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Abstract Northwest Iran is a seismically active region dominated by NW-SE trending strike-slip faults,
such as the North Tabriz and Qosha Dagh faults, and smaller NNE-SSW striking faults. The Bozgush Mountains
are shaped by these faults and divided into two domains that show a difference in strike. To quantify rotational
tectonic deformation in NW Iran, we performed a paleomagnetic study along three transects of the Bozgush and
Qosha Dagh Mountains with 127 sites. Our large new paleomagnetic data set shows that the Bozgush Mountains
did not rotate as a single rigid block. In the western domain of the Bozgush Mountains, we find evidence for
clockwise vertical axis rotations of ~40°, while the eastern domain has rotated up to ~80° clockwise.
Declinations of the western Bozgush domain fit well with observed declinations in the Qosha Dagh Mountains.
Fault patterns show that the eastern domain of the Bozgush Mountains is divided by a set of NNE-SSW striking
sinistral strike-slip faults, which created domino-style blocks that accommodated the additional 40° of rotation.
We estimate that these extra rotations have resulted in around 4 km of N-S shortening and more than 1.5 km of
differential uplift.

Plain Language Summary This study focuses on the tectonic history of northwest Iran, specifically
the Bozgush and Qosha Dagh Mountains. Northwest Iran is prone to destructive earthquakes and hosts large
strike-slip faults, including the North Tabriz and Qosha Dagh faults. We conducted a paleomagnetic study to
understand how these faults are linked to rotations of crustal blocks. We found that the Bozgush Mountains did
not rotate as a single rigid block. The western Bozgush domain has rotated clockwise by about 40°, while the
eastern domain has rotated much more, around 80° clockwise. The eastern domain is cross-cut by a distinct set
of NNE-SSW striking left-lateral faults, while the western domain does not have similar faults. These faults are
active today and are linked to earthquakes.

1. Introduction

The northwest of Iran is a seismically very active region with densely populated cities (e.g., Tabriz; population
>1.5 million, Ardabil; population >0.5 million) prone to seismic hazard. Understanding the geological charac-
teristics of this region is crucial in term of earthquake awareness and mitigation. Although there are a large
number of studies addressing issues such as paleoseismicity (Berberian, 1997; Hessami et al., 2003), geohazards
(Berberian & Arshadi, 1976; Copley et al., 2014; Ghods et al., 2015), and morphotectonics (Faridi et al., 2017;
Rizza et al., 2013; Saber et al., 2018; Solaymani Azad et al., 2015), studies addressing the tectonic development
and rotational deformation in the region are lacking.

Northwest Iran is cut by several major active right-lateral strike slip faults (Figure 1) with a roughly NW-SE
orientation; the largest of which is the Tabriz fault system. Also large left-lateral strike-skip faults are present,
with a NE-SW orientation, such as the Aras fault (Saber et al., 2021). Additionally, there is a set of smaller, active,
left-lateral strike slip faults, which are conjugate to the larger right-lateral faults (Faridi et al., 2017). These faults
cross-cut the large right-lateral faults in places, and have orientations that are roughly NNE-SSW (Figure 1a). Our
study focuses on the Bozgush and Qosha Dagh areas in NW Iran (Figure 1). Structurally, the area lies adjacent to
the Z-shaped Lesser Caucasus-Talesh-Alborz-Kopeh Dagh Orocline (Rezaeian et al., 2020). The Bozgush
Mountains are a roughly E-W trending high with an average altitude of around 3 km, bounded by the North and
South Bozgush faults (Figure 1). These are two major seismically active dextral faults striking NW-SE to E-W.
Toward the east, the faults become dextral strike-slip faults with reverse components (Faridi et al., 2017). The
South Bozgush fault is the locus of a large historical earthquake of M,, 6.7 that occurred in 1879 and resulted in
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more than 2,000 casualties (Valerio et al., 2020). The eastern domain of the Bozgush Mountains is cut by a set of
NNE-SSW striking sinistral strike-slip faults (Faridi et al., 2017). These faults are also responsible for destructive
earthquakes, the most recent of which took place in November 2019, with a magnitude of M,,: 5.9 within the
middle of the Bozgush range (Isik et al., 2021; Valerio et al., 2020; Yang et al., 2020). This event caused the
loss of several lives and destruction of many houses. Another large earthquake occurred in this region >400
years ago (1593 AD, M = 6, I, = VIII; Solaymani Azad et al., 2019a).

Contrary to the general trend of the Lesser Caucasus-Talesh-Alborz-Kopeh Dagh Orocline (Rezaeian et al., 2020;
van der Boon et al., 2018), the Bozgush Mountains follow a WNW-ESE strike which becomes WSW-ENE further
east, almost perpendicular to the orocline. The rock units exposed within the Bozgush Mountains comprise mainly
Eocene volcanic rocks and there is a conspicuous difference in strike between the western and eastern domains;
the western domain has an approximate trend of 105N while the eastern domain trends almost 070N. The hinge-
line between the western and eastern domains is the Shalgun-Yelimsi fault (SYF in Figure 1a). The eastern domain
is traversed by numerous NNE-SSW striking sinistral strike-slip faults while the western domain seems to be
intact and does not contain similar strike-slip faults (Faridi et al., 2017) with the exception of the left-lateral
Bostanabad fault (BAF in Figure 1a). The Bozgush Mountains rise more than 1.5 km above the surrounding
Iranian plateau, forming a positive flower structure (Faridi et al., 2017). Faridi et al. (2017) have suggested that the
eastern Bozgush domain has rotated around 30° counter-clockwise (CCW) with respect to the western Bozgush
domain, apparently based on the morphotectonics, that is, the difference in the strikes (105-70N = 35° CCW).

