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Abstract: Paleostress reconstruction through polyphase fault-slip data of a multi-deformed region suffered collisional
tectonics can lead to detecting the stress phases. Based on earthquakes’ focal mechanisms and morphotectonic features,
multiple deformation phases model has been proposed for the Alborz Mountains located in the collision zone between
the Arabian (Central Iran) and Eurasian (South Caspian block) plates during the Late Cenozoic. In this study, paleostress
analysis has been carried out in an area bounded by two (Kandovan and Taleghan) regional faults in the Central Alborz
Mountains using fault-slip data. This analysis resulted in the identification of three main tectonic phases. The first,
compressional phase is proposed to cause the inversion of the Alborz Mountains’ major initial normal faults to reverse
faults during the convergence of the Arabian and Eurasian plates. The second, transpressional phase is offered as a factor
for the reactivation of the hidden Alborz basement faults to form the NE-striking left-lateral strike-slip faults on
the sedimentary cover. The third, transtensional phase is suggested to be responsible for the development of
the NNE-SSW left-lateral transtensional faults. It is proposed that the second and third paleostress phases are affected
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mainly by the indentation of the South Caspian Block into the Alborz Mountains during the Late Cenozoic.
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Introduction

The Alborz Mountains in the north of Iran (Fig. 1a) is extended
for about 600 km in length and 100 km in width from the
Talesh Mountains, as the southern continuation of the Cauca-
sus Mountains in the west to the Kopet-Dagh Mountains in
the east. The Alborz Mountains wrapped around the South Cas-
pian Block (SCB) have suffered several deformation phases
(Berberian 1983; Alavi 1996). It is generally believed that SCB
has a critical role in the mountains’ deformational comple-
xities through its southwestward movement during the Late
Cenozoic (Axen et al. 2001; Jackson et al. 2002; Allen et al.
2003a,b, 2004; Guest et al. 2006; Rashidi et al. 2023) or its
northwestward movement since about 1-1.5 Ma (Ritz et al.
2006; Djamour et al. 2010). Since SCB has no seismicity and
there is no GPS measurement of its activity, its movement and
imposed deformation should be detected through its effect on
surrounding mountains i.e., Talesh, Alborz, and Kopet-Dagh
(Fig. 1a).

The central part of the Alborz Mountains comprises several
regional reverse faults with right or left-lateral strike-slip
minor components (e.g., Allen et al. 2003a, 2004; Ritz et al.
2006; Yassaghi & Madanipour 2008; Yassaghi & Naeimi
2011). These faults are oriented parallel to the Alborz Moun-
tains trend and are dipping inside the mountains (Annells et al.
1975; Gansser & Hubber 1962) (Fig. 1b). Paleomagnetic data
has confirmed two dominant deformation episodes across
the Central Alborz (Ballato et al. 2008; Cifelli et al. 2015;
Mattei et al. 2017). The first deformational stage resulted from
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the north-south convergence of the Arabia-Eurasia plates
and affected the entire Iranian Plateau since the Neogene
caused the formation of the Alborz Mountains’ regional
reverse faults (Axen et al. 2001; Jackson et al. 2002; Allen
et al. 2003a,b, 2004; Guest 2004; Guest et al. 2006; Ballato et
al. 2013). The second stage, since the late Miocene (6 Ma)
caused kinematic change in the minor component of the
reverse faults from right-lateral to left-lateral strike-slip
component (Axen et al. 2001; Jackson et al. 2002; Allen et
al. 2003a,b, 2004; Guest et al. 2006; Rashidi et al. 2023).
They believe this episode has acted coeval with the south-
westward movement of SCB. Other contemporaneous events
such as acceleration in sedimentation rate in the Caspian
Basin (Jackson et al. 2002), sedimentation of the Bakhtiyari
conglomerate in the Zagros (3 Ma; Homke et al. 2004),
increasing westward lateral escape rate of the Anatolian
Plateau along North and East Anatolian faults (3 Ma; Allen
et al. 2004) are interpreted as further evidence for this phase.
In addition, the formation/reactivation of several left-lateral
strike-slip faults with normal components in the west and
central parts of the Alborz Mountains that cut through the
Pliocene rocks since 1-1.5 Ma is considered by Ritz et al.
(2006) due to a clockwise rotation of SCB. These left-lateral
components of the faults are in good agreement with the earth-
quake focal mechanism (e.g., Vernant et al. 2004; Tatar et al.
2007; Rashidi et al. 2023), specific gravity studies (Ashtari et
al. 2005), GPS data (Djamour et al. 2010), and precise level-
ling studies (Saberi et al. 2017) in the Central Alborz
Mountains.
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Fig. 1. a— Location of the Alborz Mountains in the convergence zone between the Arabian and Eurasian plates (revised after Guest et al. 2006
and Allen et al. 2003a). b — Geological map of the study area (revised after Geological Maps of the Marzan Abad; Vahdati-Daneshmand 2001)
and the Baladeh (Saidi & Ghassemi 1991) in the Central Alborz Mountains showing the location of the selected areas (A—E) for faults dynamic
analysis. SCB: South Caspian Block, CA: Central Alborz, NAF: North Anatolian Fault, EAF: East Anatolian Fault.

