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[1] Volcanic activity focuses along plate boundaries. However, large volcanoes are also
found in intraplate settings. For these volcanoes, geodynamic processes responsible for
magma generation and structural controls on magma rise and extrusion need to be evaluated.
We merge original (field and remote sensing) and available (geodetic, geophysical, and
petrological) data to consider the tectono-magmatic relationships of three large intraplate
volcanoes in the E-Anatolian-Iranian plateau; Sar’akhor (NE Iran), Damavand (Central
Alborz) and Ararat (E Anatolia). In NE Iran, a Miocene-Pliocene NW-trending compression
activated E-W dextral faults to the NW of Sar’akhor and N-S sinistral faults to the SE,
creating an extruding wedge to the west of this volcano. Since Quaternary, NE-trending
compression inverted fault movement, hindering further block extrusion and volcanism
terminated. The adakitic composition of the Sar’akhor rocks suggests post-collisional
melting of oceanic slab and/or mafic lower crust, possibly triggered by an asthenospheric
rise after slab break-off or intramantle delamination. For the active Damavand and Ararat
volcanoes, available data suggest magma generation due to rising hot asthenosphere,
following lithospheric delamination or slab break-off in a transtensional environment.
The features common to Sar’akhor, Damavand and Ararat allow proposing a model, where
transtension focuses the rise of magma in intraplate settings overlying hot asthenosphere
produced by delamination or slab break-off.

Citation: Shabanian, E., V. Acocella, A. Gioncada, H. Ghasemi, and O. Bellier (2012), Structural control on volcanism
in intraplate post collisional settings: Late Cenozoic to Quaternary examples of Iran and Eastern Turkey, Tectonics, 31, TC3013,
doi:10.1029/2011TC003042.

1. Introduction

[2] Magmatism focuses along convergent and, to a lesser
extent, divergent plate boundaries [e.g., Sandwell et al., 2005].
However, several notable and volumetrically significant vol-
canoes are also found in intraplate settings. For most of these
volcanoes, possible relations with hot spot activity or rising
asthenosphere are proposed [see Anderson and Schramm,
2005, and references therein]; a minor portion of volcanoes
has a more debated or unknown relationship with the overall

tectonic setting [e.g., Davidson et al., 2004; Yokoyama et al.,
2007].
[3] In general, two main types of uncertainties may be

associated with the location of these intraplate volcanoes.
The first concerns the definition of the general geodynamic
processes responsible for the generation of magma [e.g., Kay
and Kay, 1993; Cañón-Tapia and Walker, 2004;White et al.,
2006]. Melt availability is in fact the first fundamental req-
uisite to explain magmatism. The melting should be induced
by common mechanisms, such as the decompression due to
rifting at divergent plate boundaries and/or the release of
fluids/melts by a sinking slab at convergent plate boundaries;
however, in intraplate settings other processes may also play
a role. These usually consist of slab steepening, slab break-
off, and lithospheric/intramantle delamination, as well as the
upward suction of the mantle or retreatment of the litho-
sphere in W- or E-NE-directed subductions, respectively; all
these processes result in the rise of asthenosphere replacing
lithosphere [e.g., Chalot-Prat and Girbacea, 2000; Şengör
et al., 2003; Doglioni et al., 2009; Gioncada et al., 2010;
Ducea, 2011]. The other uncertainty regards the definition of
the structural control on the rise and extrusion of magma.
This is commonly, but not exclusively, related to the activity
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of fault systems providing pathways for the rise and
emplacement of magma [Grocott et al., 1994;McNulty et al.,
1998; Acocella and Funiciello, 2010]. In intraplate settings,
the location, activity and kinematics of the crustal structures
possibly related to magmatism may not be straightforward
[e.g., Chalot-Prat and Girbacea, 2000; Riller et al., 2001;
Acocella et al., 2011, and references therein]. Therefore, only
the knowledge of both the deeper geodynamic setting and the
structure of the brittle crust may allow a proper understand-
ing and explanation for volcanic activity. For example, the
inferred location of Mt. Etna on the side of a rift zone
[Monaco et al., 1997] does not completely justify the local-
ized and exceptional output rate, and additional, deeper
mechanisms were invoked [Gvirtzman and Nur, 1999;
Doglioni et al., 2001].
[4] The Alpine-Himalayan collisional belt includes large

intraplate volcanoes, possibly indirectly related to plate
boundary convergence, but not located above active subduct-
ing slabs. Several of these volcanoes are active and located in
the Turkish-Iranian plateau (Figure 1), such asMt. Ararat (East
Anatolia) and Mt. Damavand (Central Alborz) [Yilmaz et al.,
1998; Mehdizadeh et al., 2002; Davidson et al., 2004;
Liotard et al., 2008; Kheirkhah et al., 2009, and references
therein]. Other volcanoes are extinct, but still in the same
tectonic setting [e.g., Alberti et al., 1980; Karakhanian et al.,
2003; Shabanian et al., 2009b], suggesting a persistence and
continuity of intraplate magmatism also in the Late Cenozoic.
[5] This study tries to provide constraints to define the

tectonic setting of intraplate volcanoes along the East
Anatolia-Iranian portion of the Alpine-Himalayan collisional
belt. To this aim, we (1) analyze the Miocene-Pliocene
Sar’akhor volcano in NE Iran, using remote sensing, field
and petro-chemical data, and (2) place it in a wider context,
considering the features of the nearby active analogues
(Mt. Ararat and Mt. Damavand), to better understand the

possible tectono-magmatic processes in intraplate settings
and to propose a general model for intraplate volcanoes in
the Turkish-Iranian plateau.

2. Tectonic Setting of NE Iran and the Meshkan
Area

[6] Late Mesozoic northward motion of Arabia with respect
to Eurasia was partly associated with subduction under Central
Iran, with collision between �35 to 12 Ma [e.g., Hessami
et al., 2001; Agard et al., 2005; Vincent et al., 2005; Guest
et al., 2006; Mouthereau et al., 2012, and references therein].
The Arabia-Eurasia convergence is accommodated at a rate
of 26 � 2 mm/yr at �59�E [e.g., Vernant et al., 2004;
Reilinger et al., 2006]. The Turkish–Iranian plateau (Figure 1)
is not undergoingmajor crustal thickening [e.g., Jackson et al.,
1995; McClusky et al., 2000], although earlier collision-
generating thickening is indicated by both present Moho
depths, ranging from 40 to 70 km [Maggi et al., 2000; Paul
et al., 2006; Radjaee et al., 2010], and post-middle Miocene
contraction [e.g., Allen et al., 2004; Guest et al., 2006;
Mouthereau et al., 2007; Morley et al., 2009]. The plateau
has typical elevations of 1.5–2 km. The ongoing deformation
is principally taken up by strike-slip faulting in NW Iran [e.g.,
Talebian and Jackson, 2002; Copley and Jackson, 2006;
Solaymani Azad et al., 2011b], Alborz [e.g., Ritz et al., 2006],
Zagros [e.g., Authemayou et al., 2006], southern and eastern
Iran [Walker and Jackson, 2004; Regard et al., 2005; Le Dortz
et al., 2009; Farbod et al., 2011] and Kopeh Dagh [e.g.,
Shabanian et al., 2009a] (Figure 1). Shortening is currently
focused on the Zagros (6.5� 2 mm/yr) and Alborz Mountains
(8 � 2 mm/yr) [Vernant et al., 2004]. However, at the litho-
spheric scale, the plateau seems deformed over a broad area,
with vertically coherent deformation [Kaviani et al., 2009].

Figure 1. GTOPO30. Shaded relief image showing the location of Sar’akhor (S), Damavand (D), and
Ararat (A) volcanoes in the northern part of the Arabia-Eurasia collision zone. Fault traces (black line)
are after Bozkurt [2001], Koçyigit et al. [2001], Jackson et al. [2002], Hessami et al. [2003], Shabanian
et al. [2010], and Solaymani Azad et al. [2011a]. Lower left inset shows the geodynamic setting of
Arabia-Eurasia collision/subduction framework. Black arrows and associated numbers (in mm/yr) repre-
sent the present-day Arabia-Eurasia plate velocities after Reilinger et al. [2006].
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[7] The northward subduction of Tethyan oceanic crust
beneath the Iranian microcontinent gave rise to the extensive
Eocene volcanism in central and northern Iran [Berberian and
King, 1981; Berberian et al., 1982; Bina et al., 1986; Stampfli
and Borel, 2002; Agard et al., 2005]. Since Oligocene, vol-
canism has been occurring intermittently [e.g., Jahangiri,
2007] and, since �10 Ma, predominantly within the Turk-
ish–Iranian plateau [e.g., Berberian and Berberian, 1981;
Keskin et al., 1998; Azizi and Moinevaziri, 2009, and refer-
ences therein].
[8] The northeastern part of the Arabia-Eurasia collision

zone lies in NE Iran, including the Kopeh Dagh and Allah
Dagh–Binalud mountains. The NW-trending Kopeh Dagh
Mountains form an active deformation domain separating
Central Iran from Eurasia (Figure 2a). Mesozoic and Ter-
tiary sediments of the Kopeh Dagh were folded into paral-
lel, asymmetric NW trending folds during Oligo-Miocene
compression [Stöcklin, 1968; Afshar Harb, 1979; Lyberis
and Manby, 1999]. These folds are obliquely dissected by
active NNW-trending right-lateral and ENE-trending left-
lateral strike-slip faults [e.g., Tchalenko, 1975; Afshar Harb,
1979; Shabanian et al., 2009a]. The Allah Dagh–Binalud
Mountains (Figure 2a) form NW-trending Mesozoic
paleoreliefs south of the Kopeh Dagh [e.g., Afshar Harb,
1979] that thrusts over the northern margin of Central Iran
[Alavi, 1992]. The Binalud is a collection of the paleo-
Tethys remnants, as well as middle and upper Mesozoic,
and Cenozoic rocks deformed since pre-late Triassic [Alavi,
1992].
[9] The Kopeh Dagh and Allah Dagh-Binalud deforma-