Although considerable research has been devoted to unravel the structural geological and seismotectonic char-
acteristics of the area, the relationship between the structures and possible rotations in the area has received much
less attention. In this contribution, we aim to unravel the kinematic link between the observed structures and style
of deformation in the Bozgush Mountains, based on paleomagnetic data that provide information about the sense
and amount of vertical axis rotations in the region.

1.1. Geological Setting

Northwest Iran is situated within the Alpine-Himalayan orogenic belt, and is the locus of the central portion of the
convergence zone between the Arabian and Eurasian plates (Jackson, 1992). The region has been subjected to
overall N-S shortening and E-W extension manifested by complex faulting, earthquakes and Cenozoic-
Quaternary volcanic activity (Faridi et al., 2017). Recent Global Navigation Satellite System (GNSS)-based
measurements indicate that Arabia-Eurasia convergence occurs at a rate of about 20-30 mm/year (Reilinger
et al., 2006; Vernant et al., 2004). On the other hand, geological and paleoseismological studies in NW Iran offer
relatively slower rates of 6-8 mm/year (Djamour et al., 2011; Hessami et al., 2003).

One of the main structures in NW Iran is the dextral Tabriz fault which extends to the northwest along the Gailatu-
Siah Cheshmeh-Khoy (GSKF) fault which continues further west in to Tiirkiye and links up with the Caldiran
fault system (CF; Figure 1). The throughgoing, relatively straight part of the Tabriz fault is more than 150 km
long. On its eastern and western ends, the Tabriz fault terminates with restraining bends, where the fault becomes
an almost E-W striking dextral fault with a reverse component (the South Misho fault; SMF in Figure 1 and
eastern domain of the Bozgush mountain ranges, respectively; Figure 1). The Tabriz fault Zone is an active
fault zone that has historically produced various devastating earthquakes, although it has been quiet for more than
a century (Berberian & Arshadi, 1976). Watson et al. (2024) report present-day right-lateral slip rates on the North
Tabriz fault (NTF) of 8—10 mm/year.

To the east of Bostanabad, the Tabriz fault zone widens gradually in a well-defined, fault-bounded positive
topography along which the throughgoing strike-slip fault character gradually changes into strike-slip fault with a
reverse component (transpression) toward its eastern termination (Saber et al., 2018). The change in character is
accommodated by bifurcation of the fault zone into two major faults delimiting the Bozgush Mountains. The
northern branch dips southwards while the southern branch dips northwards, and they both have dextral strike-slip
characters with a reverse component. These faults accommodate the transpressional deformation resulting from
gradual bending of the fault zone northwards, which resulted in the rise of the Bozgush Mountains as a positive
flower structure. Currently, however, the Bozgush Mountains are undergoing extension, rather than compression
(Djamour et al., 2011). The Bozgush range reaches up to 3,200 m altitude and rises more than 1,500 m above the
surrounding lowlands. The curvature of the range, hence the reverse component and altitude, increases gradually
toward the east. At its eastern end, the Bozgush Mountains are delimited by the dextral Sendan-Seyedlar fault.
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Figure 1. (a) Map of the Northwest Iranian plateau with study area (red box), plate boundaries and faults (modified after Faridi et al., 2017; Saber et al., 2018). B, Bozgush;
QD, Qosha Dagh; Sb, Sabalan volcano; AF, Aras fault; BAF, Bostanabad fault; CF, Caldiran fault; GBF, Guyjabel fault; GCF, Garmachay fault; GSKF, Gailatu-Siah
Cheshmeh-Khoy fault; MF, Maragheh fault; NTF, North Tabriz fault; NBF, North Bozgush fault; QDF, Qosha Dagh fault; SBF, South Bozgush fault; SF, Sangavan fault;
SMF, South Misho fault; SYF, Shalgun-Yelimsi fault; SSF, Sendan-Seyyedlar fault; PYF, Payan fault. Global Positioning System (GPS) velocity vectors (arrows) from
Djamour et al. (2011), Reilinger et al. (2006). (b) Faults in the Bozgush region, modified from Faridi et al. (2017). The North and South Bozgush faults are major dextral
faults, and likely belong to the same fault population as the minor dextral faults. The sinistral faults have a different orientation and accommodate additional clockwise
rotations.
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Within the Bozgush Mountains, there are several NNE-striking sinistral active seismogenic faults, such as the
Shalgun-Yelimsi and Garmachay faults, that intersect the E-striking oblique-dextral faults (Figure 1). Further-
more, the eastern limb of the Bozgush Mountains is cut by many NNE-SSW striking sinistral faults, which are not
present to the same extent in the western limb of the Bozgush Mountains (Figure 1b). The 8 November 2019
earthquake in NW Iran affected the central part of the East Bozgush range and was reported to have no direct
relation to the NTF. Solaymani Azad et al. (2019b) and Valerio et al. (2020) suggested that the NNE-striking SYF
fault (Faridi et al., 2017; Figure 1) is the cause of this destructive seismic event. The western Bozgush domain is
relatively less deformed compared to the eastern domain. The change in the intensity and style of deformation in
the eastern and western domains is a key aspect in understanding the rotational deformation history of the region,
and assessing how Arabia-Eurasia convergence is accommodated in Northwest Iran.