Paleostress studies in regions with complex fault geometries
(like Central Alborz) could unravel their tectonic evolution
(e.g., Regard et al. 2004; Zanchi et al. 2006; Navabpour et al.
2007; Zamani & Masson 2013; Javadi et al. 2015; Aflaki et al.
2021). This can be done using the Stress Inversion Method
through the inversion of fault-slip data (fault kinematics;
Angelier et al. 1982; Angelier 1989, 1994). Previous studies
on the paleostress analysis of the Central Alborz Mountains
generally considered only the main regional reverse faults
(Karami 1997; Eliassi 2001; Zanchi et al. 2006; Rajabi et al.
2012). Therefore, they only recognized one compressional
stress phase with an N-trending main stress axis resulting from
the north-south convergence of the Arabian—Eurasian plates
affected the entire Iranian Plateau. This stress state is not
compatible with nowadays NNE-trending P-axis calculated
through earthquake focal mechanisms and GPS data (e.g.,
Jackson et al. 2002; Ashtari et al. 2005; Ritz et al. 2006;
Djamour et al. 2010). The reason for such discrepancy comes
from the fact that these earlier paleostress studies did not take
into account the minor strike-slip faults that cut through and
displaced the main reverse faults (Yassaghi & Naeimi 2011;
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Fig. 1b). In this study, we reconstructed the dynamic history of
the Central Alborz Mountains using both the main regional
reverse faults as well as the minor strike-slip faults to show
the role of the Late Cenozoic stress phases on the deformation
of the Central Alborz Mountains. For this aim, a complex
deformed area located between the Kandovan and Taleghan
faults in the Central Alborz Mts. has been selected (Fig. 1b).
Though different rock units from Paleozoic to Cenozoic are
exposed in this area (Figs. 1b, 2), the faults geometry and kine-
matics in these rocks are identical; therefore, the rock units
have suffered similar deformation phases.

Fault structures

The Kandovan and Taleghan faults form the northern and
southern boundaries of the study area in the Central Alborz
Mts., respectively (Figs. 1b, 2). Several minor transverse faults
cutting through these faults are also mapped. The NW-striking
and northeast dipping Kandovan Fault (Gansser & Hubber
1962) 200 km in length cut the tuff rocks of the Eocene Karaj
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Formation and the shale and limestone of the Oligo—Miocene
Kandovan Formation along most of its strike (Figs. 1b, 2a).
This high-angle dip-slip fault is an inverted normal fault to
reverse faulting and its inversion kinematics has been linked
to the N=S shortening of the Alborz Mountains since the
middle Eocene (Yassaghi 2001; Brunet et al. 2003; Zanchi et
al. 2006; Yassaghi & Naeimi 2011). This is the oldest time for
the Kandovan Fault compressional activity. The Kandovan
fault’s youngest activity turns back to Pliocene and no recent
deformation evidence has been detected for the fault activity
(Axen et al. 2001; Guest et al. 20006).

