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[1] Using gravity, geoid, topography and surface heat flow data, we have modeled the
density and temperature distribution in the lithosphere along three profiles crossing Iran in
SW‐NE direction from the Arabian foreland in the SW to the South Caspian Basin and the
Turan Platform to the NE. We find thin lithosphere (100–120 km) underneath central Iran,
whereas thick lithosphere (up to 240 km) is found underneath Arabia, the South Caspian
Basin and the Turan Platform. Crustal thickening is found under the Zagros and Alborz
mountains (up to 60 km) and under the Kopet‐Dagh Mountains (48 km), whereas the thin
crust under the southern Caspian Sea is either an oceanic crust or a highly thinned
continental one. Below the South Caspian Sea, the shape of the crust‐mantle interface and
the base of the lithosphere indicate a subduction of the South Caspian block toward the
N‐NW. Further east, under the Kopet‐Dagh, no evidence for active subduction is
visible. This can be explained by a rheologically very strong South Caspian block,
surrounded by weaker continental lithosphere.

Citation: Motavalli‐Anbaran, S.-H., H. Zeyen, M.-F. Brunet, and V. E. Ardestani (2011), Crustal and lithospheric structure of
the Alborz Mountains, Iran, and surrounding areas from integrated geophysical modeling, Tectonics, 30, TC5012,
doi:10.1029/2011TC002934.

1. Introduction

[2] The tectonic evolution of northern Iran and the South
Caspian Basin as well as its transition into the Scythian and
Turan platforms is yet an unsolved and debated problem
[Allen et al., 2003; Artyushkov, 2007; Berberian, 1983;
Berberian and King, 1981; Brunet et al., 2009; Brunet et al.,
2003; Devlin et al., 1999; Golonka, 2007; Kaz’min and
Tikhonova, 2006; Mamedov, 2004; Natal’ina and Sengör,
2005; Saintot et al., 2006; Sengör, 1990; Stampfli and
Borel, 2004; Zonenshain and Le Pichon, 1986; Zonenshain
et al., 1990]. Important questions concern the crustal struc-
ture of the South Caspian Basin underneath its extremely
thick sedimentary cover, the reason for the disappearing of
the Caucasus relief in the Caspian Sea, and the origin of the
Alborz Mountains and its crustal as well as lithospheric
structure.
[3] In order to better understand the lithospheric structure

of the area, we conducted a study of potential field data
(gravity and geoid) constrained by topography along three
profiles crossing the area roughly in SW‐NE direction. The
combination of these different kinds of data sets will help to
reduce the uncertainty of the Moho depth and lithosphere‐

asthenosphere boundary along three 2D profiles and to
determine the density distribution within the crust. The
center of the region targeted in this paper is the Alborz
stretching over 100 km in N‐S direction and 600 km in E‐W
direction. It is surrounded by a complex setting of tectonic
units including in our study area the South Caspian Basin,
the Apsheron‐Balkan Sill and Turan Platform in the north,
central Iran and Zagros Mountains in the south and the
Kopet‐Dagh Mountains in the east (Figure 1).

2. Geological and Geophysical Background

[4] The study area includes several large‐scale tectonic
units (Figure 1). Our 2D profiles start in the foreland basin
of the Arabia‐Eurasia collision zone and cross the Zagros
and central Iran to finish in the Turan Platform after crossing
various units. After central Iran, profiles I and II cross the
Alborz and the South Caspian Basin. Profile I then goes
across the Apsheron‐Balkan Sill and Kara Bogaz High,
whereas profile II crosses the intermediate area between
Apsheron‐Balkan Sill and Kopet‐Dagh through Ashgabat
fault zone [e.g., [Hollingsworth et al., 2008; Lyberis and
Manby, 1999]. Profile III passes through Binalud then
Kopet‐Dagh mountains and Kopet‐Dagh foreland then in
the western part of the Amu‐Darya Basin (Figure 1).
[5] The area is generally subjected to the effects of the

NNE‐SSW convergence of the Arabian Plate with Eurasia.
According to recent GPS surveys the rate of convergence is
∼22 mm/yr of which, ∼8 mm/yr are accommodated within
the Zagros, ∼3 mm/yr in central Iran, ∼5 mm/yr in the
Alborz and ∼6 mm/yr by northwestward movement of the

1IDES, UMR 8148, Département des Sciences de la Terre, CNRS/
Université Paris‐Sud XI, Orsay, France.

2Institute of Geophysics, University of Tehran, Tehran, Iran.
3ISTeP, UMR 7193, UPMC Université Paris 6, Paris, France.
4ISTeP, UMR 7193, CNRS, Paris, France.

Copyright 2011 by the American Geophysical Union.
0278‐7407/11/2011TC002934

TECTONICS, VOL. 30, TC5012, doi:10.1029/2011TC002934, 2011

TC5012 1 of 16

http://dx.doi.org/10.1029/2011TC002934


South Caspian related to stable Eurasia [Guest et al.,
2007; Vernant et al., 2004a, 2004b].
[6] The main interest of our study concerns the Alborz–

Kopet‐Dagh–South Caspian area. In order to avoid bound-
ary effects in our models, we prolonged the profiles into the
adjacent tectonic units. Therefore, we present the principal
areas in detail, and briefly treat the other areas.

2.1. Zagros Mountains

[7] The Zagros Mountains are a young and active colli-
sional belt which is the result of subduction of the Arabian
Plate underneath Iran (part of Eurasia) and the Cenozoic
closure of the Neotethys Ocean [Barrier and Vrielynck,
2008; Barrier et al., 2008]. A finite element study at lith-
ospheric scale has been published by Bird [1978] in this
area. Bird concludes that the convergence between Arabia
and Iran is no longer driven by a subducting oceanic slab but
that this slab has broken off. A similar result has been found
more recently by several studies: Molinaro et al. [2005a] by
potential field modeling in the southeastern Zagros and also

Omrani et al. [2008] and Paul et al. [2010]. Combining
independent information from mantle tomography and tec-
tonic reconstructions, Hafkenscheid et al. [2006] proposed
an early Oligocene age for the slab detachment underneath
the northern Zagros suture zone, whereas Molinaro et al.
[2005a] propose a late Miocene‐Pliocene age.
[8] On crustal scale, gravity modeling by Dehghani and