1.2. Sampling

Paleomagnetic sampling was performed on Eocene volcanic rocks in the Qosha Dagh and Bozgush Mountains
(Figure 2). A kmz file with all sites is provided in Data Set S1. In total we sampled 127 sites and took nearly 600
samples. At least four samples were collected from most sites (Table 1). The Qosha Dagh profile consists of 11
sites of andesitic lavas along the road from Anzan toward the south. All sites are within unit Eb (Figure 2a), which
includes olivine basalts, dacites and ignimbrites (Mahdavi & Amini Fazl, 1988). This unit was recently dated as
late Eocene-Early Oligocene; 33.4-34.9 Ma, based on Ar-Ar geochronology of porphyritic andesite-basalts
(Heidari et al., 2022).

The Bozgush West (BW) locality consists of several road sections along the western Bozgush Mountains, of
which the longest one starts from the village of Varzeqan and ends at the village of Daman Jan and crosses the
entire width of the Bozgush range (Figures 1 and 2b). BW includes 59 sites predominantly consisting of
porphyritic andesites.

The Bozgush East transect consists of two localities, BE and BOZ. Sampling in the BE locality was performed
along a transect of 3 km, following a road from Ardeha toward the south (Figure 2b). BE includes 21 sites, most of
which are in unit Ev, which consists of pyroclastic rocks and lava flows (Amidi et al., 1978). The BOZ locality
(BOZ 01-31) is a road section in the eastern Bozgush Mountains that starts from the village of Sorkheh Hesar and
continues to the northeast. We have included BOZ32-37 in the BOZ locality since they are located within the
same eastern Bozgush tectonic domain, east of the SYF, and paleomagnetically the directions are from the same
distribution and significantly different from the BW locality (see statistics in Section 3.1). The BOZ locality
therefore includes 39 sites within units Ev and Etv and consist mostly of trachyandesites and porphyritic an-
desites, with minor red beds and tuffs (see Table 1).

Age assignment is based on the available geologic maps (Amidi et al., 1978; Asadian et al., 1993; Behruzi &
Amini Azar, 1992) for the Bozgush profiles. Most of the BOZ and BE sites consist of megaporphyritic andesite
and trachyandesitic lava flows (Behruzi & Amini Azar, 1992). The BW sites comprise porphyritic andesites.
Eocene ages for the succession are inferred based on the presence of Nummulites, which are common age
diagnostic fossils in the Eocene volcaniclastic successions in Iran (Asiabanha et al., 2009).

2. Methods—Paleomagnetism

Samples were collected during two field campaigns in 2015 and 2017. Standard paleomagnetic core samples
(25 mm diameter) were drilled using a gasoline-powered drilling machine and oriented by a magnetic compass.
All orientations were corrected for a local declination at the time of sampling of ~5° E (International
Geomagnetic Reference Field [IGRF]). Additionally, orientations were measured using a sun compass whenever
possible. In general, there was no significant difference between sun compass and magnetic compass measure-
ments, but we used all available sun compass orientations. All cores were cut in the lab to standard sized
specimens (22 mm) using a double-blade circular saw. Laboratory analyses were performed at the paleomagnetic
laboratory Fort Hoofddijk (Utrecht University, The Netherlands).

Thermomagnetic runs were carried out on samples from different lithologies to identify possible magnetic car-
riers. Thermomagnetic runs were measured in air with a modified horizontal translation type Curie balance with a
sensitivity of approximately 5 x 10° Am* (Mullender et al., 1993) using a cycling field, varying from 50-300 mT
t0250-300 mT. Approximately 15-92 mg of powdered sample from representative lithologies was put into quartz
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Figure 2. Detailed geological maps of the sampling areas (a) Qosha Dagh and (b) Bozgush, with locations of the sampled sites. The map of Qosha Dagh is modified after
Mahdavi and Amini Fazl (1988), the Bozgush map is modified after Asadian et al. (1993) for the part west of 47°30" E, and Behruzi and Amini Azar (1992) for the part
east of 47°30" E.

glass sample holders and was held in place by quartz wool; heating and cooling rates were 10°C/min. Stepwise
thermomagnetic runs were carried out with intermittent cooling between successive heating steps.