The NW-striking Taleghan Fault (Gansser & Hubber 1962)
100 km in length dips southwest (Fig. 1b) and puts the Jurassic
and Cretaceous rock formations over the Eocene Karaj For-
mation in the Karaj—Chalus Road section (Fig. 2b) or over
the shale and limestone of the Oligo-Miocene rocks in the
Taleghan Mountain to the west of the study area (Yassaghi &
Madanipour 2008). Thus, the post-Eocene reverse kinematics
for the oldest fault activity is documented along its strike from
the east to the west. The fault kinematics changes from the
right-lateral reverse in the road’s eastern part to the left-lateral
reverse toward its western portion (Yassaghi & Madanipour
2008; Yassaghi & Naeimi 2011). The younger (Pleistocene—
Holocene) transtensional left-lateral kinematics have also
been mapped for the fault in Asara village in the Central
Alborz (south of the B area in Fig. 1b; Ritz et al. 20006).
Two large historical earthquakes on December 16, 1808, and
November 8, 1966, with Ms=5.9 and Mb=5 in magnitude,
respectively, have been attributed to the fault activity
(Ambraseys & Melville 1982).

There are several other reverse faults sub-parallel to the
Kandovan and Taleghan faults (Fig. 1b). These reverse faults
include, for example, the Azad-kouh Fault on the hanging wall
of the Kandovan Fault, as well as the North Azadbar, Dehdar,
Narian, and Garmdar faults on the fault footwall (Figs. 1b,
2c—f), are imbricated from a detachment zone at the base of
the Eocene Karaj Formation (Yassaghi and Naeimi 2011).
A significant number of the NE- trending left-lateral transten-
sional faults (such as the Anguran, Dareh Garab, Lambaran,
and Kohne Deh; Figs. 1b, 2g,h) truncate these reverse faults
on the footwall of the Kandovan Fault. These strike-slip faults
also cut and displace the Miocene—Pliocene strata. In addition,
to the west of the study area, several NE-striking late Miocene
(6-9 Ma) microdiorite dykes intruded into the left-lateral
strike-slip faults that cut through reverse faults for about 20 m
(Guest et al. 2006).

Methods

In this study, the Stress Inversion Method (Angelier et al.
1982; Angelier 1989, 1994) is employed for the paleostress
analysis of the Central Alborz through the Multiple Inverse
Method (MIM) Software (Yamaji et al. 2011a) using fault-slip
data (i.e., fault planes and their slicken-lines attitude). This can
be done by determining the reduced stress tensor that contains
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four independent components, including the direction of three
principal stress axes (¢,>0,>0,) and the ratio of their relative
magnitude ().

For paleostress analysis, some assumptions are generally
considered as: (1) A sufficient amount of stress can lead to
the formation of a new fault or reactivation of pre-existing
one. In both cases, it is assumed that the sliding of the fault
blocks (on the fault surface and along the slicken-side linea-
tion) occurs parallel to the direction of the maximum shear
stress (Bott 1959; Carey & Brunier 1974). (2) Fault-slip data
must be gathered from various faults with different attitudes.
This assumption supposes these faults formed in response to
a specific stress state in a homogeneous rock body (Arthaud
1969; Carey 1976). In this study, for identifying the homoge-
neous rock bodies, before any processing, the homogeneity
test is performed on the fault-slip data and the region was
divided into homogeneous restricted areas (A—E in Fig. 1b).
In practice, first, the average reduced stress tensor of the data
from one of the selected locality is calculated. Then, the test
proceeds by stepwise addition of nearest neighbour data to
the already homogeneous data set. To call the added data set
homogeneous, the changes of the newly calculated average
reduced stress tensor compared to the previous steps must be
negligible (i.e., the angle between average stress axes must be
less than 20° and a sudden jump in the magnitude of average
stress ratios (@) does not occur). (3) Slip on each fault is inde-
pendent and does not affect the slip direction of the other faults
(Carey & Brunier 1974; Angelier et al. 1982). To avoid inter-
vention of the local stress field (caused by possible activation
of the main faults, i.e., the Kandovan and Taleghan faults) on
the regional stress field that affects the activity of minor and
younger faults, we kept the optimal 300 m distances away
from these major faults during measurements of the fault-slip
data. (4) Fault planes might not have rotated after their forma-
tion, which means that the direction of the calculated principal
stress axes should be parallel with the directions of ideal
Andersonian stress axes at the time of fault generation/reac-
tivation. Otherwise, before any paleostress processing, the
amount of rotation must be removed. Since the amount of
post-Pliocene (the youngest fault activity) rotation in the
Central Alborz Mountains is not detected, for the transfor-
mation of the stress axes into the Andersonian stress state they
are rotated so that the highest plunged stress axis is nearly
vertical.