tion domains are structurally connected by strike-slip faults
bounding the triangular-shaped Meshkan area (approxi-
mately 70 � 70 � 100 km) (Figure 2) [Shabanian et al.,
2009b]. This is outlined by three fault systems in a triangu-
lar configuration [Shabanian et al., 2009b]: (1) the E-W
Farhadan Fault, on the northern margin, (2) the �N-S Cha-
kaneh Fault, at the eastern boundary between the Meshkan
area and Binalud, and (3) the NW-trending Meshkan fault
system, on the southeastern boundary with Central Iran
(Figure 2b). The Cenozoic evolution of the Meshkan area
started when an Eocene sedimentary basin formed within the
Alborz-Kopeh Dagh Mesozoic highlands, due to vertical
faulting along the Farhadan and Chakaneh boundary faults
[Shabanian et al., 2009b]. Subsequent episodic deformation/
sedimentation stages occurred during the Eocene to the
Miocene [Amini and Khan-Nazer, 2000; Shabanian et al.,
2009b]. Later, the Neogene tectonic activity was testified
by Miocene to late Pliocene volcanism, and the onset of
strike-slip faulting along the Chakaneh and the Farhadan
faults [Shabanian et al., 2009b]. The inversion of movement
of these strike-slip faults was induced by a regional change,
in NE Iran, in the Plio-Quaternary stress state (section 3).
The passage from a NW- to a NE-trending s1 stress axis,
corresponding to the paleostress and modern stress states,
respectively [Shabanian et al., 2010; Javidfakhr et al., 2011a],
induced active dextral shear along the Chakaneh Fault and
active sinistral shear along the Farhadan Fault [Shabanian
et al., 2009b, 2010].
[10] Long-lasting (�40 to �2.3 Ma) volcanism has

affected both the Meshkan area and the Sabzevar ophiolitic
belt, to the south (Figure 2) [Lensch et al., 1977; Spies et al.,
1983; Amini and Khan-Nazer, 2000]. In the Sabzevar belt,

volcanic activity started since Eocene (�40 Ma) and con-
tinued to the end of Pliocene (�2.3 Ma). To the NE of the
belt, volcanic activity has been localized in a small area (20�
40 km) between the Sabzevar ophiolitic complex and the
Neyshabur fault system, without further post-ophiolitic vol-
canics. Farther north, the Meshkan triangle is the only area
affected by the Neogene volcanism within the Allah Dagh –
Binalud Mountains (Figure 2b). The ages of volcanic rocks
decrease northward, toward the Meshkan area [e.g., Spies
et al., 1983]. Except for some small volcanoes and dikes,
most volcanic activity was concentrated in the northern part
of the Meshkan area (Figures 2b and 3), and characterized by
a few Neogene volcanoes, of which polygenetic Sar’akhor
is by far the largest (�30 km in diameter; Figure 2b).
Sar’akhor is composed of andesitic to dacitic pyroclastics
rocks of Late Miocene to Late Pliocene, which overlie an
olivine basaltic to basaltic lava base emplaced on the folded
Eocene and Oligo-Miocene rocks [Amini and Khan-Nazer,
2000]. Previous studies [e.g., Spies et al., 1983; Bauman
et al., 1983] suggested that a 100–150 km wide magmatic
arc was created by the northward subduction (Cretaceous-
Paleocene) of the steeply dipping slab of the Sabzevar
Ocean, which was definitively closed in the Eocene. The
subduction of this Tethyan seaway [e.g., Shojaat et al., 2003]
resulted in the formation of the Sabzevar ophiolitic and
metamorphic belt, followed by the post-ophiolitic Eocene
to Late Pliocene volcanism [e.g., Lensch et al., 1977; Spies
et al., 1983; Shojaat et al., 2003]. However, as subduction
ended in the Late Paleocene [Lensch et al., 1977; Delaloye
and Desmons, 1980; Spies et al., 1983] the Neogene volca-
nism in the area cannot be simply explained by dehydration
of a subducting slab. The spatial distribution of the Neogene
volcanoes localized in the Meshkan area also needs to be
explained; the surface expression of the Sabzevar subduction
remnant, which is �200 km in length and �10 km in width,
implies widespread volcanism along the strike of the belt.

3. Tectono-Magmatic Features of the Meshkan
Area

[11] In this section original and, subordinately, published
structural, volcanological and petro-chemical information on
the Meshkan area are provided, in order to reconstruct the
possible tectono-volcanic relationships in the area.

3.1. Structural Features

3.1.1. Structural Analyses of Neogene Dikes
[12] Dikes are sub-vertical magma-filled fractures propa-

gating in a direction normal to the minimum principal stress
s3 [e.g., Muller and Pollard, 1977; Nakamura et al., 1977;
Zoback and Zoback, 1980; Delaney et al., 1986; Mount and
Suppe, 1992; Bosworth and Strecker, 1997]. Analysis of
dike swarms yields the direction of the horizontal projection of
either the maximum (s1) or intermediate (s2) principal stress,
which is parallel to the dike orientation [Nakamura, 1977].
[13] In the Meshkan area, dike swarms and single dikes

with different length (0.5–3 km), thickness (from a few
meters to �60 m) composition (dacite and alkaline mafic
rocks; Table 1), and age (post Eocene to pre Pliocene) intrude
the late Eocene and Oligocene rocks (Figures 2b and 3)
[Spies et al., 1983; Ghaemi et al., 1999; Amini and Khan-
Nazer, 2000]. Detailed mapping based on SPOT5 satellite
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imageries allowed us to determine the 2D-geometry of the
dike segments. These are typically sub-vertical, with a pre-
ferred orientation throughout the middle and southern part of
the region (Figure 3). The orientation of each dike was

measured and analyzed using non-weighted rose diagrams
(Figure 3a). All the dikes strike consistently N146 � 10�,
regardless of their size and composition. Given that the
youngest NW-trending dikes intrude Oligocene rocks, their

Figure 2. (a) Tectonic setting of the Meshkan triangle (MT) in NE Iran. Shaded image is based on
GTOPO30 digital topographic data, and fault traces (red line) are after Shabanian et al. [2010]. DF, Doruneh
Fault. A–A′ shows the location of Figure 5d. (b) Simplified geological map of the Meshkan area (modified
after Shabanian et al. [2009b]). Abbreviations are faults and volcanoes: CF, Chakaneh Fault; FF, Farhadan
Fault; MF, Meshkan fault system; SF, Sar’akhor Fault; Mv, Mahrokh-Kuh; Sv, Sar’akhor; Zv, Zohan.
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predominant orientation suggests a Neogene NE-trending
minimum horizontal stress axis (shmin), and a NW-oriented
maximum horizontal compression (shmax) affecting the area
during their emplacement. Such a stress pattern is consistent
with the direction of the principal paleostress axes (s1 =
N140 � 10�, shmin = N50 � 10�) determined from the
inversion analysis of fault kinematic data in NE Iran,
including the study area [Shabanian et al., 2010] (see also
section 3.1.3).
3.1.2. Volcano Elongation
[14] Volcanoes and related structural features have com-

monly been used as paleostress indicators [e.g., Feraud and

Campredon, 1983; Bosworth and Strecker, 1997]. In par-
ticular, volcano elongation and alignment are widely used
stress indicators [e.g., Fiske and Jackson, 1972; Nakamura,
1977; Jackson and Shaw, 1975; Feraud et al., 1980;
Bosworth et al., 2003].
[15] Various volcanic landforms, such as volcanoes, domes

and calderas are well-developed in the Meshkan area
(Figures 4 and 5). Most of these features, especially volcanic
domes, show a preferred elongation, in map view. To study
the possible relationships to the regional stress, a detailed
mapping of these domes has been carried, and the best fit

Figure 3. (a) Map of Miocene-Pliocene dikes (blue closed polygons) affecting the southeastern part of
the Meshkan area. Dashed lines indicate orientation of dikes. Preferred orientation (�N146�E) of the dikes
is shown by the lower left rose diagram. (b) QuickBird image (Google Earth), showing dikes intruded the
Eocene-Oligocene rocks in the southeast of the Meshkan area (see Figure 3a for the location).
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ellipses, with different flattening, are plotted over each
landform (Figure 4).
[16] The flattening f, where f = (LM � Lm)/LM (Lm and LM

are the minor and major axis of the ellipse approximating the
base of the dome in map view, respectively), was used to
weight the statistical analysis of the orientation data in
rose diagrams (Figure 4). The flattening values obtained for
volcanic landforms were divided by the smallest value into
normalized flattening values. Then, the orientation data has
been weighted by related normalized flattening values. That
is, rather than each elongation datum contributing equally to
the final result, more flattened ellipses are adjusted to con-
tribute more than others. In the resulted rose diagrams, thus,
the predominant direction is representative of the preferred
orientation of most elliptical landforms. The elongated axes
of these elliptical volcanic landforms trend between N115�
to N160�, with a mean orientation of N135 � 20�. The more
dispersed orientation of domes with regard to dikes could be