Thermal demagnetization was performed in a magnetically shielded furnace with temperature increments from 20
to 80°C up to temperatures of 580°C, or 680°C if samples contained hematite. Alternating Field (AF) demagne-
tization was performed in steps of 5-10 mT using an in in-house built and robotized 2G DC-SQUID magnetometer
(Mullender et al., 2016). Natural remanent magnetizations were measured on a 2G Enterprise horizontal cryogenic
magnetometer, equipped with three DC SQUIDS (noise level 3 x 1072 Am?), after each demagnetization step.
Samples generally show strong magnetizations, in some cases above the range of the magnetometer. These
measurements are characterized by extremely high errors, and are removed from our interpretation.
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Statistical analysis and interpretation were done using the on-line, platform independent portal paleomagnetism.
org (Koymans et al., 2020). Demagnetization diagrams are plotted as orthogonal vector diagrams (Zijder-
veld, 1967) and results were calculated using principal component analysis (Kirschvink, 1980). Interpretation of
demagnetization diagrams was performed by determining a characteristic remanent magnetization (ChRM) for
components decaying toward the origin. We determined great circles if we found no clear ChRM decaying toward
the origin because of a pervasive (low temperature or low coercive) overprint causing overlapping blocking
temperatures or coercivity. Lines (ChRM, denoted as “set points”) and planes (great circles) were determined
following an eigenvector approach (Kirschvink, 1980). If we have both set points and great circles in a site, we use
the method of McFadden and McElhinny (1988) to determine great circle solutions. We applied a 45° cut-off to
the virtual geomagnetic pole (VGP) distribution of a set of directions (following Deenen et al., 2011). Mean
directions were determined using standard Fisher statistics, whereas directional statistics were derived from the
corresponding VGP distribution (Deenen et al., 2011), and errors in declination (AD,) and inclination (Al,) were
calculated from the cone of confidence (A95) of the mean VGP following Butler (1992). We applied the reli-
ability criteria of Deenen et al. (2011) by determining A95 of the VGP distribution, and calculate the N-dependent
values of A95_;, and A95, ., (recalculated by Deenen et al., 2014).

max

3. Results

Thermomagnetic runs are shown in Figure 3. Most samples show a rapid decrease in magnetization upon heating,
with generally irreversible behavior. Samples BWO05, BW13, BWS55 are exceptions, and show overall reversible
behavior. Some samples (Boz08, BW52, BEO4, BEO4a) show a slight increase in magnetization around 150°C,
possibly caused by oxidation of magnetite (van Velzen and Zijderveld, 1995). Nearly all samples show Curie
temperatures around 580°C, pointing to (Ti-poor) magnetite as the main magnetic carrier. Several samples
contain (additional) hematite, as indicated by maximum unblocking temperatures of around 680°C.

All demagnetization diagrams with interpretations for each specimen are given in Data Set S2 (.col files that can
be opened in the interpretation portal of paleomagnetism.org; Koymans et al., 2020). Samples generally show
small low-temperature or -coercivity components, and mostly linearly decay to the origin of Zijderveld diagrams
up to temperatures of 580°C (Figure 4), or 80 mT. Some samples show no decay upon AF demagnetization, and
thermal demagnetization up to temperatures of 680°C, corresponding to the presence of hematite. Characteristic
remanent magnetizations (ChRMs) are generally interpreted above 25-35 mT or 300—450°C in case of magnetite,
and above 500-580°C in case of hematite. Some sites, such as BW23 (Figure 4k), show two components (medium
temperature [MT] and high temperature [HT]) that are antipodal (Figure 41). Figure 4m shows a case where we
have used great-circle analysis.

Means per site, grouped by locality, are shown in Table 1 and Figure 5. All averages per locality are supplied in
Data Set S3 (.pub files that can be opened in the statistics and geography portals of paleomagnetism.org).
Following Biggin et al. (2008), we use k > 50 as a criterion for the site recording a spot reading of Earth's magnetic
field which leads to the elimination of 29 sites in total. All remaining sites with N > 3 are included in the
calculation of the means per locality (Table 2) after converting all directions to normal polarity and taking a 45°
cut-off (Figure 5). The spread in site means for each locality is relatively large, both before and after bedding
correction, but conforms to recording secular variation (A95 ;. < A95 < A95_,.; Deenen et al., 2011). Only the

min max>

QU sites after bedding correction (TC) do not fall within this criterion, which is further discussed below.

3.1. Fold, Reversal and Common True Mean Direction Tests

Fold tests in our study are predominantly inconclusive or negative mainly because of small differences in bedding
tilt, and difficulty in determining bedding in the volcanic successions that we have sampled (Figures 6a—6d).

Particularly the bedding planes of the QU sites could not be determined well, and are an estimate at best.
Clustering of directions for the QU sites worsens when applying a bedding correction (Figure 6a), and this locality
thus has a negative fold test (Tauxe & Watson, 1994). Such a distinctly negative fold test can be explained through
several mechanisms. It can mean that samples were remagnetized and acquired a magnetization after folding, the
sampled volcanic rocks were deposited on an initial slope, or bedding corrections were not correct. Indeed,
determining bedding corrections in this area is uncertain due to the outcrop conditions and the variation in li-
thology. We consider remagnetization unlikely, due to the scatter in directions indicative of recording paleo-
secular variation, and the large declinations. If the QU sites were remagnetized after tilting, we might expect a
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Figure 3. Curie balance thermomagnetic curves of representative samples. The heating/cooling cycles are represented by the red lines, the final cooling is indicated by

the blue line.

better clustering of directions, unless remagnetization was acquired over a very long time span. The observed
magnetizations may have been acquired after tilting but were clearly acquired prior to a significant amount of
vertical axis rotation, as indicated by the large declinations (implying large rotations). Moreover, the recorded
declinations are nearly identical in magnitude to those of the BW locality. Inclination data for the Qosha Dagh
samples agree very well with the expected inclination for northwest Iran in the Eocene (Torsvik et al., 2012),
indicating that possibly no tectonic correction is needed for this area. Heidari et al. (2022) presented a geological
cross-section located at a distance of around 9 km from our sampled sites, in which they show that the Eocene
volcanic unit is mostly flat lying. However, this is in contrast with a geological cross-section on the Ahar geologic
map (Mahdavi & Amini Fazl, 1988), which is located at an equal distance from our sampled sites. Without further
detailed mapping, we cannot conclusively determine whether Qosha Dagh sites represent a post-tilting remag-
netization, or a primary magnetization of a flat lying unit. Either way, declinations before and after bedding
correction are indistinguishable within error.

