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ABSTRACT

The Zagros Collision Zone is a complex tectonic region formed as a consequence of the collision between
Arabia and Eurasia after the subduction of the Neo-Tethys ocean. The NW-SE striking Zagros orogen con-
sists of the following parallel tectonic units (from SW to NE): Zagros Fold and Thrust Belt (ZFTB),
Sanandaj-Sirjan Metamorphic Zone (SSZ), and Urumieh-Dokhtar Magmatic Arc (UDMA). In this study,
we perform a combined analysis of recent geophysical data, revealing pronounced differences in the crus-
tal and lithospheric structure along the Zagros Mountains. The northwestern sector shows a fairly uni-
form crustal thickening across the broad symmetric orogen from the ZFTB to the UDMA. In contrast, in
the central Zagros, the transition from a relatively narrow zone of high elevations and high-frequency
relief in the ZFTB to a smoother surface topography of the SSZ and UDMA occurs with an abrupt increase
in Moho depth below the SSZ. The last observation has recently been interpreted as a result of “relami-
nation” process, where the felsic upper crust of the Arabian plate underthrust the mafic crust of the
Iranian plate. We present geodynamic numerical models of crustal relamination during continental col-
lision and compute static gravity field of the resulting structures. We show that oblique closure of the
Neo-Tethys affects lateral variations in the style and extent of crustal relamination, which control the
observed along-strike changes in crustal configuration and orogen altitude. In particular, a narrow and
higher orogen (as in the central Zagros) develops in the experiments with a young and wide oceanic plate,
whereas an old and narrow subducting plate tends to form a broad and lower topography (as in the
northwestern Zagros). This is geometrically consistent with the progressive closure of the Neo-Tethys

from NW to SE during the oblique continental collision between Arabia and Eurasia.
© 2025 The Authors. Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0)).

1. Introduction

and geophysical studies over the past 50 years, the geometry and
physical state of its structures, that accommodate the internal

The continental collision between the Arabian plate and the
southern Eurasian margin resulted in the formation of the Zagros
Collision Zone, which extends in NW-SE direction for nearly
2000 km. Although both the crust and the upper mantle of the
Zagros orogen have been investigated by numerous geological
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deformation caused by past and present convergence, are still con-
troversial (e.g., Paul et al., 2006, 2010; Agard et al., 2011; Ballato
et al.,, 2011; Kaviani et al., 2020; Boutoux et al., 2021; Irandoust
et al., 2022). The diachroneity of the collision process, that was
gradually expanded from eastern Turkey to southeastern Iran
(Darin and Umhoefer, 2022), is probably the main reason for the
complexity of the lithospheric architecture, seismicity distribution,
and topography, which are subject to pronounced variations not
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only across (from SW to NE) but also along (from NW to SE) the
collision zone (e.g., Kaviani et al., 2020; Talebi et al., 2020;
Irandoust et al., 2022; Yang et al., 2023a), as also more recently evi-
denced in a density and magnetic susceptibility model, obtained by
the joint inversion of gravity and magnetic data (Maurizio et al.,
2023).

Recently, the crustal structure in the central section of the
Zagros has been interpreted as a product of the “relamination” pro-
cess, in which the felsic upper crust of the Arabian plate under-
thrusts the high-seismic-velocity mafic crust of the Iranian plate
(Talebi et al., 2020). As opposed to “delamination” (Bird, 1979;
Ueda et al., 2012), the term “relamination” (Hacker et al., 2011;
Maierova et al., 2018) refers to the detachment of crustal material
from the subducting plate and its emplacement at the base (*“sub-
lithospheric relamination”) or within the overriding plate (“crustal
relamination”). The large thickness of the crust detected by seis-
mological studies in the Zagros orogen (Kaviani et al., 2020;
[randoust et al., 2022) can, therefore, potentially be attributed to
a second type of relamination (“crustal relamination”).