explained by (1) the elliptical geometry of the domes that are
less precise in the orientation analysis than linear dikes, and
(2) external factors, including the initial slope of the dome
base, controlling its overall elongation. Nevertheless, the
mean orientation of N135 � 20� is consistent with the pre-
dominant orientation (N146 � 10�) of the dikes, and lies
around the geologically determined paleostress s1 axis
[Shabanian et al., 2010] (see section 3.1.3). This suggests
that the magma intruded along fissures parallel to the max-
imum horizontal paleostress axis s1, to form domes with a
preferred NW-SE orientation. The emplacement of such
domes at 2.5 � 0.5 Ma [Spies et al., 1983; Shabanian et al.,
2009b; Ghasemi et al., 2010] implies a NW-SE compression
up to Late Pliocene.
3.1.3. Paleostress State and Kinematic Changes Along
the Boundary Faults
[17] Fault kinematic data (fault planes and associated stria-

tions, with well-known slip sense) measured in NE Iran often

Figure 4. (a) Simplified map of volcanic landforms of the Meshkan area, surrounded by best fit ellipses
(blue), analyzed in this study. The upper right weighted rose diagram (see text for more information)
shows the preferred orientation of the elliptical volcanic landforms. (b) Field photograph of a volcanic
dome. The location of the photograph is marked in Figure 4a.
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show multiple sets of striations [Shabanian et al., 2009b,
2010], revealing a multiphase tectonic history (Figures 5b
and 5c). The distinction between sets of striations on the
same fault plane has been done directly on the field, on the
basis of the crosscutting relationships, in order to properly
reconstruct the tectonic history of the region [see Shabanian
et al., 2010]. This approach indicates that two main stress
directions occurred in NE Iran during the Neogene: a first
NW-trending paleostress compression and a second NE-
trending modern compression. While this tectonic variation
was previously described [Shabanian et al., 2010] its effects
on the main tectonic structures and the magmatic evolution
of the area are considered in this study for the first time
(Figure 6).

[18] On the northern border of the Meshkan triangle, along
the WSW-trending Farhadan Fault and other parallel faults,
the initial right-lateral slip changed into the present-day
left-lateral slip (Figure 6). On the E border of the Meshkan
triangle, the initially left-lateral N-S faults parallel to the
Chakaneh Fault are presently reactivated as right-lateral strike-
slip faults (Figure 6). Similarly, the southern part of the area
is affected by nearly parallel NNW-trending strike-slip faults
that cut and displace Eocene and Miocene folded rocks;
stratigraphic markers along the faults were left-laterally dis-
placed (Figure 6c). In the present-day tectonic context, the
NNW-trending faults are right-lateral [e.g., Tchalenko, 1975;
Afshar Harb, 1979; Shabanian et al., 2009a, 2009b, 2010]. In
addition, earlier transtensional faulting along NNW-trending

Figure 5. (a) Simplified volcano-tectonic map of the Meshkan area, indicating the boundary faults and
the Sar’akhor volcano (Sv). Numbers on boundary faults refer to diagrams shown in Figures 5b and 5c,
abbreviations as in Figure 2b. (b and c) Stereoplots of fault kinematic data (fault planes and their associ-
ated striation) measured along the boundary faults (numbers on Figure 5a) indicating the kinematics of
fault during the NW-SE paleostress and NE-SW modern stress compressions, respectively. (d) Idealized
scheme of the lithospheric configuration of the Meshkan area. The thickness of seismogenic layer is based
on Maggi et al. [2000]. The “inferred” lithosphere/asthenosphere boundary and Moho depth are based on
Shad Manaman et al. [2011]. See Figure 2a for the location of cross-section.
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faults, such as the Sar’akhor Fault has changed into the
current transpressional faulting. Applying the NW-trending
paleostress s1 axis to the NW-trending faults implies that the
present-day pure reverse faults at the southern boundary of the
Meshkan area had mainly been right-lateral faults (Figure 6).
More in general, the stress change resulted in the inversion
of the previously active strike-slip tectonic regime within the
Meshkan triangle (Figure 6). Given the geometry of the faults
bounding the Meshkan area, left-lateral faulting along the
Chakaneh Fault and right-lateral displacement along the Far-
hadan Fault during the NW-trending s1 caused southwest-
ward extrusion of the Meshkan triangular area (Figure 6).
Such a motion could have produced local extension at the
northern corner of the Meshkan triangle, where Sar’akhor
volcano is located, enhancing decompression, partial melting
and volcanism.
[19] There is no constraint on the age of this kinematic

change in NE Iran [see Shabanian et al., 2010, and references
therein]. But, Shabanian et al. [2009b] show that a NW-
trending elliptical volcanic dome dated at �2.4 Ma has been
right-laterally offset along the N-S Chakaneh Fault. Assuming
that the domewas formed during the paleostress activity (NW-
trending s1), its subsequent right-lateral displacement along

the N-S Chakaneh Fault suggests a maximum age of�2.4 Ma
for the change in the Plio-Quaternary stress state. Also, the
amount of total displacement along the boundary faults during
the activity of paleostress state is unclear. However, the res-
toration of both geomorphic and geological markers offset
along the Farhadan (�7 km left-laterally) and Chakaneh
(�6 km right-laterally) faults since the establishment of the
present-day tectonic regime [Shabanian et al., 2009b] implies
�8 km of northeastward translation of the Meshkan triangle
after the tectonic inversion. Several studies document a simi-
lar, but sometimes diachronous drastic change in the late
Cenozoic tectonic regime of north and northeast Iran [see
Shabanian et al., 2010, and references therein]. This change
may be due to the onset of northward subduction of the South
Caspian Basin, and/or changes in the structural configuration
or lithospheric characteristics of N and NE Iran during an
evolving collisional convergence. At the moment, the cause of
this tectonic change remains unclear.

3.2. Compositional Features of the Meshkan
Magmatism and Sar’akhor Volcano

[20] Sar’akhor volcano is the most significant Miocene –
Pliocene magmatic product in the Meshkan area. Today, the

Figure 6. Idealized models illustrating the tectonic evolution of the Meshkan area. (a) Southwest extru-
sion of the Meshkan triangle and volcanic activity localized in Sar’akhor volcano. Almond-shaped poly-
gons are opening fissures parallel to the NW-SE compression. (b) Tectonic inversion in the area after the
change in stress from the NW- to NE-trending compressions by Late Pliocene. The motion on faults has
been inverted and some volcanic domes have right-laterally been displaced along the eastern boundary
fault. Numbers on faults refer to fault kinematic data presented in Figures 5b and 5c. (c) A series of nearly
parallel NNW-trending strike-slip faults that cut and left-laterally displace stratigraphic markers of Eocene
and Miocene ages. See Figure 2b for the location.
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volcano is significantly eroded, and only its mid to lower
portion is preserved, with a diameter of �30 km (Figure 2b)
and an altitude of nearly 2500 m, i.e., a height of �800 m
from its base. The volcano represents the last relevant
magmatic episode in the Meshkan area. Spies et al. [1983]
and Bauman et al. [1983] report age and compositional
data of the volcanic rocks in the region between Quchan and
Sabzevar, including the Meshkan area. They highlight the
presence, in the last 40 Ma, of subalkaline andesites to
dacites, with calc-alkaline affinity, and of mafic alkaline

rocks (Figure 7a); the dacite rocks occur as isolated plugs,
domes and dykes intruding andesitic rocks. The andesites
(mainly pyroclastics, with few lava banks) and dacites range
in age from 41 � 2.1 to 2.7 � 0.2 Ma becoming younger
northward, reaching Late Miocene to Late Pliocene ages
in the Meshkan area. Three individual samples from mafic
alkaline rocks are dated between 26.2 � 1.3 and 18.5 �
0.9 Ma. The Sr isotopic ratios, corrected for age, are 0.7040–
0.7057 for andesite and dacite rocks, and 0.7037–0.7057 for
mafic rocks [Bauman et al., 1983]. Spies et al. [1983]

Figure 7. (a) Total alkali-silica diagram for Ararat, Damavand andMeshkan region rocks showing different
subalkaline to moderately alkaline characters of the rocks. For Meshkan rocks, dashed polygon outlines data
in Spies et al. [1983]; solid contour shows data in Table 1. The inset shows the Na2O/K2O ratio only for rocks
with MgO > 4 wt%. Dots, Meshkan mafic rocks in Table 1; open circles, mafic rocks in Spies et al. [1983].
(b) Primitive mantle-normalized trace element patterns for the Meshkan andesite and dacite rocks (gray field)
and Meshkan mafic rocks (dots); mafic rocks from Damavand (white field) and Ararat (dashed field) are also
shown. (c) Chondrite-normalized REE patterns for the Meshkan, Damavand and Ararat rocks; symbols as
in Figure 7b; normalization factors for Figures 7b and 7c after Sun and McDonough [1989]. (d and e) Sr/Y
versus Y and (La/Yb)cn versus Ybcn diagrams, respectively, showing the adakite signature of the Meshkan
andesitic and dacitic rocks. FC, fractional crystallization. (f) La versus Nb diagram showing the high incom-
patible elements content of Damavand rocks [Mehdizadeh et al., 2002;Mirnejad et al., 2010] compared with
Ararat [Kheirkhah et al., 2009] and Meshkan rocks (Table 1); also, the higher La/Nb of Damavand compared
with Meshkan mafic rocks and OIB-like Sivas and Karakalidag magmatism.