The BW sites show a convincingly positive fold test (Figure 6b), with maximum clustering including 100% [70,
150%] of unfolding.

The BE sites show an inconclusive fold test (Figure 6¢; maximum clustering includes both 0% and 100%
unfolding), due to the fact that all samples have similar bedding, thus there is no change in clustering of directions
after bedding correction.
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Figure 4. (a—k) Examples of representative Zijderveld diagrams with interpreted characteristic remanent magnetization
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geographic (tectonic) coordinates. (1) Equal area plot of average directions of samples of site BW23 with two antipodal
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Table 2
Means of Paleomagnetic Directions per Locality and per Block, Based on Sites With N > 3 and k > 50

NOTC TC

Means per Nys/ Nys/
block N Dec AD, Inc AI., k A9 K A95 A95.., A95.. N Dec AD, Inc AIl, k A95 K A95 A95.. A95 .«
QU 10/10 53.0 14.0 57.5 102 299 9.0 203 11.0 438 19.2 6/10 55.6 324 38.1 427 69 276 6.0 299 59 26.5
BW 32/38 51.7 102 427 121 86 92 86 92 3.0 92 32/38 49.7 7.8 443 89 135 72 140 7.0 3.0 9.2
BE 15/15 93.1 92 162 172 139 106 186 9.1 4.1 149 14/15 825 89 351 127 166 100 233 84 42 15.6
BOZ 21/24 960 9.8 21.1 173 9.0 11.2 120 9.6 3.6 12.1 2024 956 113 28.1 182 8.0 123 99 109 3.6 12.4
BE + BOZ  36/39 947 6.7 190 12.1 10.7 7.7 143 66 29 8.6 33/39 888 7.3 30.8 113 103 82 13.7 7.0 3.0 9.1
QU NOTC 40/48 549 82 476 85 112 7.1 109 72 27 8.0

+ BW TC

Note. NOTC is in geographic coordinates (before bedding correction), TC is in tectonic coordinates (after applying bedding correction). The A95 value marked in red

does not satisfy the A95

min

< A95 < A95

criterion of Deenen et al. (2011).

max

The BOZ sites show a negative fold test, but with a very large uncertainty, with maximum clustering between
—23% and 68% of unfolding (Figure 6d), rendering the fold test inconclusive. The fold test for the BOZ sites is not
as distinctly negative as that of the QU sites, and we hypothesize that the difficulty in obtaining bedding for the
volcanic rocks in the BOZ locality is the reason for this negative fold test. In any case, similar to the QU sites, the
TC and NOTC results are indistinguishable within error. Furthermore, the observed magnetizations were clearly
acquired prior to significant vertical axis rotations, as indicated by the large declinations.

3.2. Grouping of Directions

The directions from sites QU and BW share a common true mean direction (CTMD; Figure 6¢), which means that
they can be considered as deriving from the same population. This is also the case for sites BOZ and BE
(Figure 6f). As locality QU has only normal polarities, and shares a CTMD with BW, we combined these sites for
areversal test (Figure 6g) which is positive. The BOZ sites are predominantly of reversed polarity (22 sites), with
only two sites with a normal polarity. Conversely, the BE sites are predominantly of normal polarity (14 sites),
with only one site with a reversed polarity. In order to perform reversal tests that are not biased by a low number of
sites with one polarity and average out secular variation, and as BOZ and BE share a CTMD, we have added these
sites together to perform a reversal test, which is positive (Figures 6g and 6h).

3.3. Rotations

The expected declinations for the Eocene in the sample region based on the Eurasia apparent polar wander path
are around 11°, while inclinations are around 50° (Torsvik et al., 2012). The QU and BW sites show similar
declinations of around 50° (Figures 5a—5f; Table 2), and inclinations of 57.5° £ 10.2 (QU; NOTC) and
44.3° £ 8.9 (BW; TC), respectively. Sites in the eastern domain of the Bozgush mountains show much larger
declinations, of more than 90° (Figures 5g—5k; Table 2), and lower inclinations. Together, the mean of BOZ and
BE includes 36 sites, and is Dec = 94.7° + 6.7, Inc = 19.0° + 12.1 (NOTC), or 33 sites with Dec = 88.8° + 7.3,
Inc = 30.8° £ 11.3 (TC) (see Figure 5i). A95 values satisfy the criterion of Deenen et al. (2011)
A95,in < A95 < A9S,,.«» Which means that the distribution of our obtained paleomagnetic directions averages out
paleosecular variation and provides a good representation of the geomagnetic field. The obtained declinations can
be explained by differential vertical axis rotations, which can be calculated by comparing the obtained decli-
nations with the expected declinations for the Eurasian plate in northwest Iran. This means that QU and BW sites
experienced a post-magnetization clockwise vertical axis rotation of around 40°, while the BOZ and BE sites
experienced a clockwise rotation of around 80°.