In this study, we examine the available geophysical data on the
Zagros Collision Zone with a particular focus on along-strike
(orogen-parallel) variations and a possible link to the relamination
process. Specifically, we use (1) seismic tomography models of the
crust (Kaviani et al., 2020; Irandoust et al., 2022) and upper mantle
(Koulakov, 2011; Schaeffer and Lebedev, 2013; Veisi et al., 2021),
(2) Moho depth obtained from shear wave models (Kaviani et al.,
2020; Irandoust et al., 2022), (3) seismicity distribution from the
most updated seismic database (NEIC catalogue, https://
earthquake.usgs.gov/earthquakes/search), (4) Curie point depth
derived from magnetic anomaly inversion (Li et al., 2017), and
(5) Bouguer anomalies based on the global gravity model
XGM2019e (Zingerle et al., 2020). The revealed architecture of
the crust and lithospheric mantle was visually compared with
across-strike and along-strike variations in surface topography
(ETOPO 1, Amante and Eakins, 2009). In addition, we provide a
quantitative assessment of the statistical correlation between sur-
face topography (Amante and Eakins, 2009), Moho depth (Kaviani
et al., 2020; Irandoust et al., 2022), and Bouguer gravity anomalies
(Zingerle et al., 2020).

To explore the mechanism of syn-collisional crustal relamina-
tion, we perform a series of two-dimensional (2D) thermo-
mechanical experiments built on several previous numerical
studies that have investigated this process to explain fundamental
features of ancient and modern orogens, such as the European Var-
iscides and the Himalayan-Tibetan system (Sizova et al., 2012;
Labrousse et al., 2015; Liu et al., 2017; Maierova et al., 2018;
Schliffke et al., 2019). We test different control parameters to cap-
ture the heterogeneity of the colliding plates and obliquity of the
continental collision and to understand their influence on along-
strike differences in the present-day structure of the Zagros orogen.
The modelling outcomes, such as the shape of the subducting slab,
the configuration of the overriding-plate crust, and the topography,
were compared with the available observations, i.e. with the seismic
tomography and other geophysical data and the relief variations
across the orogen in the different parts (northwestern and central)
of the collision zone. Furthermore, the static gravity field of the
structures determined in the thermo-mechanical experiments was
computed and compared with the present-day gravity anomalies.

2. Tectonic setting and geodynamic history

The Zagros Collision Zone has been formed during the collision
of the Arabian and Iranian plates. The Central and Eastern Iran is a
relatively flat area, bordered to the north by the Turan Platform
and to the east by the Afghan Block (Fig. 1), comprising several
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tectonic micro-blocks (from W to E: the Yazd, Tabas, and Lut
blocks), collectively referred to as the CEIM (central-east Iranian
micro-blocks). During the Permian, these micro-blocks were sepa-
rated from Eurasia in the north by the Paleo-Tethys ocean and
were detached from the eastern margin of Gondwana with the
opening of the Neo-Tethys ocean in the south (Muttoni et al.,
2009). In the Late Triassic, the CEIM was attached to the southern
margin of stable Eurasia (Turan Platform), forming the Cimmerian
orogen in Northern Iran (Wilmsen et al., 2009). The Paleo-Tethys
suture is thought to be located in Northern Iran, where it extends
along the Alborz-Binalud and Kopeh Dagh mountain ranges
(Zanchi et al., 2009).

Subduction of the Neo-Tethys oceanic slab began during the
Early to Middle Jurassic (Agard et al., 2011), likely as a consequence
of the opening of the Central Atlantic Ocean (Sibuet et al., 2012).
The back-arc extension triggered by the northward subduction of
the Neo-Tethys has caused the collapse of the Cimmerian orogen
with the formation of the post-Triassic sedimentary basin in the
Kopeh Dagh and the opening of several small-scale and short-
lived oceanic basins, surrounding the CEIM. Most of the Neo-
Tethys was closed by the oblique collision between Arabia and Eur-
asia by ~ 30-10 Ma (Agard et al., 2011; Chiu et al., 2013), although
subduction of the Neo-Tethys remnant in the Makran region is cur-
rently ongoing (Mc-Call, 1997).