SHABANIAN ET AL.: STRIKE-SLIP FAULTS AND VOLCANISM TC3013TC3013

10 of 25



interpret the dacite and andesite magmas as related to partial
melting in the mantle wedge, following the post collisional
detachment of the downgoing oceanic plate; partial melting
at greater depths caused the alkaline magmas.
[21] Ghasemi et al. [2010] presented a petrographic and

geochemical study of the Meshkan rocks based on a new set
of samples (Table 1). K/Ar age estimates of these rocks
range from 19.5 � 0.5 to 2.29 � 0.08 Ma. The composition
of the analyzed samples confirms the presence of both
andesite-dacite and mafic alkaline rocks, which have been
reported by Spies et al. [1983] (Figure 7a). In the diagrams
showing the concentration of primitive mantle-normalized
elements (Figure 7b), all andesite and dacite samples display
negative anomalies in Nb-Ta, P and Ti; anomalies in Pb are
positive or negative. The mafic samples show similar nega-
tive anomalies in Nb-Ta, but, no anomalies in P and Ti. In
chondrite-normalized REE diagrams (Figure 7c), andesite
and dacite rocks show variably fractionated patterns, with
(La/Yb)cn between 10 and 40, and no Eu anomaly. Similar
patterns, but with (La/Yb)cn between 10 and 20, are
observed in the mafic samples.
[22] The trace element and Sr isotope features of the

Meshkan mafic rocks suggest that their primary magmas
may have originated from an isotopically heterogeneous
source [e.g., Chalot-Prat and Girbacea, 2000;McCann et al.,
2010, and references therein], probably, due to an older
subduction (Paleotethys oceanic plate) under the Binalud
Mountains [e.g., Alavi, 1996] resulting in a metasomatized
mantle beneath the Meshkan area.
[23] As regards the andesite and dacite rocks, the geo-

chemical data as a whole do not favor a derivation of those
magmas from the Meshkan mafic magmas through differ-
entiation processes involving fractional crystallization, in
agreement with Spies et al. [1983]. The high Sr/Y (20–90),
low Y (<20 ppm) and high (La/Yb)CN of most andesite and
dacite samples suggest an adakitic character for these vol-
canic rocks (Figures 7d and 7e) [see Drummond and Defant,
1990]. These low Y, low Yb (<2 ppm), high La/Yb, high Sr,
as well as the silicic character and the low 87Sr/86Sr of some
samples (down to 0.7040) are in agreement with an origin of
the magmas by partial melting of a garnet-bearing, plagio-
clase-free source, which could be represented by the meta-
morphosed basalts of an oceanic crust forming the slab
(possibly as old as Variscan) foundering after the cessation
of subduction [Ghasemi et al., 2010]. The slab melts could
have interacted with the metasomatized mantle wedge, thus
explaining the trace elements patterns and the variable
(87Sr/86Sr)i. However, according to the low MgO wt% of
these rocks, the interaction with the mantle peridotite was
moderate. The as high as 0.7057 Sr isotopic ratios of some
dacites could also be explained by contamination with
crustal material; the latter should not have been volumetri-
cally negligible, given the relatively high Sr content of these
rocks. This is supported by the presence of crustal enclaves
(gneiss, siltstone, marl and pelite) in the Meshkan andesitic
to dacitic volcanic rocks [Ghasemi et al., 2010]. Additional
data, especially Nd and Pb isotope data, may better constrain
the slab melting model and the possible involvement of
sediments, mantle peridotite and crustal components.
[24] In the evaluation of the slab melting process, it has

been suggested that the oceanic crust may undergo melting if
still warm, that is younger than about 20 Ma, and slowly

subducted [Peacock et al., 1994]. Instead, some of the ada-
kite rocks in the Meshkan area have been dated at only 2.4�
1.0 Ma [Shabanian et al., 2009b; Ghasemi et al., 2010], and
may not be easily related to the generation of magma by
partial melting of the slab. In addition, several works have
suggested the difficulty for low fractions of melts above a
slab to reach the surface, as these react with the mantle rocks
and may get rapidly absorbed [e.g., Chalot-Prat et al., 2010;
Topuz et al., 2011, and references therein]. Alternatively,
recent experimental works and geochemical modeling have
shown that the trace element features of adakitic composi-
tions may be produced by a number of petrogenetic pro-
cesses [see Castillo, 2012 for a review], including melting in
the lower mafic portion of a thickened crust, leaving garnet
as a residue [e.g., Stern, 2002; Macpherson et al., 2006;
Chiaradia et al., 2009]. In the Meshkan area, the crust is
currently 48–50 km thick (Figure 6d) [Shad Manaman et al.,
2011] and the base of the crust is not too distant from the
pyrope garnet stability field [see Topuz et al., 2011, and
references therein]. Therefore, this scenario may also be
plausible and could explain the crustal isotopic signature of
most of the Meshkan adakites.
[25] The long-lasting eruption of the Meshkan adakitic

magmas implies the generation of the adakitic melts more
than 20 Ma after the cessation of the Sabzevar subduction
(Late Paleocene) [Lensch et al., 1977; Delaloye and
Desmons, 1980; Spies et al., 1983]. To explain such a time
gap and the prolonged generation of adakitic melts, either
by slab or mafic lower crust melting, a temperature pertur-
bation induced by a hot asthenospheric upflow is required.
Several models, which are not mutually exclusive, may be
envisaged.
[26] The upflow of asthenospheric mantle could be due to

post-collisional slab break-off; this would enhance melting
of slab portions during a prolonged period after cessation of
the subduction. Such a process has been inferred for the
emplacement of adakite magmas during the post-collisional
activity of the nearby Urumieh-Dokhtar magmatic arc, in
Late Miocene [Jahangiri, 2007] and Plio-Quaternary
[Khodami et al., 2009]. Partial melting of the slab may also
be occurring by adiabatic decompression when the detached
slab becomes warmer and positively buoyant in the upper
mantle due to conductive heating [e.g., Green et al., 2001].
However, both the continental and oceanic lithospheres
seem to be lighter than the asthenosphere, particularly if
serpentinized [e.g., Kelly et al., 2003], preventing to gener-
alize the slab break-off scenario.
[27] Another possibility to explain the upwelling of hot

asthenosphere is a post-collisional thinned continental lith-
osphere, due to intramantle delamination [e.g., Chalot-Prat
and Girbacea, 2000]. Alkaline rocks, erupted between 15
and 2 Ma in Central Iran, west of the Lut block [Saadat
et al., 2010], were also interpreted to signal a lithospheric
delamination process [see also Al-Lazki et al., 2004] that
allowed the asthenosphere uprise. This is in agreement with
(1) the anomalous hot and/or thin mantle lid under Central
Iran, inferred from the broad Pn low-velocity anomalies
[Al-Lazki et al., 2004], and (2) the upper mantle S-velocity
structures across the Iranian plateau [Shad Manaman et al.,
2011], which indicate low-velocity overriding material
beneath Central Iran. The Meshkan area lies at the northern
boundary of this low-velocity zone. Thus, interpreting the
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magma of the Meshkan area as resulting from the Central
Iran delamination should not be excluded.
[28] Finally, discussing mantle wedge asymmetries versus

the polarity of subduction zones, Doglioni et al. [2009]
suggested that similar magmatic events may be generated
along the retrobelt of orogens by the upward suction of the
mantle beneath the end-member E- or NE-directed subduc-
tion zones [see also Doglioni et al., 1999, 2007]. Neverthe-
less, the steeply dipping character of the Sabzevar oceanic
slab [Spies et al., 1983], the N-directed polarity of the sub-
duction zone, and the �25 Ma time gap between the end of
subduction and the volcanism in the Meshkan area (dis-
cussed above) may have not provided optimal conditions for
the upward suction of the mantle.
[29] In summary, among several existing models, the

hypotheses of slab detachment and/or lithospheric delami-
nation may better explain the upflow of asthenospheric
mantle and temperature perturbation, and consequently, the
long-lasting magmatism in the Meshkan area. Nevertheless,
the present knowledge of the mantle structure beneath the
Meshkan area does not allow us to discriminate between
these hypotheses.

3.3. Volcanological Features of Sar’akhor Volcano

[30] The former height of the Sar’akhor volcanic edifice
was reconstructed to evaluate both its size and productivity,
and eventually, to compare these parameters with analogues
currently observed in the Arabia-Eurasia collision zone. To
estimate the paleo-height of Sar’akhor volcano, we use two
distinct and original methods based on (1) the dip of volca-
nic deposits, and (2) the overall rock composition.
[31] According to the first method, good exposures of the

volcano base are found on its northern flank. Here, repeated
measurements of the attitude of the deposits constituting the
base of the volcano were taken from satellite image of the
volcano superposed on SRTM digital topographic data
(Google Earth and GeoMapApp software). Along a �5-km-
wide zone on the north and northeast flanks of the volcano,
at a mean altitude of 2100 m, the dip of these deposits is
constantly �20�. The strike of stratified volcanic deposits
slightly changes from E-W on the north flank to NW-SE on
the northeast flank, highlighting a tangential configuration
(Figure 8). Using the horizontal distance of the deposits from
the inferred summit, the height of the volcano above the
mean altitude of the measurement points can be inferred
through the linear extrapolation of the dip of these deposits
toward the summit (Figure 8). There are two candidates for
the former volcano summit; the “present summit” located to
the east of the Sar’akhor Fault, and the inferred “eroded
summit” located to the west of the fault (Figure 8), at the
respective mean horizontal distances of �3.5 and �8.9 km
from the deposits (Figure 8). The NE side of the NE-dipping
Sar’akhor Fault has been displaced upwards of �110 m
[Shabanian et al., 2009b], forming the “present summit”
(�2510 m); this is higher than the “eroded summit”
(�2440 m). Interestingly, the continuation of the dip-
direction of the two domains of deposits defines an elliptical
area in which the former summit is expected to lie (Figure 8).
The present summit is on the northern border of the ellipse,
and the eroded summit, after the restoration of the �3 km
right-lateral displacement of the Sar’akhor Fault [Shabanian
et al., 2009b], locates in the western corner of the ellipse