Makris [1984] suggested a crustal thickness of 50–55 km
under the central Zagros similar to the ∼52 km modeled by
Molinaro et al. [2005a] in the southeastern Zagros, whereas
Snyder and Barazangi [1986], also based on gravity data,
modeled a maximum Moho depth of 65 km for the Zagros
Mountains. Based on a receiver function study,Hatzfeld et al.
[2003] estimated a Moho depth of 46 ± 2 km from a single
station in central part of the Zagros. By interpreting data from
a 620 km long receiver functions profile which crosses the
Zagros, Paul et al. [2006] propose a crustal model with a
maximum crustal thickness of ∼70 km underneath Sanandaj
Sirjan Zone (SSZ). This thickening is located 50–90 km NE
of the exposed surface of Main Zagros Thrust (MZT) in an

Figure 1. Location map of the principal structural units of the targeted area and of the three 2D profiles
on top of an ETOPO1 topography map [Sandwell and Smith, 1997, 2009; ftp://topex.ucsd.edu/pub].
ABS, Apsheron Balkan Sill; ADB, Amu Darya Basin; Afb, Arabian foreland basin; AFZ, Ashgabat Fault
Zone; Bi, Binalud Mountains; CC, Central Caspian; GCa, Greater Caucasus; KBH, Kara Bogaz High;
KDF, Kopet‐Dagh foreland basin; LB, Lut Block; LCa, Lesser Caucasus; MZT, Main Zagros Thrust; ScP,
Scythian Platform; Ta, Talesh Mountains; TB, Tabas Block; UD, Urumieh Dokhtar magmatic arc; YB:
Yazd block. Faults positions are taken from Hessami et al. [2003].
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area of lower topography related surrounding area. They
explain this thickening by overthrusting of the Arabia margin
crust by the crust of central Iran along the Main Zagros
Recent Faults (MZRF). Recently, Paul et al. [2010] obtained
depths of around 53 km near our profiles I and II. Manaman
and Shomali [2010] and Manaman et al. [2011] propose a
maximum 65 km depth for the Zagros region on the same
profile as Paul et al. [2006], but their maximum crustal
thickness is some 50 km further SW.
[9] Fewer data exist regarding the lithosphere‐asthenosphere

boundary (LAB) in the area. Global studies [Hafkenscheid
et al., 2006; Priestley and McKenzie, 2006] suggest a
strong uplift underneath the Zagros from the Arabian toward
the Iranian lithosphere, while a more local study by Kaviani
et al. [2007] suggests the position of this lithospheric thin-
ning some 100–150 km NE of the MZT. We expect thus to
shed new light on the Moho and LAB depths.

2.2. Central Iran

[10] Central Iran covers a roughly triangular area between
the Cretaceous‐Tertiary Urumieh‐Dokhtar magmatic arc
[e.g., Omrani et al., 2008] of the Zagros chain and the
Alborz. It is a composite area including several blocks
detached from Gondwana in Late Paleozoic, accreted to
Eurasia in Mesozoic and inducing Cimmerian collisional
events (see Zanchi et al. [2009a, 2009b, and references
therein] for discussion). In contrast to the surrounding areas,
the western part of central Iran is covered by presently
subsiding basins. It is largely aseismic and therefore con-
sidered to behave as a rigid block [Allen et al., 2004; Guest
et al., 2007; Jackson et al., 1995]. Paul et al. [2006, 2010]
studied two receiver function profiles crossing central Iran
that show both ∼42 km thickness for the crust. Dehghani
and Makris [1984] proposed a crustal thickness of 40–
45 km for central Iran, whereas Sodoudi et al. [2009]
found a depth of 47 km for the Moho using receiver
functions.

2.3. Alborz Mountains

[11] The Alborz Mountains are a still active collisional
belt with 3–5 km topography, a length of 600 km in roughly
E‐W direction and a width of 100 km in N‐S direction. It is
surrounded by the Talesh Mountains in the west, Binalud
and Kopet‐Dagh mountains in the east, South Caspian Basin
in the north and central Iran in the south. Its basement
(including Paleozoic sediments) is covered by up to 3 km of
Mesozoic sediments, 1–2 km of Cenozoic mostly synoro-
genic sediments and displayed volcanic activity throughout
the Cenozoic, starting in Late Cretaceous [Alavi, 1996].
Volcanism is still sub‐active as demonstrated by the qua-
ternary activities around the highest mountain of the Alborz
chain, the Damavand volcano. Tectonic activity in this belt
is controlled by two different kinds of relative motions [Ritz
et al., 2006]: First, the northward convergence of central
Iran toward Eurasia (5 mm/yr [Vernant et al., 2004a]) leads
to a generally compressive system since about 7 Ma. Second,
the northwestward motion of the South Caspian Basin with
respect to Eurasia resulted in a sinistral transpressional
regime in the Alborz (4 mm/yr left‐lateral shear [Vernant
et al., 2004a]). Since middle Pleistocene, however, the
tectonic regime in the central Alborz seems to be changing
to transtensional due to an acceleration of the northwest-

ward movement of the South Caspian block [Masson et al.,
2006; Ritz et al., 2006].
[12] Previous studies have described the crustal structure

in the Alborz Mountains, and reported different values for
the Moho depth in Central Alborz. Asudeh [1982] based on
surface and body waves suggested 45 km thickness for
Moho depth in the west of Alborz. Dehghani and Makris
[1984] proposed a crustal thickness of less than 35 km for
Central Alborz based on a gravity study. They also sug-
gested that the Alborz range is isostatically under‐compen-
sated at Moho level and no crustal root exists. The chain
would be caused by overthrusted nappes in an allochtonous
position supported elastically by the lithosphere. Guest et al.
[2007] tried to explain the absence of a root under the
Alborz by simple crustal folding that caused uplift for the
Alborz Mountains and subsidence in the South Caspian
Basin and central Iran.
[13] Tatar [2001] studied the crustal thickness and seis-

micity in the west of Alborz and suggested a 36 km thick
crust. Ashtari et al. [2005] studied the microseismicity of
Tehran region and found a Moho depth of 34 km. Doloei
and Roberts [2003] modeled a Moho depth under Tehran
region of about 46 km. Radjaee et al. [2007] using receiver
functions from a temporary seismic network, obtained a
crustal thickness of 46–48 km in the south of Alborz, 55 km
in its central part and about 44 km in the north of Alborz.
This study contradicts the earlier studies, because it presents
evidence for a crustal root under the Alborz Mountains.
Radjaee et al. [2010] propose that the central Alborz
Mountains chain has a moderate crustal root but of insuf-
ficient thickness to compensate the elevation of the range.
Sodoudi et al. [2009], based on a smaller database than the
study of Radjaee et al. [2010], do not see evidence for a
crustal root beneath the Alborz; however, their results show
47–54 km depth for the Moho in central Iran and for one
single station in the Central Alborz a depth of up to 67 km
which these authors do not consider to be trustworthy. It
seems, therefore, that although much work has been done in
northern Iran, the crustal structure remains very uncertain.

