., 2010)
(Figure 14b). In this context, the Quaternary sinistral/reverse shearing along the active trace of the DF has
been accompanied by concurrent dextral shearing along the E-W Kuh-e-Faghan Fault, about 20 km to the
south (Calzolari, Della Seta, et al.,, 2016; Calzolari, Rossetti, et al., 2016; Nozaem et al,, 2013) (Figures 1 and
2). As a consequence, we also infer a progressive spatiotemporal southward migration in escape/extrusion
tectonics as controlled by the space-time evolution of the convergence accommodation zones in intraplate
Central Iran (Figure 14b).

It is worth noting that the regional stress changes from NW-SE to N-S and then to NE-SW in the eastern Alborz
and Kopeh Dagh mountains have occurred after the Miocene-Pliocene tectonic reorganization of the Iran
region, likely since the early Quaternary (Shabanian, Siame, et al., 2009). In this context, the dominant sinistral
shearing documented along the active trace of the DF and the present seismotectonic scenario of the DF
region (Farbod et al., 2011; Fattahi et al., 2007; Zarifi et al.,, 2013) (Figure 2) can be also ascribed to the prevail-
ing effects of the modern state of stress (NE directed ;) of NE Iran.

8. Conclusion

The integration of structural and low-temperature thermochronological data collected from this study docu-
ments that in post-Eocene times the region to the north of the active trace of the DF operated as a major
shear belt in intraplate Central Iran.

Results document a polyphase tectonic evolution, where three main deformation and exhumation stages are
recognized: (i) at the Eocene-Oligocene boundary, (ii) at the early Miocene (22-18 Ma), and (iii) a final episode
of enhanced cooling/exhumation during the Miocene-Pliocene boundary (at approximately 5 Ma). The latter
is here referred to a major shift in the maximum compression direction from a NW-SE to a N-S orientation,
when the region was cut across by distributed NW-SE dextral and NE-SW sinistral conjugate fault systems.

The geological evidence presented in this study (i) proves the DF region registered a long-lived tectonic
evolution during which it operated as a major dextral accommodation zone in intraplate Central Iran in

TADAYON ET AL.

TECTONICS OF THE DORUNEH FAULT REGION 3057



@AG U Tectonics 10.1002/2017TC004595

post-Eocene times and (ii) demonstrates the sinistral shearing recorded along the active trace of the DF repre-
sents the last shear increment (likely late Quaternary in age) at the northern boundary of the CEIM, in
response to a major regional tectonic reorganization initiated at the Miocene-Pliocene boundary.

The pulsed tectonic evolution documented in this study well correlates with the main regional tectonic/
geodynamic events recorded along the Bitlis-Zagros convergence zone, suggesting (i) the DF region
operated as a major zone or residual stress transfer and accommodation in intraplate Central Iran in post-
Eocene times and (ii) the tectonic evolution of the DF region was modulated by the convergent plate-
boundary dynamics and the modes of tectonic reactivation of the inherited intracontinental weak zones
located in its hinterland domains (Alborz, Kopeh Dagh, and Central Domain structural zones in Figure 1).

Appendix A

A1. Fault Population Analysis

Fault population analysis was carried out through the Daisy software v.5.22e. (Structural Data Integrated
System Analyzer; free available at http://host.uniromas3.it/progetti/fralab/)

A1.1. Polymodal Gaussian Analysis

Statistical analyses of single parameters include fault strikes, fault dips, and slickenline pitches. These analyses
were performed to identify the fault subsets and to associate data with them, as well as to describe their spa-
tial variation through the studied region. The analysis is based on the comparison (best fit) of the frequency of
the considered parameter with a family of circular Gaussian Curves that replicate the independent popula-
tions in a polymodal distribution. This methodology follows the approach in Wise et al. (1985), where it has
successfully applied to lineament analysis of pseudo-radar images. The spatial distribution analyses refers
to the methodology presented in Salvini et al. (1999). We refer to these articles for the complete explanation
of the methodology. In the present work, the Gaussian best fit was performed in all analyses assuming a max-
imum of 10 Gaussian Curves (i.e., up to 10 independent data populations), and Sensitivity (90) and Resolution
values (50) that correspond to concentrate the inversion for each single Gaussian curve within an interval
equal to their width at half high, and a minimum peak high for the initial detection of 20% of the maximum
frequency value in the frequency histogram. These initial values can change during the inversion process that
is based on a cyclic convergence process.