Many of our sampled sites, particularly in the BOZ and BE sites, show inclinations that are much lower than
expected. Inclinations become somewhat steeper after bedding correction but are still almost 10° lower than the
expected 50° for the Eocene (Torsvik et al., 2012). Shallow inclinations in volcanic rocks are a problem that has
previously been reported from the region (Rezaeian et al., 2020; van der Boon et al., 2017) and beyond (Cogné
et al., 1999; Si & Van der Voo, 2001; Westphal, 1993). But also Ballato et al. (2016) report too low inclinations
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movement along the Qosha Dagh and North and South Bozgush faults. We
note however that commonly, right-lateral strike-slip movement is associated
2020). We cannot
currently distinguish between these two different models based on our

with counter-clockwise rotations (e.g., Mattei et al.,

paleomagnetic data set. However, we hypothesize that a regional rotation is
the simplest model, as the QU and BW sites share a CTMD, and this model
does not contradict the fact that right-lateral strike-slip faults are commonly
associated with counter-clockwise vertical axis rotations.

Copley and Jackson (2006) hypothesized that right-lateral faults further to the
northwest (Caldiran fault, GSKF; Figure 1) have accommodated counter-
clockwise rotations of crustal blocks in NW Iran. Our paleomagnetic data
shows that there is no evidence for counter-clockwise rotations in the Qosha
Dagh and Bozgush region, and the region instead shows evidence of clock-
wise rotations. It thus remains unclear whether the regional rotation is related
to the activity of the right-lateral strike slip faults. The clockwise regional
rotations that we observe could be accommodated by sinistral movement
along the Aras and Lahijan faults (e.g., Rezaeian et al., 2020).

The eastern Bozgush domain has rotated much more; around 80° CW. This
additional ~40° CW rotation is likely related to the additional NNE-SSW
striking faults that are only present in this domain (Figure 1b) (Faridi
et al., 2017). If we discard the BOZ results because of the negative fold test
due to possible remagnetization, we would end up with a rotation of around
70° CW for the Eastern Bozgush domain (instead of 80°), still considerably
more than the western Bozgush domain. This would yield an additional
rotation of 30° CW (instead of 40°), so remagnetization would change the
numbers in our scenario below, but not the scenario itself.

The NNE-SSW striking faults are domino-style sinistral faults, which is
consistent with the theoretical framework of Nur et al. (1986) in which crustal

blocks in between strike-slip faults rotate like dominoes. In the case of the eastern Bozgush, this crustal block
exhibits domino-style sinistral faults that accommodate clockwise rotation. Nur et al. (1986) reported that the
amount of block rotation that a single set of faults can undergo is between 20 and 40°, with a maximum of 45°. If
rotations are larger, a new set of faults will develop. Our additional 40° of rotation on top of the regional rotation

of 40° fits well with these values and we hypothesize that the NNE-SSW fault system in the eastern Bozgush

domain developed because the intersection between several crustal blocks prevented propagation of the large

right-lateral strike-slip faults. Again, the role of the large, right-lateral faults in causing clockwise vertical axis
rotations remains elusive. We suggest that paleomagnetic data can be well explained by a regional rotation
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affecting the Qosha Dagh and entire Bozgush Mountains, and one domino-style set of faults affecting only the
eastern Bozgush domain.

While there have been many studies on the large, right-lateral strike slip faults in NW Iran, it is unclear when these
large faults initially formed. Copley and Jackson (2006) estimate the onset of fault displacement based on resto-
ration of strike-slip motion indicators. They estimate that the GSKF may have initiated at 6.5 Ma, that is, during the
late Miocene. Other authors estimate slightly younger ages of ~4 Ma (Pliocene; Mesbahi et al., 2016 and references
therein) for the Tabriz fault. Gholami et al. (2021) performed thermochronology on the Bozgush mountains, and
find evidence that first exhumation in the Bozgush Mountains began during the late Oligocene to early Miocene
(25-19 Ma), but it presently remains unclear whether this exhumation was connected to strike-slip faulting.

Faridi et al. (2017) indicate that the sinistral NNE-SSW striking faults are conjugate to the larger dextral faults,
and both fault sets are active at the present day. The NNE-SSW set of sinistral faults, however, shows much less
offset, and we consider it thus likely that these faults have not been active for the same length of time. Faridi
et al. (2017) note mostly a Holocene age for the left-lateral strike-slip faults.

4.2. Tectonic Model for the Qosha Dagh and Bozgush Mountains

To evaluate the tectonic deformation of the area, we provide a scenario that can explain the observed paleo-
magnetic data (Figure 7). The Bozgush Mountains consist mostly of a single unit of Eocene volcanic rocks (Amidi
et al., 1978), which were formed during a volcanic phase prior to the Arabia-Eurasia collision. These volcanic
rocks formed in a block that is likely initially curved (Figure 7a). Subsequently, the region experienced a
clockwise rotation of around 40°, which affected a block that contained at least the Qosha Dagh and Bozgush
areas. The second phase of rotation that is required to explain our paleomagnetic results is the domino-style
faulting that affected only the eastern Bozgush domain. This scenario fits with the Benaravan fault as a
restraining bend of the South Bozgush fault.

We consider that rotation in the region took place in two phases, due to the difference in rotations between the
eastern and western Bozgush limbs. However, we note that these phases were not necessarily separated in time, as
both fault systems are presently active (Faridi et al., 2017), and deformation could have happened progressively.
We emphasize that our model is a preliminary one, and more detailed structural and paleomagnetic studies
throughout Northwest Iran are required to elucidate the extent, timing and sense of block rotations throughout this
region for a full tectonic reconstruction.