The MIM software includes two mim60 and miv4 programs.
In the first step, the fault-slip data (column I in Fig. 3) were
processed as 4-dimensional space input data in the mim60
program. Outputs of this processing are recognition of all
the compatible stress tensors run in the miv4 program where
the resulting stress tensors are shown as colourful points for
the maximum and minimum stress axes in separate stereo-
grams (columns II and III in Fig. 3). The colours from violet
to red indicate the amount of stress ratios (®=(0,—0a,)/
(0,—0y)) from 0 to 1 (with an interval of 0.1), respectively.
Each colour cluster (indicated by a small black circle in the
stereograms of Fig. 3) also shows a stress phase. Accepting or
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Kandovan F.

Fig. 2. Field photographs of (a—f) the reverse faults and (g—h) the NE-trending left-lateral strike-slip faults in the Central Alborz Mountains.
Cm: Carboniferous (Mobarak Formation, out of the study area), P: Permian, TR-J: Triassic—Jurassic (Shemshak Formation), J,: Jurassic
(Dalichai and Lar formations), E, ,, E,": Eocene (Tuff and Volcanic rocks of the Karaj Formation), OM: Oligo-Miocene (Kandovan Formation),
M M™s: Miocene (Upper Red Formation equivalent), P1Q**: Pleistocene. The photographs (a—b and d—f) from Naeimi (2007) and (c, g-h)
from Barati (2017). Refer to Fig. 1b for the locations of the faults and the rock formations.

rejecting the clusters as possible stress phases is based on the With specific stress axes orientations (a stress state) that act
interpretation of a user upon the study area. Through these on a certain fault plane (Fig. 4), two end members for the
phase selections, faults-slip data that documents different orientation of the slicken-lines (parallel to the maximum shear
stress phases will be separated manually using Yamaji et al. ~ stress, see first paleostress assumption) from ,(@=0) to
(2011b) criterion into certain phases and their related reduced 7, (@=1) is predictable. This can be used for the determination
stress tensor will be calculated. of the range of the possible fault mechanisms for a certain

Fig. 3. Characteristics of the 10 selected stress phases in this study. I — Stereograms show the attitude of the fault-slip data (arrows show their
movement directions). Il and III — Demonstration of the principal orientations of the paleostress axes plotted in stereographic projections
(lower-hemisphere, equal-area projection) measured in the selected areas. They are the stress states which are compatible, at least, with one
single data in each area. Lengths of the tails of tadpole symbols denote the plunge of paleostress axes. ® values are colour-coded with intervals
of 0.1. Black circles and numbers show selected phases. IV — The non-scaled Mohr diagrams were drawn to compare the slip tendency
(Ts=|7|/|o,]) among compatible fault-slip sets in each phase. The drawn coloured circles and ellipsoids for the selected data present different
fault mechanisms shown as legends at the bottom of the figure. The histograms below the Mohor diagrams present the amount of misfit
angles for the selected paleostress phases. For the locations of the studied areas in the Central Alborz Mountains, refer to Fig. 1b.
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Fig. 4. Stereogram shows possible orientations for slicken-lines that
fall between 7, and 7, for a fault plane (F) affected by a specific stress
state. In this example, the fault kinematics can change from pure
reverse to right-lateral reverse.

SAFARI and YASSAGHI

fault plane (Fig. 4). In fact, this possible range of the slicken-
side lineation from 7, to 7, highlights the effect of the magnitude
of stress ratio (0<@<1) on fault mechanism when the orien-
tations of stress axes are fixed. In this study to realize
the admissibility of the recognized stress phases, the compa-
tibility of the interpreted fault mechanisms (fault-slip data)
with the selected phases (including the magnitude of stress
ratio (@) and specific orientations for principal stress axes)
was checked (Table 1).

Result

The study region is divided into five restricted areas from
A to E from the west to the east (Fig. 1b) based on the homo-
geneity test on the fault-slip data. For each restricted area,
stress phases, which were demonstrated as a colourful cluster
in MIM software, were manually selected (the 10 selected
phases by the small black circles drawn in the stereograms;

Table 1: Presentation of the attitude of principle stress axes orientations, the stress ratio magnitude (@) for each selected phase as well as their
compatible faults” kinematics and their tectonic regime in each selected area.