2.4. South Caspian Basin and Adjacent Areas

[14] The South Caspian Basin includes the South Caspian
Sea and stretches out onshore west and east in Azerbaijan
and Turkmenistan. Sedimentary thickness may reach 20–
25 km in some parts of the South Caspian Sea [e.g.,
Glumov et al., 2004]. Pliocene‐Quaternary sediments are
about 10 km thick fed by erosion of the surrounding
Caucasus, Alborz and Kopet‐Dagh orogens and the Russian
Platform (sediments brought from the north by the Paleo‐
Volga). Knapp et al. [2004], based on deep seismic reflec-
tion, report in the northern part of the South Caspian Basin
near the Apsheron‐Balkan Sill a very thick (26–28 km)
sedimentary cover and a ∼10 km thick crystalline crust with
high velocities [e.g., Mangino and Priestley, 1998] often
interpreted as having an oceanic affinity [Berberian, 1983;
Brunet et al., 2003; Egan et al., 2009; Granath et al.,
2007; Green et al., 2009; Knapp et al., 2004; Mamedov,
2004; Zonenshain and Le Pichon, 1986]. Active seismicity
in the Apsheron‐Balkan Sill [e.g., Allen et al., 2003; Jackson
et al., 2002] and deepening of the Moho from south to north
are interpreted as evidence for northward subduction of a
south Caspian possibly oceanic lithosphere beneath the
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Central Caspian continental lithosphere [e.g., Egan et al.,
2009; Granath et al., 2007; Green et al., 2009; Knapp
et al., 2004; Mamedov, 2004].
[15] The Apsheron‐Balkan Sill (Figure 1) is known as

northern boundary between the South Caspian Basin and
the central part of Caspian Sea, having a thicker crust and
a thinner sedimentary cover [e.g., Berberian, 1983; Egan
et al., 2009; Green et al., 2009] than the southern part.
The Apsheron‐Balkan Sill also connects the Great Caucasus
chain to the Ashgabat fault zone [e.g., Hollingsworth et al.,
2008; Lyberis and Manby, 1999] and the Kopet‐Dagh
Mountains.
[16] The Kopet‐Dagh Mountains, forming the border

between Iran and Turkmenistan northeast of the Alborz, and
north of the Binalud Mountains are the least well known
tectonic unit of the study area. They have a Meso‐Cenozoic
sedimentary cover of ∼10 km that has been folded during
the late Alpine orogeny [Brunet et al., 2003; Davoudzadeh
and Schmidt, 1984; Maksimov, 1992; Milanovsky, 1991;
Zamani et al., 2008; Zonenshain et al., 1990].

2.5. Turan Platform

[17] The last part of all our three profiles finishes in the
southern part of Turan Platform, east of the Caspian Sea. The
transition between the Turan platform east of the Caspian
Sea and the Scythian platform [Nikishin et al., 1998a, 1998b;
Saintot et al., 2006] west of it is not well defined and is
probably located offshore. The Turan Platform accreted to
Eurasia in Late Paleozoic [e.g., Garzanti and Gaetani, 2002;
Thomas et al., 1999]. It has been affected in the Late Triassic
(up to the beginning of the Jurassic according to some
authors) by the collision (the so‐called Eocimmerian
orogeny) of the Gondwanian blocks with its southern
margin, after partial closure of the Paleotethys Ocean
[Belov, 1981; Maksimov, 1992; Milanovsky, 1991; Nikishin
et al., 1998a, 2001, 1998b; Sengör et al., 1984; Thomas
et al., 1999; Zanchi et al., 2009b]. A weaker compressional
event is reported in the Late Jurassic–Early Cretaceous
[Nikishin et al., 2001; Thomas et al., 1999]. Thereafter in
Cenozoic, the southern parts of this platform became the
foreland area of the Kopet‐Dagh orogen. The crustal
thickness increases gradually from the central part of the
South Caspian Basin toward Turkmenistan [Artyushkov,
2007]. Deep seismic sounding profiles by Yegorkin and
Matushkin [1970] show a Moho depth of 40–45 km in
this part of the Turan Platform.

3. Method

[18] We calculate a 2D forward model of the density and
temperature distributions beneath the targeted area based on
combined interpretation of four data sets. As there aren’t any
direct measurements of deep density and temperature dis-
tributions, the use of single methods like gravity or geo-
thermal interpretation does not yield a unique solution.
Therefore, we try to reduce uncertainty by using a set of
gravity, geoid and topography data sets that all depend on
density distribution but with different distance dependence
[Zeyen and Fernàndez, 1994; Zeyen et al., 2005]. Gravity
anomalies decrease proportionally to the squared distance
(r) from an object, geoid undulations diminish proportion-
ally to r−1, whereas topography reflects the average density

of the lithosphere which is supposed to be in isostatic
equilibrium with respect to the underlying asthenosphere.
Therefore, the gravity data is mostly affected by crustal
density distribution whereas geoid data are also very sensi-
tive to lower lithospheric density variations. The assumption
of local isostasy for topography calculation is assumed to be
valid for long wavelengths (above 100–200 km [Turcotte
and Schubert, 1982]), especially in areas where the litho-
sphere is not very thick as in most of Iran. Shorter wave-
lengths may be supported elastically. The mantle densities
are supposed to be linearly dependent on temperature which
itself depends on the distribution of radioactive heat pro-
duction and thermal conductivity within the lithosphere and
on the lithospheric thickness. The limit between lithosphere
and asthenosphere (LAB) is defined here as the 1300°C
isotherm.
[19] Modeling is done through trial and error, defining a

lithospheric structural model, assigning the physical prop-
erties (density, thermal conductivity and heat production) to
each body and calculating the effect of this lithospheric
model. First, the steady state temperature distribution is
calculated using a finite element code that solves the fol-
lowing equation:

r k x; zð ÞrT x; zð Þð Þ þ A x; zð Þ ¼ 0 ð1Þ

where k is the thermal conductivity, T the temperature, A
the volumetric heat production and r the 2D gradient
operator. Boundary conditions are fixed temperature at the
Earth’s surface coinciding with the topography (0°C) and at
the LAB (1300°C) and no horizontal heat flow across the
vertical lateral boundaries of the model. Based on the re-
sulting temperatures and the given reference densities of
each body, in situ densities r(T) are calculated as