(Figure 8b). As both possibilities are plausible, our estimate
for the height of volcano incorporates both the �3.5 and
�8.9 km horizontal distances of the deposits from the pos-
sible former summits, as lower and upper bounds, respec-
tively. This yields an additional height between �1200 and
�3050 m above the 2100 m mean altitude of the measure-
ment points; that is, the volcano reached an initial altitude
between �3300 and �5150 m above sea level (Figure 8).
Given that the base of the Sar’akhor volcano is presently
located at �1700 m, the edifice is expected to have been
2500 � 900 m high. Such an estimate, even though far from
being precise, relies on the assumption that the dip of the
deposits maintains constant toward the summit. However, in
most stratovolcanoes the dip of the deposits increases toward
the summit, and the volcanoes commonly show a concave-
upward profile. So, this mean estimated value has to be
considered as a minimum.
[32] For the second method, we evaluated a general rela-

tionship between the composition of the volcano and the
overall shape of the edifice. For this purpose, we considered
the SiO2 content (in weight %) of the magmas, taken as
representative of their viscosity, plotted against the aspect
ratio A (height/width) of the volcanic edifice. We compiled
these data for fourteen polygenetic volcanic edifices world-
wide, with a morphology ranging from mafic shield volca-
noes to steep felsic stratovolcanoes (Figure 9). Despite the
large variability in the SiO2 content shown by some volca-
noes, there is an evident proportional relationship with the
aspect ratio, showing how steeper volcanoes are character-
ized by rocks with higher mean SiO2 contents (Figure 9). No
detailed mineralogical study exists on Sar’akhor volcano;
however, field evidence indicates the same rocks types as the
domes and volcanic centers in the area (e.g., Markuh
[Ghasemi et al., 2010]). In addition, Spies et al. [1983]
reported similar andesitic to dacitic characteristics for the
Miocene - Pliocene volcanics throughout the area. Accord-
ingly, we suggest an andesite to dacite composition with
adakite characteristics for Sar’akhor rocks, and a mean SiO2

content similar to other stratovolcanoes in the Meshkan area
(60 � 10% weight; Table 1) corresponding to an aspect ratio
of �0.12 in the diagram in Figure 9. Considering the present
diameter of the Sar’akhor edifice (�30 km), we estimate its
former height, above the basement, at �3600 m.
[33] In summary, the two independent estimates allow

reconstructing the former height of the Sar’akhor volcanic
edifice, above its base, in the order of 3000 � 900 m. This
value implies that the volcano, characterized by a relevant
height, had significant productivity in an intraplate colli-
sional setting.
[34] Several Neogene polygenetic volcanoes, responsible

for the emission of calc-alkaline to ultrapotassic orogenic
rocks or, more in general, intraplate-type rocks, are found in
the Turkish-Iranian Plateau [e.g., Spies et al., 1983; Aftabi
and Atapour, 2000; Kheirkhah et al., 2009; Ahmadzadeh et
al., 2010]; of these, the Miocene - Pliocene Sar’akhor is
the easternmost. Current nearby analogues of Sar’akhor,
sharing an overall similar collisional intraplate setting and
size, are Ararat (Northeast Anatolia) and Damavand (Central
Alborz) volcanoes (Figure 1c). In the section below, the
comparison of Ararat and Damavand volcanoes to Sar’akhor
allows getting more insights on the development of these
large individual intraplate edifices.
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4. Overview of the Tectono-Magmatic Features of
Ararat and Damavand Volcanoes

4.1. Tectono-Magmatic Features of Ararat Volcano

[35] Several active volcanoes in NE Anatolia and NW Iran
are responsible for Holocene eruptions, the latter of which
fromMt. Ararat in 1840 [Yilmaz et al., 1998; Karakhanian et
al., 2002, 2004; Kheirkhah et al., 2009] (Figure 1). Active
volcanism in this region includes fields with monogenetic
cones (Porak, Vaoyts-sar, Smbatasar, Tskhouk, and Maku),
large calderas (Nemrut), shield volcanoes (Tendurek), com-
posite volcanoes and stratovolcanoes (Süphan, Ararat)
[Yilmaz et al., 1998; Karakhanian et al., 2002, 2004;
Kheirkhah et al., 2009]. Ararat is the largest active volcano in
NE Anatolia and NW Iran. Ararat is a calc-alkaline, poly-
genic, compound stratovolcano [Yilmaz et al., 1998] rising
more than 4 km above the surrounding plains, reaching an

altitude of 5165 m. The volcano consists of two major edi-
fices: the Greater Ararat (5165 m) and the Lesser Ararat
(3925 m), to the southeast. The distribution of parasitic cones
and the main fissure eruptions on the flanks of the volcano
highlight a preferred NW-SE alignment [Karakhanian et al.,
2002]. This reflects the trend of the major NW-SE trending
structures in the area, with a predominant dextral motion
[Dewey et al., 1986] stable over the last �5 Ma [Copley and
Jackson, 2006]. These dextral faults develop several pull-
apart structures and control volcanic activity [Karakhanian et
al., 2002 and 2004]. Mt. Ararat lies on the NW portion of a
large (320 � 80 km) transtensional relay zone comprising
several pull-apart structures controlled by NW-striking dex-
tral faults, such as the Sardarapat Fault [e.g., Karakhanian
et al., 2002, 2004], and the North Tabriz Fault [Berberian
and Arshadi, 1976; Berberian and Yeats, 1999; Hessami
et al., 2001; Solaymani Azad, 2009] at the northern and

Figure 8. Geometric reconstructions of the paleo-height of Sar’akhor volcano by extrapolating the dip
(�20�) of the deposits toward the current and inferred eroded summits. Ellipse marks the intersection zone
between the two domains of deposit attitudes (light yellow bound). Yellow triangle shows the location of
the eroded summit after the restoration of �3 km right-lateral offset along the Sar’akhor Fault [Shabanian
et al., 2009b]; see text for details. A–B in the lower part is a topographic profile across Sar’akhor volcano after
the restoration of �3 km dextral offset. Shaded relief image is based on SRTM digital topographic data.
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southern extremities, respectively. In particular, below
Ararat, the Maku Fault ends into a transtensional horsetail
structure made of �NNW-striking splays branching from
the main structure [e.g., Karakhanian et al., 2002, 2004].
Such a structural pattern is inferred to control both the
location of the Greater and Lesser Ararat volcanoes, and the
preferred alignment of the parasitic cones [Karakhanian et
al., 2002, 2004].
[36] The Ararat rocks are trachybasalts and andesites

(Figure 7a). The trachybasalts are slightly ne-normative,
have K2O < 1 wt% and rather low LILE content compared
with the other volcanoes of the Turkish-Iranian plateau (e.g.,
Figure 7b), and have moderately high LILE/HFSE. The
interpretation of the magmatic activity in the region is
complex, due to the variety of magmatic types, including
calc-alkaline, intraplate-type rocks [Kheirkhah et al., 2009]
and ultrapotassic rocks [Ahmadzadeh et al., 2010]. The
models to explain the genesis of these different magmas are
mainly based on geophysical evidence indicating hot and
partially molten asthenospheric material close to the base of
the crust under eastern Turkey. The Moho depth varies
between 30 and 55 km and the lithosphere is anomalously
thin (60–80 km) [Gök et al., 2003; Al-Lazki et al., 2003;
Angus et al., 2006; Tabatabai et al., 2008]. This indicates
that the lithospheric mantle is absent, and that the astheno-
spheric mantle is directly located beneath the crust [Al-Lazki
et al., 2003]. Such a lithospheric structure suggests that the
uplift of the plateau results from compensation of litho-
spheric thinning by the asthenospheric mantle, rather than

crustal thickening [e.g., Al-Lazki et al., 2003; Copley and
Jackson, 2006]. This structure is in agreement with a post
collisional process of delamination of lower lithosphere
portions [e.g., Pearce et al., 1990; Keskin et al., 1998;
Maggi and Priestley, 2005], rather than break-off of the
subducted oceanic slab [Keskin, 2003, 2007; Şengör et al.,
2003; Kheirkhah et al., 2009], to allow hot asthenospheric
material replacing mantle wedge portions. Lei and Zhao
[2007] favor the slab-break-off hypothesis through tele-
seismic tomography; however, a geophysically imaged slab-
like structure may also result from mantle delamination, as
reported in the southern Carpathians [Chalot-Prat and
Girbacea, 2000].
[37] Kheirkhah et al. [2009] have explained the REE pat-

terns and Y contents of the Ararat magmatism by partial
melting in a thin lithospheric mantle at depths shallower than
the garnet stability field. The LILE/HFSE values imply that
the lithospheric mantle had been modified by elements car-
ried by fluids/melts mobilized during subduction. The partial
melting of the lithospheric mantle after the onset of Arabia-
Eurasia collision has been related to the detachment of slab,
which is inferred as the most plausible mechanism for the
uprise of hot asthenosphere [Dilek, 2006; Kheirkhah et al.,
2009, and references therein].