4.3. Shortening

Rotations in the overriding plate can take up shortening, as shown in the reconstruction for the Talesh-Alborz
orocline by van der Boon et al. (2018). Because of a lack of further paleomagnetic constraints in NW Iran, we
cannot estimate the amount of shortening taken up by the 40° regional rotation based on our current data.
However, we can estimate the amount of shortening taken up by the domino-style faulting and additional 40°
rotation in the eastern Bozgush domain.

The domino-style model leads to gaps or overlaps at the end of the rotating blocks, depending on how this space
problem is accommodated (an overview is presented by Zuza & Yin, 2016), which leads to different estimates for
shortening. The least shortening occurs when all sides of the blocks are preserved (L1 > L2 in Figures 7a—7c).
This leads to a shortening of 5%. This is the scenario of Luyendyk et al. (1980), and can lead to the formation of
basins at the ends of the rotated blocks.

Measuring the blocks following the method of Garfunkel and Ron (1985), in which one side of the blocks is
preserved (L1>L3; Figure 7c) leads to shortening as high as 21%. Most shortening occurs when both sides of the
blocks (Onderdonk, 2005) are not preserved. This leads to 39% shortening (L1>L4; Figure 7c).

While it is difficult to distinguish between the different models, the geologic map of Sarab (Behruzi & Amini
Azar, 1992) seems to show a stepwise offset at the southern edge of the domino blocks, indicating that the edges
of blocks are preserved at least along the southern side of the Bozgush Mountains. Here, the blocks border
Miocene sedimentary rocks. Thus, the Onderdonk (2005) model, which does not preserve the edges of the block
and stepwise offsets (see also Zuza & Yin, 2016), is likely not a good representation for the eastern Bozgush
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Figure 7. Graphical representation of the tectonic scenario that can explain the paleomagnetic data, with estimates of the accommodated shortening. Faults are dotted in
(a) to indicate that these faults were not yet active during the Eocene, but are shown here to indicate the orientation of the Bozgush and Qosha Dagh Mountains.

domain. On the northern side, things are less clear, as the northern edge of the eastern Bozgush domain is covered
by Quaternary sediments, and a stepwise offset is not easily distinguished.

Shortening is then estimated between 5% and 21% for scenario L2/L1—L3/L1 (see Figure 7c). Using an estimate
of block length (measured using maps and Google Earth) of ~17 km, and a distance between the North and South
Bozgush fault of around 13 km leads to a shortening estimate of 24%, which corresponds to partial preservation of
the blocks. These percentages likely correspond to around 4 km of shortening that is taken up by the eastern
Bozgush domain for block lengths of 17 km. Fault offsets based on the Sarab geologic map are between 1 and
3 km, which fits well with our scenario. It is noteworthy that the distance between bounding faults on the northern
and southern sides of the Bozgush Mountains is approximately equal on the eastern and western sides of the SYF
today. Given the north-south shortening, the initial distance between the northern and southern boundary faults
must have been comparatively larger in the Eastern Bozgush domain in the past. Over time, as the blocks within
the larger Eastern Bozgush domain rotated and assumed their present geometry, the bounding faults would have
come closer together.

4.4. Regional Implications

According to our paleomagnetic and structural interpretations of the Qosha Dagh and Bozgush region, defor-
mation in NW Iran occurred in at least two phases since the Eocene. The exact timing of the rotations is imprecise,
as the Eocene ages of the sampled rocks in our study only provide a maximum age constraint, and we did not
sample younger units in this study. We hypothesize that the first phase of deformation was a regional ~40°
clockwise rigid body rotation, which affected the block that Qosha Dagh and Bozgush are part of. The limits of
this block are not entirely clear, due to the limited amount of paleomagnetic data from this structurally complex
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region. While the 40° of regional rotation of the Qosha Dagh and Bozgush Mountains fits relatively well with the
observed rotations in the Central Talesh (48°; Rezaeian et al., 2020), it is much larger than the rotations observed
in both the north and south of the Talesh (~20°; Rezaeian et al., 2020; van der Boon et al., 2018). Furthermore, the
Garmachay fault currently forms a boundary between the Bozgush and central Talesh, and these regions show
differences in stress fields (Aflaki et al., 2021), indicating that they might not have behaved as a single rigid block.
Paleomagnetic data from Miocene rocks (17-10 Ma) in the Mianeh basin, just south of the Bozgush Mountains,
show no evidence for vertical axis rotations (Ballato et al., 2016). This could mean that either the limit of the
rotated block lies just to the south of the Bozgush Mountains, or that rotation of the block took place after the
Eocene, but before 17 Ma. We consider it most likely that at least a significant part of the rotations has taken place
since the late Miocene, as all of the fault systems in the region are active until recently. This means that the
Mianeh basin likely has a different tectonic history than the Bozgush region, and the South Bozgush fault forms
the boundary between the two blocks, which is in line with the Global Positioning System (GPS) data of Djamour
etal. (2011). The timing of the regional rotation is unconstrained, but we hypothesize that it is related to a tectonic
phase that affected the nearby Alborz Mountains in the Miocene (Ballato et al., 2013; Mattei et al., 2017), and was
a response to the Arabia-Eurasia collision, although we cannot exclude that all rotations are younger. We hy-
pothesize that the regional rotation was coeval with the formation of the Lesser Caucasus-Talesh-Alborz orocline
after the middle to late Miocene (Mattei et al., 2017), which wrapped around the rigid South Caspian Basin. The
central Talesh might have moved with the Qosha Dagh and Bozgush, and the additional rotation of the central
Talesh was accommodated during later stages of deformation, possibly through activity on the Garmachay fault.
The block is likely bound by the Tabriz fault in the southwest and the Aras fault in the northwest.