The closure of the Neo-Tethys ocean along the Arabia-Eurasia
margin and the associated continental collision led to the forma-
tion of the NW-SE striking Zagros orogen, which consists of several
NW-SE trending tectonic provinces (Fig. 1): (1) the Zagros Fold and
Thrust Belt (ZFTB); (2) the Sanandaj-Sirjan Metamorphic Zone
(SSZ); and (3) the Urumieh-Dokhtar Magmatic Assemblage
(UDMA). The ZFTB is the seismically active zone of the Zagros
Mountains, separated from the SSZ by the Main Zagros Thrust
(MZT), which is considered to be the boundary between the Ara-
bian and Iranian plates. The SSZ is a highly deformed and moder-
ately metamorphosed remnant of the southern active margin of
the Iranian continental block. This tectonic unit consists of a
~150-200 km-wide belt of sedimentary and metamorphic Paleo-
zoic to Mesozoic rocks intruded by Jurassic to Early Eocene calc-
alkaline magmatic rocks and Middle Eocene gabbros (e.g., Agard
et al., 2011). Geologic data indicate that magmatic activity in the
SSZ nearly ceased during the Cretaceous and shifted toward the
UDMA (e.g., Omrani et al., 2008). This magmatic shift was related
to the flat-slab subduction that established in the Mid-
Cretaceous (Verdel et al, 2011). The UDMA, characterized by
almost continuous volcanic activity from the Eocene to the present,
is an Andean-type volcanic arc, which is ~ 50-100 km-wide and
composed of Late Jurassic to Quaternary magmatic rocks.

The main phases of deformation on the Arabian margin include
ophiolite obduction in the Late Cretaceous-Eocene (e.g., Koshnaw
et al,, 2019; Vergés et al.,, 2019) and subsequent continental colli-
sion in the Late Eocene-Early Oligocene to Recent (e.g., Ballato
et al., 2011; Darin and Umhoefer, 2022). Furthermore, ther-
mochronological data, syntectonic sedimentation, and comparison
between estimates of total shortening and extrapolated geodetic
strain rates (e.g., Gavillot et al., 2010; Ballato et al., 2011;
Madanipour et al., 2017; Barber et al., 2018; Vergés et al., 2019;
Darin and Umhoefer, 2022) have shown that the collision phase
can be subdivided into two stages separated by a time interval of
~15-20 Myr: the first stage without significant deformation (re-
ferred to as “soft collision”) and the second stage, characterized
by intense tectonic deformation, surface uplift, and rock exhuma-
tion (referred to as “hard collision”). Importantly, due to the irreg-
ular shape of the Arabian continental margin combined with the
NNE direction of the Afro-Arabian plate motion relative to Eurasia,
which led to oblique subduction of the Neo-Tethys, the continental
collision along the Zagros orogen was strongly diachronous.
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Fig. 1. Main tectonic units in the Iranian region of Arabia-Eurasia collision zone. Surface topography is from ETOPO 1 (Amante and Eakins, 2009) and thrust faults and tectonic
blocks limits are from Rabiee et al. (2019). Circles with the radius proportional to the magnitude and fill color proportional to the depth show the earthquakes (NEIC
catalogue, https://earthquake.usgs.gov/earthquakes/search), below and above the depth of 40 km, respectively. Abbreviations stand as follows: ZFTB, Zagros Fault and Thrust
Belt; MZT, Main Zagros Thrust; SSZ, Sanandaj-Sirjan Metamorphic Zone; UDMA, Urumieh-Dokhtar Magmatic Arc, CEIM, Central-East Iranian Micro-blocks.

In particular, the onset of the collision initially took place in east-
ern Anatolia at ~42 Ma and then gradually shifted to the SE, occur-
ring at ~40-35 Ma in northwestern Zagros, ~35-25 Ma in central
Zagros, and ~25-15 Ma in southeastern Zagros (Darin and
Umbhoefer, 2022). This overall oblique convergence history led to
a gradual transition from oceanic to continental subduction from
NW to SE, which is also reflected in the geochemical signature of
the magmatism, characterized by a diachronic transition from
calc-alkaline, shoshonitic and adakitic rocks to predominantly
high-K alkaline and minor sodic alkaline rocks (Rabiee et al., 2020).

The Cenozoic subduction of the Neo-Tethys ocean beneath the
southern margin of Eurasia includes two slab break-off events.
The first slab rupture occurred ~ 60-55 Ma during continuous
oceanic subduction, while the second one happened in the Late
Miocene as a result of continental collision (Agard et al., 2011).
On the contrary, some geologic data, such as the adakitic magmas
in the central part of the UDMA, presumably derived from the
melting of the oceanic slab during its detachment (Omrani et al.,
2008), and the recent transition from thin-skinned to thick-
skinned deformation observed in the Zagros foreland (Molinaro
et al.,, 2005), argue for a slab break-off in the Mio-Pliocene. In
any case, the role of Neo-Tethys slab pull force in driving the move-
ment of the Arabian plate has clearly diminished in the latest Ceno-
zoic (Mouthereau et al., 2012), so that the convergence reduced
from ~ 3-5 cm yr~! (Boutoux et al., 2021) to the current rate
of ~ 2.2 cm yr~! (Khorrami et al., 2019; Vernant et al., 2004).
The current convergence can be attributed to the combined effect
of (1) the ridge push from the Gulf of Aden and the Red Sea spread-
ing system (Molinaro et al., 2005); (2) the push of the Afar mantle
plume (Koptev et al., 2018), which presumably triggers a large-
scale asthenospheric flow below the Arabian plate (Ershov and
Nikishin, 2004; Faccenna et al., 2013); and (3) the pull of the slab
beneath Turkey, which remains connected to the Arabian plate
(e.g., Mouthereau et al., 2012; Becker and Faccenna, 2011).
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3. Main structures from geophysical data
3.1. Crustal seismic velocities