4.2. Tectono-Magmatic Features of Damavand
Volcano, Central Alborz

[38] Damavand is an intraplate composite stratovolcano in
Central Alborz (Figures 10 and 11) [e.g., Brousse and Moine

Figure 9. Compositional method to reconstruct the paleo-height of Sar’akhor volcano, based on the
mean SiO2 (wt %) content of the magma associated with different volcanic edifices with certain aspect
ratio A (A = height H/width W of edifice). The table lists the data. The diagram relates the SiO2 content
of the volcanoes to their A. White circle shows the resulting inferred A of Sar’akhor. See text for details.
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Vaziri, 1982; Davidson et al., 2004]. The Alborz Mountains
surround the oceanic crust of the South Caspian Basin [e.g.,
Berberian, 1983; Jackson et al., 2002; Allen et al., 2003a].
Alborz has undergone a complex evolution, including various
compressional episodes separated by extensional phases [e.g.,
Stöcklin, 1968, 1974; Berberian and King, 1981; Berberian,
1983; Alavi, 1996; Zanchi et al., 2006]. The Central Alborz
form a �100-km-wide asymmetric “V”-shaped structure,
characterized by folds and faults trending WNW-ESE in the
western part, and NE-SW in the eastern part [e.g., Stöcklin,
1968, 1974; Berberian, 1983; Jackson et al., 2002; Allen
et al., 2003b; Guest et al., 2006; Nazari, 2006; Ritz et al.,
2006; Solaymani Azad et al., 2011b]. Damavand is located
within a transition zone between the WNW-ESE and NE-SW
structural trends, and reaches an altitude of 5670 m. Even
though its base is resting on a ≥2500 m high plateau, the vol-
canic edifice itself is >3000 m-high.
4.2.1. Damavand Volcanism
[39] Damavand volcano results from the accumulation of

>400 km3 of trachyandesite lavas and subordinate pyro-
clastic material [Allenbach, 1966; Mehdizadeh et al., 2002;
Davidson et al., 2004]. Conversely to Mt. Ararat, Damavand
constitutes the only polygenetic volcano in Central Alborz,
representing an isolated example of volcanism. The current
cone (Young Damavand) rests upon an eroded apron of
earlier deposits related to the eruption of the Old Damavand,
slightly to the northeast, without evident compositional dis-
tinction [Davidson et al., 2004]. The Young Damavand is
NE-SW elongated with flattening f �0.33 (see section 3).
The same NE-SW trend is also highlighted by the alignment
of the few parasitic vents (Figure 10) on the SW and NE
flanks of the volcano [Brousse and Moine Vaziri, 1982;
Davidson et al., 2004; Liotard et al., 2008], suggesting a
focusing of volcanic activity along the NE-SW direction.
This direction is coincident with the modern NE-SW com-
pression in the Central and Eastern Alborz [e.g., Tchalenko
et al., 1974; Zanchi et al., 2006; Abbassi and Farbod,
2009; Javidfakhr et al., 2011a]. The earliest eruptions of

Damavand began at ca. 1.8 Ma, when more mafic magmas
were erupted. Then, up to 7 ka, a much larger volume of
differentiated magma was erupted, indicating the emplace-
ment of a stable storage system in the crust, allowing frac-
tional crystallization and crustal assimilation [Mehdizadeh et
al., 2002; Davidson et al., 2004].
[40] According to Liotard et al. [2008], the most primitive

rocks are shoshonitic basalts (absarokites) (Figure 7a),
characterized by high LILE/HFSE, high La/Yb, La/Nb
(Figure 7b) and Th/Ta, low Sr and high Nd isotope ratios.
Most of the products are intermediate rocks of a shoshonitic
suite (banakites), with higher Sr and lower Nd isotope ratios
compared to the mafic rocks. The geochemical modeling
and the correlation of Sr, Nd and Pb isotope data with the
differentiation degree indicate that the Damavand suite may
derive from differentiation in crustal reservoirs by fractional
crystallization and crustal assimilation, starting from mantle-
derived parent magmas. The primary magmas may have
originated by low degrees of partial melting of a metaso-
matized mantle source in which a K-bearing phase, possibly
phlogopite, was present. The high Ba content and Ba/Nb
suggest that metasomatism occurred by means of subduc-
tion-derived fluids carrying fluid-mobile elements. The high
La/Yb is in agreement with a rather deep mantle source, in
the garnet stability field. As regards the causes for Dama-
vand primary magma genesis, given the post-collisional
setting, Liotard et al. [2008] consider it unlikely that the
fluids responsible for metasomatism of the mantle source
induced partial melting. Liotard et al. [2008] link the meta-
somatic features to an older subduction, and relate the initi-
ation of partial melting to the higher temperatures in the
mantle following the suggested lithospheric delamination in
the region [Pearce et al., 1990; Davidson et al., 2004;
Sodoudi et al., 2009]. Geochemical data also do not support
a subduction-related magmatism [Davidson et al., 2004],
conversely to previous studies [Aftabi and Atapour, 2000].
Also, current subduction beneath the Damavand volcano is
not supported by seismic data, and no surface expression of
an associated trench or suture has been identified [see
Davidson et al., 2004]. Mirnejad et al. [2010] also argue
against a role for subduction-related fluids and highlight the
intraplate character of Damavand rocks on trace element
discrimination diagrams. In their work, the Damavand pro-
ducts are alkali olivine basalts and trachyandesites, and their
geochemical features are explained with low degrees of
partial melting of an enriched mantle source, with slight
upper crustal contamination accompanying differentiation
processes in the crust. These authors, therefore, envisage a
different, enriched, mantle source, but agree on the delami-
nation of a thickened lithosphere being a probable cause for
initiating partial melting.
[41] The delamination hypothesis to explain magmatism at

Damavand is also supported by several geophysical data in
Central Alborz; despite average elevations of 2000 m, the
crustal thickness beneath Central Alborz is estimated at
�46–58 km [Sodoudi et al., 2009; Abbassi et al., 2010;
Radjaee et al., 2010]. Below Damavand, the larger crustal
thickness, estimated at 55–68 km, is explained with the
addition of magma at the base of the crust, with a relatively
thin lithospheric mantle [Sodoudi et al., 2009; Shad
Manaman et al., 2011]. The Alborz Mountains may have
been previously over-thickened [Dilek and Moores, 1999],

Figure 10. Schematic structural map of the Damavand
volcano highlighting faults and the main fracture systems
(red lines) and vents (black dots). Underlying DEM kindly
provided by GeoMapApp (http://www.geomapapp.org).
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but are now largely underlain by anomalously low-density
upper mantle and a hot and weak lower crust and mantle
[Toksöz and Bird, 1977; Kadinsky-Cade et al., 1981; Guest
et al., 2007]. Also, an inefficient Sn wave propagation, a
high attenuation and a low Q have been highlighted below
Central Alborz, similarly to NW and NE Iran [Kadinsky-
Cade et al., 1981; Rodgers et al., 1997; Rahimi et al.,

2010]. Finally, the Central Alborz underwent significant
uplift (�10 km) in the last 5Ma, from the onset of continental
collision [Axen et al., 2001; Allen et al., 2002], even though
the collision may have initiated at 12 Ma [Guest et al., 2006].
4.2.2. Tectonic Setting of Damavand
[42] Despite the possibility that lithospheric delamination

may have generated the magma below Damavand, the

Figure 11. (a) Geologic, geodetic and seismologic data characterizing the present-day kinematics of
Central Alborz. Faults are in red [after Jackson et al., 2002; Hessami et al., 2003]. Arrows are GPS veloc-
ity vectors (mm/yr) relative to Central Iran [after Djamour et al., 2010]. Earthquakes focal mechanisms
(beach balls) are from Harvard catalog (http://www.globalcmt.org/CMTsearch.html), while epicenters
are from the ISC–EHB Bulletin (International Seismic Centre, Thatcham, United Kingdom, 2009,
http://www.isc.ac.uk). (b) Idealized tectonic model for the present-day deformation in Central Alborz.
Both geometry and kinematics of tectonic structures and topography in Central Alborz result from the rel-
ative motion (gray arrow) between Central Iran and south Caspian blocks (cross-hatched parts). As a part
of SW motion of the South Caspian Basin-Central Iran may be accommodated by the North Alborz Fault
(NAF), a transition zone occurs between the western compressional and eastern transtensional tectonic
domains. Abbreviations refer to faults: ARF, Alamut-Rud; EKF, East Khazar; FF, Firuzkuh; LF, Lahijan;
MF, Mosha; NF, North Tehran; PF, Parchin; SFS, Shahrud system; TF, Talesh; WKF, West Khazar. (c)
Free-air gravity anomaly (available at http://bgi.omp.obs-mip.fr/index.php/eng/Data-Products) for Central
Alborz and adjacent regions (South Caspian Basin is interpolated). Dashed line shows location of A–A′
profile (below the map) on which the mean value for peaks in free-air gravity anomaly is shown by gray
lines. Damavand lies at the boundary between two distinct domains. (d) Detailed fault map [after
Haghipour et al., 1986; Vahdati Daneshmand, 1991; Aghanabati and Hamedi, 1994; this study] indicat-
ing structural transition between the western and eastern portions of Central Alborz, where the Damavand
volcano is located. KF is Kandavan Fault.
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definition of the structural setting controlling the rise and
extrusion of magma from Damavand is more debated. Here
we propose an original working hypothesis of the tectonic
setting of Damavand, based on all available data.
[43] According to geological [e.g., Allen et al., 2003b; Ritz