Sigma 1 Sigma 2 Sigma 3 . . . . .
Area Phase Phi Tectonic Regime Mechanism Strike
Trend Plunge Trend Plunge Trend Plunge
NNW-SSE
A 1 287.9 3.5 19.1 20.8 188.5 69.1 0.6 Compression Reverse WNW-SES
NE-SW
2 15 6.3 284.8 1 1849  83.7 1 Radial
B 3 3562 183 265 3 166.5 71.4 0.8 Compres51on 7777777 Reverse NW-SE
4 29.5 25.9 120 1 211.8 64.1 0.6 Compression
NNE-SSW
Left lateral
NE-SW
5 186.9  34.1 3327 508 84.8 17.2 0.6 Strike-Slip Reverse W
Normal
Right lateral NNW-SSE
NW-SE
C . Reverse E-W
6 2148 23.1 314.4 21.4 82.6 57.6 0.4 Compression
NE-SW
Left lateral NE-SW
Left lateral
NE-SW
. Normal
7 42.8 144 182 715 309.8 11.7 0.3 Transpression
Reverse
. NW-SE
Right lateral
Normal
D 8 106 328 228.5 40 351.5 329 0.4 Strike-Slip Left lateral NW-SE
Right lateral
NNE-SSW
Left lateral
NE-SW
9 1544 105 260 557 575 324 0.6 Strike-Slip NW-SE
Reverse
NE-SW
E Right lateral E-W
N-S
. . Left lateral NNE-SSW
10 165.6 509 266 8 2.1 38 0.3 Radial Tension
NW-SE
Normal NW-SE
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Fig. 3). In addition, for each stress phase (Fig. 3), the direction
of stress axes, the amount of stress ratio (@), and its poten-
tially compatible faults have determined (Table 1).

Outcomes of a specific stress phase (Fig. 3; Table 1) out of
the MIM software might be compatible with several fault sets.
Although it is acceptable in theory, in practice, slips on a fault
set, prevent the stress accommodation on the other fault sets.
Generally, fault planes are more likely to form or reactivate if
the angle between their normal and maximum stress axes is
15°<6<75°(Donath 1972). In other words, the resulting shear
stress on these fault planes must be greater than the other fault
sets (Slip Tendency). This tendency to slip (Tq=|z|/|c,|;
Morris et al. 1996) for the compatible fault sets within each
stress phase can be explained by using non-scaled Mohr dia-
grams. Each fault set with a higher shear stress relative to nor-
mal stress denotes its higher slip tendency, which means that
the fault set is more likely to shear by the interpreted stress
phase. Such Mohr diagrams for all the 10 selected phases are
presented in Fig. 3 (column IV). For the phases that are com-
patible with more than one fault set, their slip tendencies were
compared and the best set(s) were selected. The result of this
process for the fault-slip data in the study areas is presented in
the following.

The NW-striking reverse faults are the compatible faults for
the selected phases Nos. 1 to 4 in the A and B areas (Figs. 1b, 3;
Table 1). For the selected phases Nos. 5 to 7 considered for
the C area (Figs. 1b, 3; Table 1), the NNE-striking sinistral
strike-slip faults and the NE-striking left-lateral transtensional
faults show higher slip tendency in the non-scaled Mohr dia-
grams of 5" and 7™ phases, respectively (Fig. 3). The 6™ phase
is compatible with the W- and NW-striking reverse faults as
well as the NE-striking left-lateral strike-slip faults (Fig. 3;
Table. 1). For the D area (Fig. 1b; Table 1) phase No. 10 has
been selected with compatible NNW-striking left-lateral trans-
tensional faults (Fig. 3; Table 1). Finally, for the E area
(Figs. 1b), phases Nos. 9 and 10 are selected (Fig. 3; Table 1).
For the 9" phase based on fault-slip tendency criteria (Non-
scaled Mohr Diagram in Fig. 3), the NE-striking left-lateral
strike-slip faults were selected whereas for the 10" phase
the N- to NW-striking left-lateral transtensional faults are
considered as compatible faults.