� Tð Þ ¼ �0 1� � T� T0ð Þð Þ ð2Þ

where r0 is the reference density given for temperature T0

and a is the thermal expansion coefficient (3.5 × 10−5 K−1

[e.g., Afonso et al., 2005]). We make the assumption that in
thick sedimentary basins (mainly in the South Caspian
Basin), the density depends exponentially on depth. Talwani
et al.’s [1959] formula is then used to calculate the 2D
gravity effect of a lithospheric model and Chapman’s [1979]
formula for modeling the geoid anomaly. Topography " is
calculated in local isostatic equilibrium on 1D columns as

" ¼ H�
R
� zð Þdz
�a

þ "0 ð3Þ

where H is the total lithospheric thickness, including
topography, ra is the density of the asthenosphere (3200 kg/
m3) and "0 (−2340 m) is a calibration coefficient that cor-
responds to the depth of a hypothetical free asthenosphere
with respect to sea level [Lachenbruch and Morgan, 1990].
If the resulting topography has a negative value, it is sup-
posed that the corresponding basin is filled with seawater, so
that the bathymetry is increased as

"� ¼ "
�a

�a � �f ill
ð4Þ
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where rfill is the density of the basin infill, here the one of
seawater (1030 kg/m3).
[20] During modeling, it is not always possible to fit all

data at the same time; some hierarchy has to be established.
As can be seen mainly on Figure 3, surface heat flow data
present normally strong dispersion, which is generally due
to near‐surface effects like groundwater flow. In addition,
we usually do not have any information on vertical distri-

Table 1. Rheological Properties of the Different Layersa

Layer A n AE

Sediments, upper and middle crust 3.16 × 10−26 3.3 186.5
Lower crust 6.31 × 10−20 3.05 276
Mantle 7.0 × 10−14 3.0 510

aOkaya et al. [1996]; A, normalization factor (Pa−n s−1); n, exponent;
AE, activation energy (kJ/Mol).

Figure 2. Data and interpreted profiles: (a) Bouguer anomalies, (b) free air gravity anomalies (both from
BGI: http://bgi.omp.obs‐mip.fr), (c) geoid undulations with spherical harmonics up to degree and order
10 removed (EGM2008 [Pavlis et al., 2008]), (d) heat flow data [Pollack et al., 1993].
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bution of heat production, which is thus to some degree a
free parameter that helps explaining the surface heat flow,
hardly affecting the other parameters. Therefore, these data
are treated as merely indicative. The assumption of local
isostatic equilibrium imposes a strong constraint on topog-
raphy inversion. Therefore, in case of incompatibility
between these data and gravity and geoid, preference is
given to a good fit of gravity and geoid data.

[21] Based on the temperature and pressure distribution
resulting from the model, we calculate the brittle and ductile
strength distribution, where strength is defined as differential
stressDs necessary to deform a rock. Following Anderson’s
theory of faulting, the brittle strength, is assumed to increase
linearly with pressure [Turcotte and Schubert, 1982]:

D� ¼ �2f Peffffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ f 2

p
� f

ð5Þ

Figure 3. Modeling results of profile I. In Figures 3a–3d, continuous lines correspond to modeling re-
sults, dots with uncertainty bars correspond to measured data. Dashed lines correspond to results of model
Paul_2 (Figure 3g). In Figure 3b, blue line and symbols corresponds to free air gravity anomalies, green
ones to Bouguer anomalies. The lithospheric model is presented in Figure 3e with equal horizontal and
vertical scales (dashed line shows the LAB of a model using the crust of Paul_2). The crustal bodies are
shaded gray. In the mantle, the temperature distribution is plotted with isotherms every 200°C. The low-
ermost line corresponds to the 1300°C isotherm, interpreted as base of the lithosphere. Figure 3f shows a
blow‐up of the crustal structure of our preferred model, Figure 3g shows the model Paul_2 (see discus-
sion). The numbering of the bodies corresponds to the numbers in Table 1. Roman numbers and related
dashed or dotted lines indicate Moho depths from different seismic models: I, Artyushkov [2007]; II,
Knapp et al. [2004]; III, Yegorkin and Matushkin [1970]; IV, Paul et al. [2010];V, Radjaee et al. [2010];
VI, Ashtari et al. [2005].
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where the upper sign is for compressional, the lower one for
extensional strength, f is the friction coefficient assumed to
be 0.7 and Peff is the effective pressure calculated as

Peff ¼ g

Z
� zð Þdzð Þ � Pw ð6Þ

g being Earth’s gravity (9.81 m s−2), Pw the water pressure,
taken as hydrostatic in the upper crust and zero in the lower
crust and upper mantle.
[22] For modeling the ductile strength dislocation slip has

been used [Turcotte and Schubert, 1982]:

� Tð Þ ¼ _"

A

� �1
n

exp
AE

nRT

� �
ð7Þ

Explanation and values of the parameters for the different
layers are given in Table 1. The strength distribution, when

integrated along vertical lithospheric columns, allows to
compare the resistance of the whole lithosphere to stress in
different areas.