The second deformation phase caused additional rotations that are confined to the eastern Bozgush domain.
During this phase, an extra set of faults formed that cut the eastern Bozgush domain into small NNE-SSW
elongated fault bounded blocks. The additional (~40°) rotations observed in this domain are local rotations
and affected domino-style blocks. The timing of this phase is constrained by cross-cutting of the Tabriz fault and
North and South Bozgush faults by the NNE-SSW faults. The Tabriz fault has been estimated to have been active
since around 4 Ma (late Pliocene), and has an estimated offset of around 17 km (Mesbahi et al., 2016). The NNE-
SSW fault set is conjugate to the right-lateral Tabriz fault, and fault activity is ascribed to the Holocene by Faridi
etal. (2017). A post 4 Ma age for the fault set leads to a minimum estimate of rotation rates of 10°/Myr. Similarly
high rotation rates (35°/0.9 Myr) have been reported from California (Johnson et al., 1983). A Holocene age for
the rotations would yield unrealistic rotation rates, and we thus hypothesize that the sinistral fault set already
developed possibly during the Pliocene. Either way, rotation rates in the Bozgush region are higher than in other
parts of Iran (Mattei et al., 2012).

The largest rotations we observe, in the eastern Bozgush domain, coincide with the largest change in the
orientation of the stress field in NW Iran, where three crustal blocks interact; the Persian block, the Central Iran
block and the Talesh block (Aflaki et al., 2021). Our rotations fit well with a model in which the crust in NW Iran
is trapped between several large rigid blocks, as hypothesized by Solaymani Azad et al. (2019b), and the Tabriz
fault cannot propagate easily toward the east (Aflaki et al., 2021). The eastern Bozgush domain essentially gets
trapped, and the domino-style faults develop to accommodate further deformation, ultimately caused by ongoing
Arabia-Eurasia convergence.

Our new paleomagnetic data substantiate the claim of Djamour et al. (2011), who suggested that the Bozgush
Mountains are structurally more complex than a simple pop-up structure. Saber et al. (2018) note that uplift rates
in the eastern Bozgush are much slower than in the western Bozgush mountains, and the western Bozgush
Mountains are currently more tectonically active. This could mean that NNE-SSW sinistral strike-slip fault-
regime is propagating, and faults might develop further to the western side of the Bozgush Mountains in the
future. While our paleomagnetic data do not show counter-clockwise rotation of the eastern Bozgush, as hy-
pothesized by Faridi et al. (2017), they substantiate the claim that the NNE-SSW striking sinistral faults in the
Bozgush region are major players in regional deformation (Faridi et al., 2017).

In the context of current deformation in the region, a contentious issue arises from the discrepancy between
compressional-extensional deformation characterized by strike-slip faults with reverse components and the
extensional deformation proposed by Djamour et al. (2011) based on GPS velocities. Recent earthquakes in the
region predominantly exhibit pure strike-slip faulting or strike-slip faulting with reverse components (Solaymani
Azad et al., 2015). However, Djamour et al. (2011) argue that their data is too scarce to definitively determine the
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driver of the north-south extension in the region. Therefore, it is possible that the detected north-south extension is
a local phenomenon or an artifact due to inadequate distribution of GPS stations. Nevertheless, the ultimate driver
of the deformation, fault activity and rotation in NW Iran is the Arabia-Eurasia collision, and further northwards
convergence of the Arabian plate along the Bitlis-Zagros suture zone. The inception of the collision took place
during the late Eocene (Koshnaw et al., 2021), and by the late Miocene the intensity of deformation and
northwards convergence of the Arabian plate increased (McQuarrie and van Hinsbergen, 2013). The Arabia-
Eurasia collision and ongoing convergence have resulted in strong, mostly clockwise rotations in NW Iran.
We show that shortening is not accommodated uniformly, and a full reconstruction of the tectonic history of NW
Iran is complex and requires a careful consideration of all the strike-slip faults in the region, as well as more
paleomagnetic data of different blocks and units of different ages. Particularly paleomagnetism on Miocene and
younger units can aid in constraining timing and magnitude of vertical axis rotations and reconstructing the
tectonic evolution of Northwest Iran.

5. Conclusions

We obtained paleomagnetic results from 127 sites of Eocene volcanic rocks along two transects of the Bozgush
Mountains and one transect of the Qosha Dagh Mountains in northwest Iran. Our results indicate that northwest
Iran has undergone a regional 40° clockwise rotation since the Eocene. Furthermore, there is a significant dif-
ference in rotations between the east and west Bozgush domains, and the ongoing Arabia-Eurasia convergence
affects the western and eastern domains differently. The eastern Bozgush domain was affected by a secondary,
local clockwise rotation phase of an additional 40°, resulting in a total CW rotation of around 80° in the eastern
Bozgush domain. The additional clockwise rotations in the eastern Bozgush domain are accommodated by a set of
NNE-SSW striking sinistral fault bounded domino-style rotating blocks, which have an estimated offset of 1—
3 km. Total shortening accommodated by these domino-style faults is estimated at around 4 km. These faults are
currently seismically active, and thus form a significant seismic hazard.
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