et al., 2006; Nazari, 2006] and seismological studies [e.g.,
Jackson et al., 2002; Tatar et al., 2007; Tatar and Hatzfeld,
2009], the present-day deformation in Alborz appears parti-
tioned along range-parallel thrusts and left-lateral faults.
However, the interaction between the asymmetric “V” shape
structure of Central Alborz and the rotational motion of
the South Caspian Basin relative to Eurasia produces a more
complex velocity field [Djamour et al., 2010]. At the south-
ern side of the Alborz, left-lateral faulting is well documented
by focal mechanisms of earthquakes within both the western
part, along WNW-striking faults, such as the Mosha Fault
[e.g., Hedayati et al., 1976; Jackson et al., 2002; Ashtari
et al., 2005], and the eastern part of Central Alborz along
NE-striking Firuzkuh and Astaneh faults [Nemati et al.,
2011] (Figure 11a). This left-lateral kinematics is also sup-
ported by tectonic geomorphology [e.g., Trifonov et al.,
1996; Allen et al., 2003b; Hessami et al., 2003; Ritz et al.,
2003; Solaymani et al., 2003; Bachmanov et al., 2004;
Solaymani Azad et al., 2011b] and InSAR [Shirzaei et al.,
2011] investigations carried out along the Mosha Fault,
Taleghan and Firuzkuh faults [Nazari, 2006; Nazari et al.,
2009], and the Shahrud fault system comprising the Asta-
neh Fault [Hollingsworth et al., 2010; Javidfakhr et al.,
2011b] (Figure 11b). At the northern side, the southwest- to
southeast-dipping Khazar Fault forms the boundary between
Central Alborz and the South Caspian Basin [e.g., Berberian,
1983; Tatar et al., 2007]. The fault follows the V shape
pattern of the northern flank of Central Alborz, with a com-
plex kinematics [e.g., Allen et al., 2003b; Guest et al., 2006;
Nazari, 2006]. Seismological evidence [Tatar et al., 2007]
suggests that, in the western part, the Khazar Fault is the
source of the 2004 Baladeh thrust faulting earthquake, and
it is at least 35 km deep.
[44] The analysis of a dense network of GPS sites covering

Central Alborz [Djamour et al., 2010] has revealed important
kinematic aspects of the present-day deformation. For the
faults south of the range (Mosha, Firuzkuh, and Astaneh), the
vertical component of faulting is not significant, consistently
with the fact that the faults are mainly left-lateral. Conversely,
the Khazar Fault is divided into two distinct portions: (1) the
western segment is mainly a thrust fault (Figures 11a and 11b)
slipping at �6 mm/yr, with a left-lateral component of �2–
3 mm/yr; (2) the eastern segment (Figures 11a and 11b) is
predominately left-lateral (�5 mm/yr) accompanied with a
lesser component of thrust faulting at �2–3 mm/yr. The
obliquity of the South Caspian Block relative to Central
Iran varies from �25� in the western part of Central Alborz
to �70� in the eastern part of the range [Djamour et al.,
2010] (Figures 11a and 11b).
[45] All these observations imply that the eastern part of

Central Alborz principally accommodates strike-slip defor-
mation, while the western part of Central Alborz takes up
compressional deformation by thrust faulting and shortening
(Figures 11a and 11b). Such a deformation pattern sums up
almost all the geological and seismological observations

mentioned above, and may explain some other features of
the range. For instance, maximum topography of the range is
concentrated in the western part between the compressional
segment of the Khazar Fault and the strike-slip Mosha Fault
(Figure 11b). An abrupt �500 m topographic contrast is
observed between the western parts of Central Alborz,
with a mean altitude of 3500 m, and the eastern part, with
a mean altitude of 3000 m. A similar pattern is also supported
by free-air gravity data (Figure 11c); the western part of
Alborz shows a free-air gravity anomaly of �360 mGal,
while only minor areas in the eastern part exceed an anomaly
of �240 mGal. Interestingly, the boundary for the variation
in topography and free-air gravity anomalies is NE-SW ori-
ented along the southwestward extrapolation of the eastern
segment of the Khazar Fault (Figure 11b). This suggests
that the topography of central Alborz reflects kinematics
and geometry of its structure (Figure 11d), in close interac-
tion with lithospheric adjustment. In fact, free-air gravity
suggests that the elevation of Alborz is largely supported by
the elastic strength of the Iranian and/or the South Caspian
blocks [Radjaee et al., 2010]. However, it appears that
the more compressed WNW-trending portion of the belt is
more affected by such a process; with the Alborz range over-
thrusting the surrounding rigid blocks (Figure 11b). For
Damavand volcano, lithospheric delamination has been pro-
posed as the main cause originating magma production [e.g.,
Davidson et al., 2004; Liotard et al., 2008]. If delamination
has occurred, it is expected that the most compressed and
uplifted area in Central Alborz may also correspond with the
area where a dense mass has been removed at the base of the
lithosphere, consistently with what observed elsewhere
[Gioncada et al., 2010, and references therein]. Under these
assumptions, Damavand may lie in the easternmost part of
the delaminated portion of the range (Figure 11). As reported
above, Damavand is located at the junction between two dis-
tinct (eastern and western) tectonic domains (Figures 11a, 11b,
and 11d). At this boundary, predominant shortening in the
western transpressional regime [e.g., Tatar et al., 2007;
Djamour et al., 2010] turns into an eastern transtensional
regime, with NE-trending left-lateral faulting [e.g., Jackson
et al., 2002; Nazari, 2006; Nemati et al., 2011]. The bound-
ary between the two domains is parallel to the regional NE-SW
s1 stress axis [Abbassi and Shabanian, 1999; Abbassi et al.,
2003; Zanchi et al., 2006; Abbassi and Farbod, 2009;
Javidfakhr et al., 2011a] and to the relative block motion
between the South Caspian Basin and Central Iran [Djamour
et al., 2010]. Moreover, along this boundary, the more
extended eastern part is juxtaposed against the more com-
pressed western part (Figure 11b). This boundary is expected
to experience a significant stress gradient, due to an “edge
effect,” induced by the lower confinement of the crust toward
the east. These differential buttressing conditions may induce
local extension in the crust, enhancing the emplacement of
magma along major crustal fractures below Damavand.
[46] It is thus proposed that the particular location of

Damavand, an isolated stratovolcano within a fold and thrust
belt, may be related to a combination of melt availability due
to delamination of the lithosphere below the shortened area
(Figures 11b and 11c), as well as suitable structural condi-
tions in the crust, provided by the stress gradient (Figures 11b
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and 11d). Along the Alborz range, such a combination of
tectono-magmatic lithospheric processes is apparently met
only in the Damavand area, and may therefore explain its
location and significant magmatic production.
4.2.3. Onset of the Present-Day Kinematics in Central
Alborz
[47] The onset of the present-day kinematics of the South

Caspian Basin is debated [e.g., Axen et al., 2001; Jackson
et al., 2002; Allen et al., 2003a; Ritz et al., 2006;
Ballato et al., 2008; Solaymani Azad et al., 2011b] as it
varies between �5 Ma [e.g., Axen et al., 2001; Allen et al.,
2003a] and 1.5 Ma [Ritz et al., 2006; Solaymani Azad
et al., 2011b]. The upper bound relies on the assumption
that the �3 km total left-lateral offset along the Mosha Fault
has been achieved by cumulative displacements at a constant
Holocene slip rate of �2.2 mm/yr. But, these �3 km of left-
lateral geomorphic offset have been recorded by streams
deflected within the Mosha fault zone (Figure 12) [Ritz et al.,
2006; Solaymani Azad et al., 2011b] and are far from being
representative of the total left-lateral offset of the fault.
Previously, a maximum geological offset of 30–35 km was

proposed by Allen et al. [2003b] comparing two counterparts
of a deformed anticline cut by the Mosha Fault. But, neither
geometry, nor structure of the fold can be reconstructed by
the restoration of 30–35 km left-lateral offset, indicating that
the present geometry of the anticline may imply a complex
faulting history of the Mosha Fault [e.g., Guest et al., 2006;
Moinabadi and Yassaghi, 2007; Yassaghi and Madanipour,
2008].
[48] Our original geomorphic reconstruction of the main-

streams left-laterally offset along the Mosha Fault, between
the town of Damavand (not to be confused with the volcano,
to the north) and Lavassan (Figure 12), reveals total geo-
morphic offsets of 11.3 � 0.2 and 16.5 � 0.5 km, as the
respective lower and upper limits for the cumulative left-
lateral offset of the fault (Figures 12c and 12d). For the
minimum offset of 11.3� 0.2 km, the westernmost beheaded
stream on the north side of the fault is related to the nearest
stream in the east, on the south side (Figure 12c). But, the
restoration of 16.5 � 0.5 km of maximum left-lateral offset
allows us to properly reconstruct three drainage systems that
have been offset along the fault (Figure 12d). Assuming a

Figure 12. (a) Shaded relief image (SRTM digital topographic data) of the eastern portion of the
Mosha Fault showing streams (blue line) and their associated drainage basins (yellow line) offset along
the fault (red line). The peak in the upper right is Damavand volcano. (b) Morphotectonic interpreta-
tion of Figure 12a. Both streams and drainage basins are asymmetrically distributed on either sides of
the Mosha Fault, with an overall left-lateral offset. The easternmost stream set does not correspond to
the elongated catchment area just north of the fault. The two eastern streams have incised in the north-
ern watershed of the catchment area, capturing parts of drainage basins on the other side of the water-
shed. (c) A-A′ and A-A″ are piercing points along the Mosha Fault, which represent minimum and
maximum geomorphic offsets of �11 and �16 km, respectively. The piercing point A indicates the
outlet of a catchment area (beheaded stream) that has not any counterpart inlet before A′, implying that
the total geomorphic offset along the fault is at least �11 km. Drainage offsets reported by Ritz et al.
[2006] is marked by dashed circle. (d) Geomorphic reconstruction of drainage systems displaced by
the Mosha Fault, indicating a total geomorphic offset of �16 km.
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temporally constant slip rate on the Mosha Fault, the appli-
cation of�2.2 mm/yr Holocene slip rate [Ritz et al., 2006] to
both the 11.3 � 0.2 and 16.5 � 0.5 km geomorphic offsets
yields onset ages of between ≤7 and ≥5 Ma for left-lateral
faulting along the Mosha Fault. This age estimate seems
consistent with the age proposed by Guest et al. [2006] for
the initiation of left-lateral faulting along the WNW-striking
faults, including the Mosha Fault. This age consistency
suggests that the present-day tectonic configuration in the
Alborz Mountains, in relation with the South Caspian Basin
tectonics (under-thrusting and subduction), has been estab-
lished not later than 5 Ma [e.g., Axen et al., 2001; Allen et al.,
2003a, 2004].