The crustal structure of the Zagros Collision Zone has been
extensively studied in recent decades, mainly using receiver func-
tion analysis (e.g., Paul et al., 2006; Mohammadi et al., 2013; Wu et
al., 2021) and seismic tomography (e.g., Kaviani et al., 2020; Veisi
et al., 2021; Irandoust et al., 2022). The results revealed significant
differences both in the Moho depth patterns and distribution of
crustal velocities between the northwestern and central parts of
the Zagros orogen. For example, analyses of receiver function data
(Mohammadi et al., 2013; Motaghi et al., 2015, 2017; Paul et al.,
2006, 2010) revealed crustal thicknesses of ~40-50 km under
the entire external part of the chain (the ZFTB), with a sudden
increase to a depth of ~60-70 km beneath the SSZ, in the central
sector of the orogen and a thinning to ~50 km under the Alborz
mountains and ~45 km beneath the Central Iran.

In the recent study of Kaviani et al. (2020), Rayleigh wave
records from ambient-noise cross-correlations and regional earth-
quakes were used to construct a 3D model of shear wave velocity
(vs) for the crust and uppermost mantle (to a depth of 100 km) in
this region (Fig. 2a). The results of this study show a relatively thin
crust (~35-40 km) beneath the Arabian plate that rapidly thickens
to ~ 45 km beneath the ZFTB deformation front (Fig. 2a). Consis-
tent with previous studies, the Moho becomes progressively
thicker (up to ~ 50 km) within a relatively narrow zone in the
NE of the MZT. Further to the NE, the Moho shallows back
to ~ 40 km beneath the Alborz mountains and to ~ 35 km beneath
the Central Iran, which is thinner than previous estimates (e.g.,
Mohammadi et al.,, 2013). Under the Kopeh Dagh and Binalud
mountains, the crust thickens again to ~ 45 km and then thins
to ~ 30 km under the Turan Platform. In the southern part of the
collision zone, beneath Makran, where the Neo-Tethys oceanic
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Fig. 2. Depth of Moho and shear wave velocities (vs) illustrating crustal structure in the Zagros region, based on the analysis of Rayleigh wave records by (a) Kaviani et al.
(2020) and (b) Irandoust et al. (2022). Shear wave velocities (vs) are shown along two cross-sections (A-A’ and B-B’), whose locations are marked on the Moho depth maps.
Thrust faults and tectonic blocks limits on the maps are from Rabiee et al. (2019). Circles with the radius proportional to the magnitude and fill color proportional to the depth
show the earthquakes (see Fig. 1 for the legend). Colored circles over the velocity cross-sections show the location of earthquakes of different magnitudes according to the
legend. High-frequency dashed and solid lines on the cross-sections show the Moho depth of Kaviani et al. (2020) and Irandoust et al. (2022), while low-frequency dashed
lines show the depth of the Curie temperature (Li et al., 2017), which is displayed in Fig. 3. Abbreviations stands as follows: AP, Arabian plate; ZFTB, Zagros Fault and Thrust
Belt; SSZ, Sanandaj-Sirjan Metamorphic Zone; UDMA, Urumieh-Dokhtar Magmatic Arc; AL, Alborz mountains; CI, Central Iran; CS, Caspian Sea.

lithosphere is still subducting beneath the Eurasian plate, the
Moho depth decreases to < 40 km (Fig. 2a).