4. Data

[23] The data we used come mainly from global data sets.
Topography data (Figure 1) are taken from 1‐min TOPEX
global data sets [Sandwell and Smith, 1997, 2009; ftp://
topex.ucsd.edu/pub]. Free air and Bouguer gravity data
(Figures 2a and 2b) are 2.5 arc‐minute by 2.5 arc‐minute grid
are taken from the database of Bureau Gravimétrique Inter-
national (BGI, http://bgi.omp.obs‐mip.fr). Geoid height
variations (Figure 2c) correspond to the EGM2008 model
[Pavlis et al., 2008]. In order to avoid effects of sublitho-
spheric density variations on the geoid, we have removed the
geoid signature corresponding to the EGM2008 spherical
harmonics developed until degree and order 10 [Bowin,

Figure 4. Modeling results of profile II. In Figures 4a–4d, continuous lines correspond to modeling
results, dots with uncertainty bars correspond to measured data. In Figure 4b, blue line and symbols corre-
sponds to free air gravity anomalies, green ones to Bouguer anomalies. The lithospheric model is presented
in Figure 4e with equal horizontal and vertical scales. The crustal bodies are gray‐shaded. In the mantle, the
temperature distribution is plotted with isotherms every 200°C. The lowermost line corresponds to the
1300°C isotherm, interpreted as base of the lithosphere. Figure 4f shows a blow‐up of the crustal structure.
The numbering of the bodies corresponds to the numbers in Table 1. Roman numbers and related dashed
or dotted lines indicate Moho depths from different seismic models: I, Yegorkin and Matushkin [1970];
II, Jackson et al. [2002]; III, Mangino and Priestley [1998]; IV, Abbassi et al. [2010].
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1991; Lemoine et al., 1998]. The few available heat flow data
(Figure 2d) come from Pollack et al. [1993]. In order to take
into account the variability of the geoid, free air, Bouguer
and topography data in the direction perpendicular to the
profiles and to avoid interpreting extreme features being
located incidentally on the profile, we averaged the data
within a stripe of 50 km width to both sides of the profiles
and calculated the variance within this stripe for 5 km

long steps along the profiles. The resulting standard
deviation is plotted in Figures 3–5 as uncertainty bars.

5. Modeling Results

[24] As the structural domains concerned in this paper
were mainly created under the effect of the NNE‐SSW
convergence of the Arabian Plate with Eurasia [Guest et al.,

Figure 5. Modeling results of profile III. In Figures 5a–5d, continuous lines correspond to modeling re-
sults, dots with uncertainty bars correspond to measured data. Dashed lines correspond to results of model
Paul_1 (Figure 3g). In Figure 5b, blue line and symbols corresponds to free air gravity anomalies, green
ones to Bouguer anomalies. The lithospheric model is presented in Figure 5e with equal horizontal and
vertical scales (dashed line shows the LAB of a model using the crust of Paul_1). The crustal bodies are
gray‐shaded. In the mantle, the temperature distribution is plotted with isotherms every 200°C. The
lowermost line corresponds to the 1300°C isotherm, interpreted as base of the lithosphere. Figure 5f
shows a blow‐up of the crustal structure. Figure 5g shows the model Paul_1 (see discussion). The
numbering of the bodies corresponds to the numbers in Table 1. Roman numbers and related dashed or
dotted lines indicate Moho depths from different seismic models: I, Mooney [1999]; II and III, ‐range of
values given by Yegorkin and Matushkin [1970]; IV, Paul et al. [2006]; V, Manaman and Shomali
[2010].
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2007; Vernant, 2003; Vernant and Chery, 2006], most of
these structures are approximately perpendicular to this
direction (Figure 1). Therefore, in order to avoid as much as
possible effects of three dimensional structures in our 2D
modeling, we chose the profiles perpendicular to the strike
roughly in NNE‐SSW direction.
[25] The lateral resolution of our data is of the order of

several kilometers. Therefore, we cannot reproduce small‐
scale details. Our models consist of a sedimentary layer, the
upper, middle and lower crust and a lithospheric mantle
layer. In order to constrain the various thicknesses, the results
of previous works carried out in this area were used
[Alekseev et al., 1973; Artyushkov, 2007; Dehghani and
Makris, 1984; Glumov et al., 2004; Guest et al., 2007;
Knapp et al., 2004; Mangino and Priestley, 1998; Molinaro
et al., 2005b; Paul et al., 2006; Paul et al., 2010; Radjaee
et al., 2007; Sodoudi et al., 2009; Yegorkin and Matushkin,
1970]. The data adjustment of the three profiles is shown
in Table 3.

5.1. Profile I

[26] Profile I with a length of about 1500 km starts from a
point near the NW end of the Persian Gulf and crosses the
Zagros, central Iran, Alborz, South Caspian Basin and
Apsheron‐Balkan Sill (Figure 1). The model for this profile
is presented in Figure 3. The crust‐mantle boundary (Moho)
is located at a depth of 37–38 km under the Arabian Plate.
When entering the Zagros Fold and Thrust Belt and with
increasing topography the Moho deepens to a maximum of
∼56 km beneath MZT. Further north, the Moho depth
gradually decreases to a minimum of 39 km under central
Iran. At the southern border of the Alborz it deepens again
with a noticeable slope up to a maximum of 55 km
underneath the Central Alborz which is an evidence for the
existence of a root underneath the Alborz Mountains in
contrast to some previous work where these mountains were
considered to be rootless [Dehghani and Makris, 1984;
Sodoudi et al., 2009].
[27] When entering the South Caspian Basin, the crustal

structure changes completely. Near the coast, the Moho rises
up to about 27 km whereas the sedimentary layer thickens to
15 km of which about 7 km are Tertiary sediments and the
remaining 8 km Mesozoic ones. The Tertiary sediments
were modeled with an exponential density increase from
2200 to 2750 kg/m3, whereas the Mesozoic sediments,
given their deep burial, were modeled with a constant
density of 2750 kg/m3 (see Table 2 for the physical prop-
erties used in the different layers). Toward the north, the
sediments thicken to 19 km. In the southern part of the
South Caspian Basin, the thin crystalline crust indicates a
possible oceanic character or a highly thinned continental
crust, keeping only the lower high density part of the crust.
The nature of this crust is hypothetical (see the discussions,
e.g., by Mangino and Priestley [1998] and Brunet et al.
[2003]). There are no magnetic anomalies in the South
Caspian Basin and the crustal as well as lithospheric
thicknesses are larger than for normal oceanic lithosphere.
Nevertheless, this crust was created probably in the Jurassic,
a quiet period for magnetic anomalies; oceanic crust may be
thicker than normal due to intrusions. The South Caspian
Basin has a limited extent and was possibly created as back‐
arc basin without having a well established mid‐oceanic