5. Discussion

5.1. Interpretation of the Sar’akhor Data

[49] The structural data collected in the Meshkan triangle
suggest that this area underwent significant strike-slip fault-
ing during Neogene. A NW-trending compression, probably
active until Late Pliocene (�2.4 Ma), was responsible for
dextral faulting on the WSW-striking Farhadan Fault, on the
northern side of the triangle, and for sinistral faulting on the
Chakaneh Fault, on the eastern side of the triangle (Figure 6)
[Shabanian et al., 2010]. The combined motion of both faults
would have allowed the SW extrusion of the wedge within,
extending the junction area between the two faults, where
Sar’akhor volcano is located (Figure 6). The fact that the
Miocene–Late Pliocene volcanic activity at Sar’akhor was
coeval with such a tectonic scenario suggests that the two
strike-slip faults in this period where creating the structural
conditions to enhance the rise, emplacement and extrusion of
magma through the crust. Therefore, during Miocene – Late
Pliocene, strike-slip faulting allowed the development of
areas of localized extension, controlling shallow magmatism
and the development of a stratovolcano with a significant size
(�3.5 km-high; Figures 8 and 9) and productivity.
[50] There is widespread evidence of strike-slip faults con-

trolling volcanism [e.g., Tibaldi, 1992; Bellier and Sébrier,
1994; Lécuyer et al., 1997; Bellier et al., 1999; Lavenu and
Cembrano, 1999; Riller et al., 2001; García Palomo et al.,
2004; Acocella and Funiciello, 2010, and references therein]
or the syntectonic emplacement of plutons, constituting
the magma chambers of arc volcanoes [e.g., Morand, 1992;
Moreau et al., 1994; Vigneresse, 1995;Castro and Fernandez,
1998; Gibbons and Moreno, 2002; Wagner et al., 2006].
However, this evidence refers to a common mechanism to
create extension in strike-slip settings, through the develop-
ment of pull-apart like structures, releasing bends or tension
gashes along a principal displacement zone. Our study shows a
different mechanism responsible for extension, and thus the
enhancement of volcanism in strike-slip settings, related to the
extrusion of a wedge laterally bordered by strike-slip faults
(Figure 13b). Such a mechanism is capable of inducing a
localized decompression (extension) at its rear, as well as to
produce the space required for the intrusion of magma in the
crust, enhancing the development of shallow magmatic reser-
voirs feeding volcanism (Figure 6). To our knowledge, this
is the first example of volcanism-enhanced block extrusion,
thus constituting a new model illustrating volcano-tectonic
relationships.

[51] From Late Pliocene (≥2.4 Ma), the stress conditions
changed, and the modern NE-trending compression [Shabanian
et al., 2010] inverted the strike-slip motion of the Farhadan and
Chakaneh faults (section 3.1.3). This has caused northeast
movement of the Meshkan triangle, inducing the compression
in the junction area between the two faults. There is no evidence
that volcanic activity in the Meshkan area continued after Late
Pliocene. The end of volcanism may imply a correlation with
the new structural setting. However, such a possibility needs to
be confirmed, as it also depends from the generation and
availability of magma at depth. It has been shown that a com-
pressive setting may not hinder volcanism, provided that
magma is available at depth [Tibaldi, 2005; Galland et al.,
2007; Acocella et al., 2008; this study].

5.2. Relationships With Nearby Current Analogues

[52] Placing the Sar’akhor case into a wider context allows
a better definition of how intraplate collisional volcanoes
work. Current analogues of Sar’akhor in the East Anatolian-
Iranian plateaus are Damavand and Ararat volcanoes. Even
though the composition of the latter two volcanoes is slightly
more mafic, their overall features can be considered as sim-
ilar to Sar’akhor, the�3 km-high polygenetic edifice located
within the same collision zone (Table 2). The tectono-mag-
matic constraints considered in this study have been sum-
marized in Figure 13, which is meant to be representative of
all the shallower and deeper conditions met in Sar’akhor,
Ararat and Damavand volcanoes.
[53] At depth, magma generation and availability is pro-

vided by the rise of asthenosphere, probably due to slab break-
off or lithospheric delamination (Table 2). Both processes are
expected to be representative, even though not exclusive, of
the deep evolution of a mature collisional zone. As a matter of
fact, intraplate collisional magmatism associated with mantle
delamination or slab break-off has been repeatedly inferred
in the Central Andes, enhanced by transtensional structures at
upper crustal levels [Riller et al., 2001; Gioncada et al., 2010;
Acocella et al., 2011, and references therein], and in the Basin
and Range and Western Canada [Ducea, 2011, and references
therein].
[54] In the crust, local extension enhancing volcanism may

be induced by (1) strike-slip faults creating an extruding wedge
(Figure 13a; Sar’akhor), (2) strike-slip faults creating releasing
relay zones and pull-apart structures (Figure 13b; Ararat)
[Karakhanian et al., 2002, 2004], or (3) the coexistence of
transpressional and transtensional domains producing a sharp
stress gradient (Figure 13c; Damavand) (Table 2). Even though
these examples show three different mechanisms of structural
control on volcanism, in the three cases strike-slip faults play
the principal role in creating zones of localized extension to
enhance and accommodate magma rise in the crust. This con-
firms that, within collisional settings, strike-slip tectonics may
be themost effectivemeans to provoke the rise and extrusion of
magma from volcanoes. This fact is in close agreement with
previous studies [e.g., Acocella and Funiciello, 2010, and
references therein], showing that the magmatic productivity of
volcanic arcs in oblique convergence settings characterized by
deep-seated strike-slip faults is significant.
[55] The possibilities illustrated in Figure 13 reflect the

state of the art of our knowledge at the surface and at depth
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in three polygenetic intraplate volcanoes in a similar colli-
sional setting. These are not meant to provide a compre-
hensive review of all the possible conditions controlling
volcanism in any intraplate setting. It is expectable that,

studying more in detail other intraplate volcanoes, additional
mechanisms controlling the generation and the rise of
magma will be proposed. So far, our limited knowledge
allows highlighting the importance of post collisional rise of

Figure 13. Simplified models summarizing the possible tectonic control on intraplate magmatism in col-
lisional settings, both at depth (slab break-off or delamination) and at the surface (three types of transten-
sional structures). (a) Wedge extrusion derived from Sar’akhor. (b) Local extension in a releasing relay
zone/pull-apart structure (Ararat). (c) Stress gradient within an orogen (Damavand); TT, Transtension;
TP, transpression. See text for details. Letters D and S indicate asthenosphere rise due to lithospheric
delamination and slab beak-off, respectively.

Table 2. Summary of Original and Previous Constraints on the Tectonic and Magmatic Features of the Three Volcanoes Compared in
This Study (References in the Related Text)

Volcano Sar’akhor Damavand Ararat

Height (km) 3.0 � 0.9 �2.9 �3.8
Composition Andesites, dacites (adakites) Alkali basalts, trachyandesites Trachybasalts, andesites
Structural setting Transtensional Transpressional/Transtensional Transtensional
Tectonic mechanism Wedge extrusion Stress Gradient Pull-Apart
Activity Miocene – Late Pliocene Quaternary Quaternary
Oceanic subduction end Late Paleocene No subduction Late Middle Miocene
Source rock composition Basalt, metamorphosed

in eclogite facies
Garnet and phlogopite-rich lherzolite Spinel lherzolite

Sources rocks Slab or lower crust melting,
possible crustal contamination

Mantle melting Mantle melting

Scenario for magma
generation

Oceanic slab break-off or
intra-mantle delamination

Delamination of lower mantle lithosphere Oceanic/continental slab break-off (?)
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the asthenosphere in generating magma, as well as the sig-
nificance of strike-slip, especially transtensional tectonics at
crustal and even perhaps at lithospheric scales in allowing
the rise of magma.

6. Conclusions

[56] Original and preexisting data allow us to reconstruct
the tectono-magmatic features of the Miocene–Late Pliocene
Sar’akhor volcano, northeast Iran. NW-oriented compression
activated �E-W dextral faults to the northwest of Sar’akhor
and N-S sinistral faults to the southeast, creating an extruding
wedge in the location of volcano. Such a mechanism has
never been proposed before to control volcanic activity. The
adakitic composition of the volcano is compatible with
magma generation through post collisional processes of
either oceanic slab or continental lower crust melting, which
in turn, are triggered by asthenospheric rise after detachment
of the slab or intramantle delamination, respectively.
[57] Two independent reconstructions suggest that

Sar’akhor was an important volcanic edifice, 3.0 � 0.9 km
high. Available data from current analogues Damavand
and Ararat volcanic edifices, with nearly similar size, sug-
gest magma generation due to rising of hot asthenosphere
following lithospheric delamination (Damavand) or slab
break-off (Ararat). The rise, emplacement and extrusion of
magma occurred in transtensional tectonic settings or in the
transition between adjacent transpressional and transten-
sional domains.
[58] The features common to Sar’akhor, Damavand and

Ararat allow proposing a general, though not exhaustive,
model that highlights the significance of crustal transten-
sional structures in allowing the rise and extrusion of
magma.
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