The results of paleostress reconstruction can be summarized
in three main groups of stress phases. For the A, B and C areas
(Fig. 1b), the stress phases Nos. 1-4, and 6 (Fig. 3; Table 1)
are compatible with the vertical g,, N- to NE-trending hori-
zontal ¢, and medium to high-stress ratio (©=0.4-1) are
inferred to be responsible for the formation of the NW-SE
oriented reverse faults (Figs. 2a—f, 3; Table 1). The 6" and
7 stress phases (Fig. 3; Table 1) in the C area (Figs. 1b)
which are compatible with the NE-trending horizontal ¢, and
medium magnitude of the stress ratio (@=0.3—0.4) are respon-
sible for the formation of the NE-striking left-lateral strike-
slip faults (Figs. 2g-h, 3). The stress phases Nos. 5, 8, 9,
and 10 (Fig. 3) in the C, D, and E areas (Fig. 1¢) are compati-
ble with approximately S-trending horizontal ¢, and low to
medium magnitude of the stress ratio (@ = 0.3-0.6; Fig. 3).
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These phases are responsible for formation of almost
N-striking (NNE to NNW) left-lateral transtensional faults
(Fig. 3; Table 1).

Discussion

According to the Andersonian state of stress (Anderson
1951), once one of the maximum, medium, or minimum prin-
cipal stress axes is vertical or sub-vertical, the tectonic regime
will be extensional, strike-slip, or compressional, respectively.
Based on the attitude of principal stress axes and the value of
stress ratio (@) extracted from the MIM software (the colour-
ful clusters in Fig. 3), the selected stress phases can be referred
to proper tectonic regimes (Table 1; Fig. 3). The drawn rose-
diagrams for the attitude of the reverse, normal, and strike-
slip faults in the study area (Fig. 5) show that the NW-SE
reverse faults (dipping about 40°) have the highest frequency.
The NE-striking left-lateral strike-slip faults all dipping
greater than 70° as well as the NW—SE normal faults (dipping
60°) and right-lateral strike-slip faults have the next order of
frequency (Fig. 5). Results on the admissibility of the recog-
nized stress phases (Fig. 3; Table 1) provide data to propose
that the reverse, left-lateral strike-slip, and left-lateral trans-
tensional faults might have activated by its stress phase.
Therefore, upon the results of these analyses, three distinct
compressional, transpressional, and transtensional tectonic
phases are proposed.

Compressional tectonic regime

The interpreted N- to NE-trending horizontal o, (stress
phases Nos. 1-4 and 6 in Fig. 3; Table 1) for the range paral-
lel reverse faults in the Central Alborz Mountains (Figs. 1,
2a—f, 5a) are compatible with a compressional deformation
regime. Based on Anderson’s (1951) criterion, considering
the internal friction angle of rock masses as 30—40°, the dip
angle of the reverse, normal and strike-slip faults within the
competent rock will be 30, 60 and 90 degrees, respectively.
Upon Fig. 5, the highest deviation on dip angle from this crite-
rion refers to the reverse faults. Since the Eocene Karaj
Formation with almost uniform mechanical properties is the
main rock mass in the Central Alborz Mountains (Figs. 1b, 2),
this deviation is proposed to be rooted in the older deformation
history of the reverse faults.

It is generally believed that the reverse faults in the Alborz
Mountains are formed by a compressional tectonic regime
(Allen et al. 2003a; Guest 2004; Guest et al. 2007; Yassaghi &
Naeimi 2011). Paleomagnetic data indicate the formation of
the mountains, under the compressional tectonic regime with
the N- trending principal maximum paleostress axis (o)
during the Miocene which replaced older Eocene extensional
tectonic regime (Cifelli et al. 2015) provide further evidence
for this interpretation. Thus, inversion of the initial normal
faults such as the regional (Kandovan and Taleghan) faults to
reverse ones (e.g., Yassaghi & Madanipour 2008; Yassaghi &
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(a) Reverse faults
N:52

270

180 90

(b) Normal faults
N:12

180 920

(c) Left-lateral faults

27

(d) Right-lateral faults
N:8

180 90

Fig. 5. Rose diagrams on orientation (left diagrams) and dip angle (right diagrams) of faults-slip data for (a) reverse, (b) normal, (c) left-lateral

strike-slip and (d) right-lateral strike-slip faults. N: amount of data.

Naeimi 2011) might have occurred during this compressional
tectonic phase. Since these reverse faults are cross-cut by the
NE-SW strike-slip faults (Fig. 6¢), this compressional regime
is interpreted as older than the later strike-slip tectonic regime
in the Central Alborz Mountains.