ridge. Since the Jurassic, it has cooled a lot, so that a
thickened lithosphere is no irrefutable evidence for conti-
nental nature. It could be that in a small basin such as the
south Caspian one, the small‐scale convection supposed to
limit the thickness of normal oceanic lithosphere cannot
act efficiently. In the central South Caspian Basin, the
Moho descends to 37 km depth whereas the sediments thin
to 15 km, resulting in a strong thickening of the crystalline
crust in this area. Further north, the Moho deepens to up to
45 km, roughly paralleled by the base of the sediments
that descends to about 23 km in the area of the Apsheron‐
Balkan Sill. This thickening of the crust is compatible with
a model of subduction of South Caspian crust underneath
the Apsheron‐Balkan Sill and the continental crust of the
Central Caspian [Knapp et al., 2004]. Finally at the end of
profile I, on the Turan Platform, we find the Moho at 35–
37 km depth.
[28] The lithospheric thickness varies from 200 to 210 km

below the Arabian Platform and the South Caspian Basin to
about 110 km underneath central Iran. The thin lithosphere
starts shortly NE of the MZT and it thickens again at the
southern limit of the Alborz Mountains. Similar results,
although at varying distance from the MZT, have been re-
ported by Molinaro et al. [2005b], Hafkenscheid et al.
[2006], Kaviani et al. [2007], Paul et al. [2010] and
Manaman and Shomali [2010]. Some authors such as
Molinaro et al. [2005b] and Manaman and Shomali [2010]
interpreted the thinning as slab break off. Beneath the South
Caspian Basin, the lithosphere thickens slowly toward the
Apsheron‐Balkan Sill up to a maximum of nearly 240 km.
Further north, we model a strong thinning to about 150 km
under the western part of the Turan Platform. This structure,
as well as the crustal thickness variations, point toward a
subduction of the South Caspian block toward the N‐NW.

5.2. Profiles II and III

[29] Honoring the constraints imposed on sedimentary
and crustal thicknesses, the main problem in our modeling
was to fit the topography data on the part of profile I
crossing the South Caspian Sea. Therefore, we modeled a
second profile. Profile II is 1650 km long and starts in the
SW from the same point as profile I, but in a more easterly
direction in order to avoid crossing the Caspian Sea in the
area of very thick sediments. Instead, profile II crosses the
transition zone from the easternmost part of the South
Caspian Basin to westernmost Kopet‐Dagh Mountains
(Figure 1). The modeling results for profile II (Figure 4 and
Table 2) are generally similar to those of profile I except for
the part of the profile between Alborz and Turan Platform.
In this area, profile II shows thinner sedimentary layers and
a thicker crust than profile I (41 km versus 27 km just north
of the Alborz). Also the evidence for a possible subduction
of the South Caspian block toward the north is less clear.
[30] A third profile with 1850 km length runs parallel to

profile I in SW‐NE direction and crosses the Persian Gulf,
Zagros, central Iran, Kopet‐Dagh and finishes on the Turan
Platform (Figure 1). For the Persian Gulf zone, we have an
average of ∼40 km for crustal thickness which below the
Zagros Mountains gradually increases until reaching a
maximum of 60 km underneath the MZT. The thickness of
the crust in central Iran is nearly the same as for the other
profiles, around 38–39 km. The crust thickens under the
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Kopet‐Dagh Mountains till 48 km and with a strong slope
reaches 37 km underneath the Kopet‐Dagh foreland basin.
For the rest of the profile in Turan Platform, it is about
42 km thick. NE of the MZT, we see a strong thinning
of the lithosphere to about 110 km. This could be evidence
for a slab break off in this area as evidenced also by
Manaman and Shomali [2010]. The lithosphere thickens
again strongly further north when approaching the Turan
Platform.

6. Discussion

6.1. General Considerations and Elastic Support

[31] The models presented here have two important con-
straints: steady state thermal modeling and local isostasy.
Thermal equilibrium may not be reached in some parts of
the profiles. The effect of non‐equilibrium would be to
increase the lithospheric thickness variations as can be seen
when analyzing the possible effects of recent heating of the
lithosphere: Since heat transport through the lithosphere is a
slow process, this heating would have affected only the base
of the lithosphere and leave its upper parts relatively cool
and therefore denser. Our models indicate a certain average
lithospheric thickness in order to explain the topography.
Since we assume thermal equilibrium, we consider that the
whole lithosphere has been heated up and therefore we
model a slightly less dense lithosphere than in reality. In
order to have the needed low density, the lithosphere would
then have to be even thinner in reality than in our model.
Correspondingly, the opposite would happen for a recent
cooling. Therefore, we consider our models to present
minimum lateral lithospheric thickness variations.
[32] Regional isostasy (elastic flexure) may support part

of the topography. Considering an average equivalent elastic

thickness of the lithosphere of 20 km would imply that
wavelengths of less than 200 km would be affected by
flexure. To be meaningful flexure modeling needs knowl-
edge of the detailed history of vertical movements in the
different areas of our region which we do not have.
Therefore, only wavelengths of more than 100 to 200 km
can be interpreted. Flexural effects are certainly able to
explain most of the misfit in the Kopet‐Dagh area of profile
III and the short‐wavelength misfits in the South Caspian
Basin. We did some numerical tests based on the assump-
tion of a homogeneous elastic plate, calculating its elastic
support of the residual topography differences using spectral
analysis. For a given wavelength l, the deformation w of a
plate as function of the amplitude h of topography is cal-
culated as [Turcotte and Schubert, 1982]:

! ¼ h
�tg

D 2�
�

� �4þ �a � �tð Þg
ð8Þ

where D is the flexural rigidity, rt is the density of topog-
raphy, ra is that of the asthenosphere and g is gravity.
[33] On profile III, for a 10 km thick elastic plate, the

overall elastic support of the residual topography along the
profile is 32%, for the Kopet‐Dagh area, it is 50%. For a
30 km thick plate, the corresponding values are 50% versus
70%, for a 50 km thick plate they are 60% versus 78%.
[34] Since the algorithm is trial and error, we cannot give

numerical uncertainties of our models. After many tests, we
nevertheless estimate the uncertainty as 15–20% of the
lithosphere thickness. The models lose resolution for litho-
sphere thicknesses above about 250 km. We have some
trade off between inner crustal structures and crustal thick-
ness, which leads to an uncertainty of crustal thickness of up
to 10% where no seismic constraints are available. How-