A1.2. Multiple-Stress Statistic Inversion (Rotax Analysis)

The fault inversion of the fault slip data was analyzed by considering their generation according to the
Coulomb Failure Criterion (Salvini & Vittori, 1982). The method assumes that all faults were generated with
the most efficient orientation with respect to the acting stress tensor, which corresponds to the classical con-
jugate set of faults forming respectively an angle a = 45° — ¢/2 to the ¢, and an angle o/ = 90° — a to the o3
orientations, where ¢ is the internal friction angle. As a geometric consequence, the line on the fault plane
normal to the slip vector lies parallel to the ;. This element is named rotational axis (Wise & Vincent,
1965), rotax (Salvini & Vittori, 1982), or slip normal; and faults generated by the same stress condition will
have the rotaxes clustered around the o, of the responsible stress. In the inversion process, faults are grouped
according to the found clusters of rotaxes in the contouring on a stereographic projection. Each cluster cor-
responds to a possible orientation of the o, of the paleostresses responsible for the faulting. In this iteration,
the minimum angular distance from two adjacent rotax concentrations to be considered as separate subsets
is set to 25° Faults of each rotax cluster have slip vectors along the great circle normal to the cluster.
Clustering of slip vectors along this circle and their relative sense of movements is analyzed to detect the
o1/05 of the stress tensor responsible for the fault failure of the corresponding fault subset (i.e., having similar
orientations of ¢1/03 and rotax/a»). In the case of strike-slip faulting, as in the studied region, since all the fault
subsets share the same near-vertical rotax/o, attitude, the possible independent subsets are discriminated by
first by the strike and movement sense of the faults. The method then identifies the possible conjugate sets
to recognize the paleostress event(s) responsible for the faulting. The accuracy of the stress inversion results
are tested through the mean deviation angle (i.e., MAD, the mean angle of deviation between the predicted
and calculated slip vectors); acceptable results are those for which this value is <30° (Nur et al., 1986). Due to
the fact that this method has a statistical approach, users have to select the least number of faults that can
justify each proposed stress field as well as the confidence of the scattering of data in the cluster. Again,
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the fraction of faults belonging to the proposed paleostress orientations provides the estimation of the
robustness of the results.

A2. Apatite Thermochronology

The apatite grains were recovered from the collected samples following standard crushing, sieving, washing,
magnetic, and heavy liquid separation.

A2.1. Apatite Fission Track thermochronology (AFT)

Apatite grains were mounted in Araldite® adhesive, ground, and polished to expose internal mineral surfaces.
Etching with 5.5 M of HNO3 at room temperature for 20 s revealed spontaneous fission tracks intersecting the
apatite surface. Samples were covered with a uranium free muscovite external detector and irradiated
with thermal neutrons at the Radiation Center of the Oregon State University. Induced fission tracks in the
external detector were revealed by etching the mounts in 40% HF at room temperature for 40 min. The fis-
sion tracks were counted by the first author under a nominal magnification of 1250X on an Olympus BX51
equipped with an automatic stage and a videocamera (at the Thermochronology Laboratory, Department
of Geosciences, University of Padova). The single-grain age distribution of each sample was decomposed into
age populations that fit the measured distribution by using the best fit binomial peak fitting method
(Galbraith & Green, 1990). The Track key 4.2 Program was used for all AFT age calculations procedures
(Dunkl, 2002). A chi-square () test is carried out on the AFT single-grain age in order to test the homogeneity
of data (Galbraith, 1981). The probability of () is calculated for each sample; if P(x?) > 5% then the sample is
assumed to be homogenous (Galbraith & Laslett, 1993).

A2.2. Apatite Uranium-Thorium/Helium Thermochronology

The AHe analyses were carried out at Arizona University. Euhedral apatites were picked using a cross-
polarized binocular microscope. Most grains had a minimum diameter of 90 um and were inclusion free to
avoid effects of He-implanting from inclusions or excess loss of He during decay due to a large
surface/volume ratio (Farley, 2000). The grain dimensions were measured for calculation of the alpha-ejection
(Ft) correction factor after Farley et al. (1996), and single grains were packed in Nb-tubes for U-Th/He
measurement. For each sample three aliquots were prepared for analysis in order to ensure sample age
reproducibility. The concentration of “He was determined by the *He isotope dilution and measurement of
the “*He/*He ratio through a quadrupole mass spectrometer. Apatite samples were heated for 5 min at
11 Amps with a 960 nm diode laser for degassing. Each sample was reheated and measured to ensure that
all gas was extracted in the first run. U, Th concentrations were obtained by isotope dilution using an induc-
tively coupled plasma mass spectrometer. The HeFTY 1.9 program was used for AHe thermal modeling
(Ketcham, 2005).
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Erratum

In the originally published version of this article, Figure 9 contained an incorrect picture in 9c. The figure has
since been corrected, and this version may be considered the authoritative version of record.
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