Transpressional tectonic regime

The NE-trending horizontal ¢, (stress phases Nos. 6—7 in
Figs. 3, Table 1) responsible for the formation of the NE-
striking left-lateral strike-slip faults like the Karaj—Chalus
Valley Fault (Fig. 6c,d) are compatible with the transpres-
sional tectonic regime. These faults have been interpreted to
be the result of reactivation of the Alborz Mountains’ base-
ment faults like the F-3 magnetic fault (Fig. 6b,c) as R-Riedel
shear faults on the cover rocks (Yassaghi & Naeimi 2011).
Similarly, the NE-striking Karaj—Chalus Valley, Anguran,
Lambaran, and Garab Valley faults are also proposed as
the Riedel shear faults related to the reactivation of the F-3
magnetic Fault (Fig. 6¢, d). Thus, the reactivation of this base-
ment fault is interpreted as a result of changes in the direction
of the maximum paleostress axis from the North-trending (in
the compressional regime) to the NE-trending (in the trans-
pressional regime).

The required differential stress (o,—o;) for reactivation of
a strike-slip fault is much less than that of a reverse fault
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(Fossen 2016) especially for a high-angle dip one like the
regional reverse faults in the study area (Figs. 5a, 6¢).
The angle between NE-trending o, of the transpressional
regime (6" and 7" phases in Fig. 3) and the NE-SW basement
faults (F-3 in Fig. 6b) falls in the reactivation range of
15°<0<75°(Donath 1972) whereas for the range parallel
reverse faults fall out of this ideal state. Thus, it can be pro-
posed that rotation of the maximum paleostress axis (o,) from
the N-trending compressional to the NE-trending transpres-
sional regime in the Central Alborz Mountains more likely
reactivated the basement faults (resulted in the development
of the Karaj—Chalus Valley and the Qazvin dentation faults in
the sedimentary cover) than the regional reverse faults (Fig. 6).
This reactivation is more effective in the B and C areas
(Fig. 1b) which are closer to the Karaj—Chalus Valley Fault
and thus its activity induced the structures to rotate passively
around an E-horizontal axis which resulted in a higher angle
dip of the reverse faults in these areas (Figs. 5a, 6¢). Evidence
on such passive rotation due to the reactivation of the F-3
magnetic fault has also reported from the changes of the fold
axes attitude in the B area (Yassaghi & Naeimi 2011).
Displacement of the reverse faults and the middle Miocene
and Pliocene rock units by the NE-SW-oriented left-lateral
strike-slips faults (Figs. 1b, 6¢) provide support to conclude
that this transpressional tectonic regime is younger than the
compressional one. The change in the tectonic regime from
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compressional to transpressional might have occurred by
a regional actor. It is generally believed that SCB indentation
into the Iranian Plateau has occurred during the convergence
of the Arabian and Eurasian plates at about 6 Ma (Axen et al.
2001), 5 Ma (Jackson et al. 2002; Allen et al. 2003a,b), or
3 Ma (Allen et al. 2004). Approximately 15-20° rotation of
magnetic mineral around a vertical axis in rock layers sub-
parallel to the Alborz Mountains trend and inception of the
mountains bending has also been related to the indentation of
SCB (Ballato et al. 2008; Cifelli et al. 2015; Mattei et al.
2017). In addition, the Pliocene Alam-kouh granite (~6.8 Ma;
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Axen et al. 2001) that cut the Kandovan Fault west of the
Central Alborz Mountains (Guest 2004) is the other evidence
for the syn-tectonic penetration of this indentation. This epi-
sode proposed for the uplift and deformation in the Zagros,
Alborz and Talesh in the Iranian Plateau as well as in the north
and west of the Anatolian Plateau as the result of the accelera-
tion in spreading of the Red Sea floor and its oceanic litho-
sphere inception (Axen et al. 2001; Allen et al. 2003a,b). Thus,
the analyzed transpressional tectonic regime for the Central
Alborz Mountains has been effective since the Pliocene across
the Arabian—Eurasian continental collision zone.