Table 2. Physical Properties of the Rocks Making Up the Different Bodies in the Modelsa

No. Rock Type TC HP Density

Profiles I/II
1 Sediments Arabian foreland 2.0 1.0 2550
2 Sediments central Iran, Alborz 2.0 1.0 2650
3 Cenozoic sediments South Caspian Basin 2.0 1.0 2750 − 550 exp (−z/12) (profile I)/2530 (profile II)
4 Sediments Turan Platform 2.0 1.0 2550
5 Upper crust Arabia and Iran 2.8 1.5 2800
6 Mesozoic sediments South Caspian Basin 2.5 1.0 2750
7 Upper crust Turan Platform 2.8 1.5 2800
8 Middle crust Arabia and Iran 2.8 1.5 2820
9 Middle crust Turan Platform 2.8 2.0 2820
10 Lower crust Arabia and Iran 2.2 0.2 2950
11 Oceanic crust South Caspian Basin 2.2 0.2 2950
12 Lower crust Turan Platform 2.2 0.2 2950

Lithospheric mantle 3.4 0.02 3200 (1 + 3.5 × 10−5 (1300 − T(z)))

Profile III
1 Sediments Persian Gulf 2.0 1.0 2530
2 Sediments central Iran, Alborz 2.0 1.0 2650
3 Sediments Turan Platform 2.0 1.0 2550
4 Upper crust Turan Platform 2.8 1.5 2800
5 Upper crust Arabia and Iran 2.8 1.5 2800
6 Middle crust Arabia and Iran 2.8 1.5 2820
7 Middle crust Turan Platform 2.8 2.0 2820
8 Lower crust Arabia/Iran 2.2 0.2 2950
9 Lower crust Turan Platform 2.2 0.2 2950

Lithospheric mantle 3.4 0.02 3200 (1 + 3.5 × 10−5 (1300 − T(z)))

aNo., number of the body in Figures 3–5; TC, thermal conductivity (W/(m K)); HP, heat production (mW/m3); Density (kg/m3); T(z), temperature as
function of depth (°C); z, depth (km).
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ever, with reasonable geological and density assumptions,
we consider this uncertainty to be effectively smaller than
this (5–10%).

6.2. Lithosphere and Rheological Considerations

[35] When looking at the modeling results of the three
profiles, thinning of the lithosphere is observed in central
Iran. This corresponds well with different images of seis-
mic tomography that show high velocities underneath the
Arabian Platform, the South Caspian Basin and the Eurasia
Plate but low velocities under central Iran [e.g., Al‐Damegh
et al., 2004; Alinaghi et al., 2007]. Hafkenscheid et al.
[2006] published a tomography cross section that coin-
cides quite well with our profiles I and II. On this cross
section, they obtained high velocities until the mantle‐
transition zone under the Persian Gulf and Zagros fold
thrust belt (ZFTB) and low velocities from the surface to
the base of the upper mantle under central Iran. Also further
north, high velocities are interpreted as lithospheric thick-
ening under the South Caspian Basin followed northward by
a slight relative thinning under the Turan Platform.
[36] Another interesting feature of the lithosphere base is

the vanishing evidence for lithospheric thickening along the
northern edge of the South Caspian block southeastward
under the Kopet‐Dagh. The modeled thickness variations
seem to indicate that the thin, high density, either oceanic
crust or thinned continental one, is restricted to the South
Caspian Sea and narrow surroundings. Here the crust acts as
a rigid block that reacts to the continuous convergence
between Arabia and Eurasia not by internal deformation but
stays relatively undeformed and subducts therefore toward
the N‐NW. Based on the temperature distribution, we cal-

culated the distribution of compressional rock strength along
the profiles using the parameters given in Table 1. The
vertical integral of this strength allows comparison of the
resistance of the whole lithosphere to compressive stresses
in different areas. On Figure 6, we observe that on profiles I
and II, the strongest lithosphere is found between 800 and
1200 km, corresponding to the South Caspian Basin. At the
same distance from the Zagros convergence zone on profile
III, the situation is inverted the lithosphere being very weak.
This observation could explain why there is subduction
underneath the Apsheron‐Balkan sill but not under the
Kopet‐Dagh as we interpreted from our modeling results.
The strong South Caspian block acts as relatively rigid block
producing on the one hand crustal deformation toward the
south in the Alborz Mountains, where Vernant et al. [2004b]
give presently a shortening rate of 6–8 mm/yr. On the other
hand, toward the north, the 6–7 mm/yr convergence
[Vernant et al., 2004b] is accommodated by subduction of
this rigid block underneath Eurasia. In the Kopet‐Dagh area;
however, the overall smaller convergence of 8 mm/yr
[Vernant et al., 2004b] does not lead to subduction under
Eurasia, due to the weakness of the lithosphere. The con-
vergence is partly accommodated by westward escape of the
South Caspian block [Hollingsworth et al., 2006], partly by
mainly crustal deformation.

6.3. Crust

[37] In the South Caspian Basin, Kopet‐Dagh and Turan
platform some Moho constraints from previous studies [e.g.,
Artyushkov, 2007; Jackson et al., 2002; Knapp et al., 2004;
Mangino and Priestley, 1998; Yegorkin and Matushkin,
1970] are used and shown in Figures 3f, 4f and 5f. We

Figure 6. Comparison of the vertically integrated strength of the lithosphere for the three interpreted
profiles.
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kept our models as near as possible to these Moho con-
straints and discrepancies in this area are within the mod-
eling resolution. Since sedimentary thickness is known in
the southernmost South Caspian Basin and gravity data are
very sensitive to lateral variations in crustal thickness, we
think that also in this area without seismic data, the very thin
crust is well constrained.

[38] In the Alborz region, however many studies have
been done but a large variety of crustal thicknesses (35–
67 km) have been reported which are mainly due to differ-
ences in assumed vp and vs velocities and model resolutions
in the receiver function inversions. For more information
about the reasons of these big discrepancies in this area,
refer to Abbassi et al. [2010] and Radjaee et al. [2010]. Our

Table 3. Misfit Between Measured and Calculated Data (1s) for the Three Profiles and the Test Models Presented in Figures 3, 4, 5
and 7a

Profile Free Air Gravity (mGal) Bouguer Anomaly (mGal) Geoid (m) Topography (m)

I 14 13 0.53 266
II 15 14 0.70 207
III 13 10 0.58 175
I (Crustal model in Zagros from Paul et al. [2006]) 16 15 0.60 303
III (Crustal model in Zagros from Paul et al. [2010]) 16 13 1.35 439
I (Alborz rootless adjusted) 14 13 0.79 239

aFor the surface heat flow data, the strong local variability and few available data do not allow to give a meaningful misfit value.

Figure 7. Models without root under the Alborz Mountains. (a) Model of Profile I eliminating the
crustal root and reducing the depths of the other inner crustal interfaces correspondingly. Strong effects
are visible for topography and geoid. (b) Reducing extremely the lithospheric thickness and deepening
again the inner crustal interfaces allows explaining roughly the data. However, this model is geologically
not acceptable.
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results show a thickness of ∼55 km for the Alborz Moun-
tains which is compatible with Abbassi et al. [2010] and
Radjaee et al. [2010].
[39] In the Zagros Mountains and central Iran regions,

Paul et al. [2006] propose a crustal model (hereafter we call
it “Paul_1 model”) along a 620 km long profile coinciding
nearly with the first half part of our profile III. They propose
also a density model compatible with the Bouguer anomaly
and their seismic data sets. In the Paul_1 model, the maxi-
mum crustal thickness of about 70 km is located 50–90 km
NE of the surface exposure of the MZT, exactly beneath the
low topography of SSZ. They interpret this very large
thickness found only over a small distance, by overthrusting
of the Arabia margin crust by the crust of central Iran along
the MZRF. We tested this crustal model in the first half part
of our profile III (Figure 5g), modifying also the lithospheric
thickness in order to get the best possible data fit. Litho-
spheric thicknesses change also slightly in areas where
crustal thickness does not change, since the densities of
certain crustal layers were changed. As should be expected,
we obtained a good fit of gravity anomalies, but topography
and, more important, geoid undulations are not well fit (see
Table 3 for misfit between measured and calculated data).
Manaman and Shomali [2010] by tomographic inversion of
data from the same experiment as Paul et al., got a maxi-
mum of 65 km Moho depth located partly beneath the high
topography of the MZT, partly beneath the SSZ, a model
that is more compatible with our results.
[40] Paul et al. [2010] published another model (hereafter

named “Paul_2”) which coincides in its northeastern part
(100–420 km [Paul et al., 2010, Figure 3]) with our profile I
(500–820 km, Figure 3). Between 150 and 500 km of our
profile, model Paul_2 continues in a different direction. We
tested also this model with our method (Figure 3g), using
the part of Paul_2 away from our line for the Arabian
Platform. The data fit for model Paul_2 is better than that for
Paul_1, but there is still some misfit in the topography. The
better fit is due to a thinner crust in Paul_2 than for Paul_1,
probably related to a larger Vp/Vs ratio used for this model.
[41] At crustal scale, the most important result is the

thickness of up to 55 km beneath the Alborz Mountains
indicating a pronounced crustal root. Since some previous
studies argued for the absence of a root under the Alborz, we
tested different models to see whether it is possible to
explain the data without a root beneath the Alborz. How-
ever, we found that it is impossible to fit the calculated data
to the measured ones with a geologically reasonable model.
Figure 7a shows the effect of cutting the root under the
Alborz on the modeling results of profile I, and Figure 7b
shows our best attempt to fit the data by keeping the
Alborz rootless. The fit to the data is similar to the model
with thickened Moho (Table 3). However, the upper and
middle crustal layers still have to be thicker than normal and
the eliminating the crustal root has to be compensated by an
extreme thinning of the lithosphere, the asthenosphere
touching nearly the base of the crust. This adjustment is
possible since the mass deficit due to crustal thickening
could be replaced at a similar depth by another mass deficit
due to hot asthenosphere. It is, however, clear that such a
thin lithosphere is geologically not acceptable. The tem-
peratures in the lower crust should produce large‐scale
melting and accompanying volcanism that are not observed

in the vicinity of profile I. Therefore, we conclude that
thickening of the crust underneath the Alborz Mountains is
necessary to explain all our data in a common model.
[42] The study by Dehghani and Makris [1984] is one of

the main references that mentions a rootless Alborz. How-
ever, in the gravity data that they used, no data exist for the
Alborz Mountains. Therefore, the depth of less than 35 km
for the Moho in this region that they have calculated may
well be due to the effect of data interpolation between the
northern and southern side of the Alborz where the crust is
thinner. In a recent work, Sodoudi et al. [2009] obtain a thin
(∼90 km) lithosphere in this area in good agreement with our
results. Their crustal thickness is 47 km for central Iran and
54 km for the Alborz which is close to our results (55 km for
the Moho thickness in the Alborz). Nevertheless, they claim
that the root under the Alborz is missing. Also Abbassi et al.
[2010] obtain a crustal thickness of 58 km with receiver
function analysis. We believe therefore that the existence of
a crustal root under the Alborz is very likely.

7. Conclusions

[43] Three the modeled profiles show the following main
characteristics:
[44] 1. Crustal roots with thicknesses 55–60 km occur

underneath the Zagros and Alborz mountains. A less
pronounced but visible root underneath the Kopet‐Dagh
(48 km).
[45] 2. Crustal thicknesses of near 40 km occur below the

Central Iran Plateau and the Turan Platform.
[46] 3, Strong thinning of the crust under the South

Caspian block occurs with increasing thickness northward
toward the Apsheron‐Balkan Sill.
[47] 4. Thin lithosphere occurs under the northern part of

the Zagros and the Central Iran (100–120 km).
[48] 5. Thick lithosphere of 160–190 km occurs beneath

the Turan Platform and of 210–240 km occurs underneath
the Arabian Platform as well as under the South Caspian
block where the thickness increases toward the Apsheron‐
Balkan Sill, indicating, together with the observed seismic
activity, active subduction of the South Caspian block
toward the N‐NW.
[49] 6. No evidence for active subduction occurs further

east, beneath the Kopet Dagh. This observation can be ex-
plained by a very rigid lithosphere in the South Caspian
block due to a combination of very thick lithosphere and
thin, probably oceanic crust or highly thinned continental
one. Surrounding this block, relatively standard continental
lithosphere accommodates compressive stresses by internal
deformation.
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