Karaj-Chalus Valley F

(1
13

4
3,::&5
5%
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(08)
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—7;(2@*-‘%; 3
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B, C areas

“\\‘\Az D, and E areas
N:30 ‘

N N27

Map View
(top of sedimentary cover)

+ d

Fig. 6. a — 3D image of the central Alborz Mountains showing the location of the major left-lateral strike-slip faults. b — The acromagnetic
map shows the location of the F-1 and F-3 magnetic faults (Yousefi & Friedberg 1977). ¢ — Structural map of the study area (Yassaghi &
Naeimi 2011). d — 3D diagram and its map view showing reactivation of the F-3 magnetic basement fault as the Riedel shear fractures on
the sedimentary cover (like the Karaj—Chalus Valley Fault on Fig. 6a). e — Rose diagrams for the strikes (left diagrams) and dip angles
(right diagrams) of the reverse faults in the B and C areas located close to the Karaj—Chalus Valley Fault and in the A, D, and E areas located
further (refer to Fig. 1b for the location of the areas). N: amount of data.
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Transtensional tectonic regime

The horizontal and N-S maximum paleostress axis (o,)
(stress phases Nos. 5, 9, and 10 in Fig. 3; Table 1) is proposed
to be responsible for the initiation of the NNE- to NNW-
striking left-lateral strike-slip with normal component faults
originated under a transtensional deformation regime. These
faults cut and displaced the Quaternary Damavand volcanic
rocks (Saberi et al. 2017) are more likely P-Riedel shear faults
resulting from the reactivation of the NE-SW basement faults
(like the F-3 magnetic fault in Fig. 6b).

Morphotectonics and paleo-seismological evidence along
the Fioruz-kouh, Astaneh, Bashm, Chashm, Sorkh-e Hesar,
Ghasr-e-Firuzeh, eastern part of the Mosha, North Tehran, and
Taleghan faults (Ritz et al. 2006; Nazari et al. 2009;
Mohammadi Nia et al. 2023) show their recent kinematics
as left-lateral with normal component. Satellite images also
show about 3 km left-lateral horizontal displacements for
the river catchments crossing the faults. By extrapolation of
the present-day GPS rate to the past, we propose this defor-
mational regime has been acting since the Pleistocene coeval
with the latest activity of the Damavand Volcano (1.8 Ma —
7 ka; Davidson et al. 2004). This interpretation is also in
agreement with the proposed left-lateral strike-slip focal
mechanism for recent earthquake faults epi-centered along
the NNW- and WSW-striking faults in Central Alborz
Mountains (Ashtari et al. 2005). Similarly, the NE-SW
left-lateral strike-slip focal mechanism for the 28 May 2004
Balade aftershock with Mw=6.2 magnitude in the Central
Alborz (Tatar et al. 2007) is also proposed here as to the
recent activity for this transtensional tectonic regime. These
morphotectonics and paleo-seismological evidence are refer-
red to because of the clockwise rotation of SCB relative to
the Alborz Mountains since 1-1.5 Ma (Ritz et al. 20006).
Accordingly, we concluded that the proposed transtensional
regime is the youngest one governed by the Central Alborz
Mountains.

Conclusion

Paleostress reconstruction of the fault-slip data in the Cen-
tral Alborz Mountains resulted in the recognition of three
main tectonic regimes. The paleostress phases Nos. 2—4 with
an almost N-oriented horizontal maximum paleostress axis
(o,) is proposed to be responsible for the formation of the
WNW-ESE reverse faults. These phases are compatible
with a compressional regime acted in the mountains during
the convergence of the Arabian—FEurasian plates.

The paleostress phases Nos. 5—7 with the NE-SW-oriented
horizontal maximum paleostress axis (o,) is suggested due
to a transpressional tectonic regime in which the NE-SW
left-lateral basement faults have triggered to reactivate and
resulted in the evolution of the left-lateral R-Riedel shear
faults on the sedimentary cover. These faults cut and displaced
the preexisted reverse faults. This tectonic regime has caused
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the indentation of SCB into the Iranian Plateau during the con-
vergence of the Arabian and Eurasian plates.

The paleostress phase Nos 8—10 with SE-oriented horizon-
tal maximum paleostress axis (o,) caused the formation of
the general NNE- to NNW-trending left-lateral strike-slip
faults with the normal component. This faulting that is com-
patible with earthquake focal mechanisms, as well as active
vertical movements in the Central Alborz Mountains, is
formed in a transtensional tectonic regime more likely during
the clockwise rotation of SCB in Quaternary.

Analysis of the fault-slip tendency using the non-scaled
Mohr diagrams shows that the NW-trending reverse faults do
not tend to slip whereas the NE-trending left-lateral strike-slip
faults formed/reactivated during transpressional or transten-
sional tectonic regime show slip tendency which reflect their
ability to act as active faults.
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