Along the northwestern cross-section A-A’, crustal thickening is
quite uniform, with a maximum Moho depth of ~ 55 km, accompa-
nied by a corresponding rise in surface topography up to ~ 2.5 km.
Therefore, the northwestern part of the orogen has a fairly sym-
metric shape with a width of ~ 350 km, considering the lateral
extent (from SW to NE) of the main tectonic units (the ZFTB, the
SSZ, and the UDMA), composing the Zagros Collision Zone
(Fig. 1). Further to the NE, below the Alborz mountains, the Moho
depth decreases to ~ 35 km, while the surface topography
increases to ~ 3 km. Along the central cross-section B-B’, the Moho
depth increases sharply, reaching its maximum of ~ 55 km
beneath the inner part of the SSZ, while the topography decreases
from ~ 3.5 km in the ZFTB to ~ 2 km in the SSZ and the UDMA,
resulting in a decreasing width of the orogen, which in this case
is strongly asymmetric. In both sections, low shear wave velocities
(vs < 3 km/s) down to depths of ~ 5-10 km are characteristic not
only of the Arabian platform, where they correspond to the thick
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Phanerozoic sedimentary sequences, covering the underlying Pre-
cambrian basement, but also of the external part of the Zagros Col-
lisional Zone (Fig. 2a). Moreover, the crust below the sediments
composing the ZFTB also exhibits lower velocities than those of
the adjacent tectonic units (the SSZ, the UDMA, the Central Iran,
and the undeformed part of the Arabian platform). These velocity
differences may be due to the fact that the units forming the south-
ern margin of the Iranian plate (the SSZ and the UDMA) were vol-
canic arcs during the subduction of the Neo-Tethys ocean and,
therefore, consist mainly of magmatic and metamorphic rocks with
high seismic velocity and density. In contrast, there are no vol-
canic/metamorphic bodies in the ZFTB, which is mainly composed
of accreted sediments that formed the Arabian continental margin
before continental collision.

A more recent model of shear wave velocity (vs) of Irandoust
et al. (2022) shows a similar distribution of Moho depths to that
of Kaviani et al. (2020), but with stronger lateral variations. Indeed,
most of the Zagros orogen is characterized by a Moho depth
of ~ 60 km, which rapidly decreases to ~ 45 km in the UDMA
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and ~ 35 km in the Central Iran, and increases again to
over ~ 55 km below the Kopeh Dagh and Binalud mountains
(Fig. 2b). Moreover, the Moho beneath the Alborz mountains is also
deeper (~50 km) than in Kaviani et al. (2020). Along cross-sections
A-A’ and B-B’, the pattern of Moho depth is generally similar to that
of Kaviani et al. (2020), but there are also some differences. In par-
ticular, the Moho of Irandoust et al. (2022) is systematically deeper
by ~ 5-10 km along profile A-A’, whereas its maximum is shifted
by ~ 50 km to the SW from the inner to the central part of the
SSZ along cross-section B-B’ (compare Fig. 2a and b). Despite these
discrepancies, the statistical correlation with the surface topogra-
phy along both cross-sections remains relatively high for both
models of Moho depth (within the interval of 0.67-0.89; Table 1).
The distribution of shear velocity variations, which are given in the
model of [randoust et al. (2022) as averaged values for two crustal
layers and the uppermost mantle, show lower values in the upper
and lower crust beneath the ZFTB than in the surrounding areas
(Fig. 2b), consistently with the results of the model of Kaviani
et al. (2020).

As clearly shown by Kaviani et al. (2020), the crust of the over-
riding plate undergoes an abrupt thickening below the SSZ in the
central part of the Zagros orogen (Fig. 2a). A detailed study by
Talebi et al. (2020), based on the interpretation of P- and S-wave
tomography, has revealed a complex crustal architecture in this
segment of the collision zone that is not visible in the seismic
velocity models of Kaviani et al. (2020) and Irandoust et al.
(2022) discussed above. In particular, Talebi et al. (2020) demon-
strate a vertical transition from a mafic layer with high seismic
velocity to a low-velocity felsic layer, which in turn is underlain
by another high-velocity mafic layer. Such a mafic-felsic-mafic
alternation can be interpreted as the emplacement of the upper
and lower crust of the Arabian plate, which have detached from
the subducting mantle, beneath the exhumed mafic metamorphic
complexes of the Iranian plate that currently form the uppermost
part of the SSZ (see Fig. 3 in Talebi et al., 2020). This process of
crustal relamination is favored by hot thermal conditions in the
overriding plate (Maierova et al., 2018), which leads to ductile
behavior of the mafic lower-crustal material and a consequent rhe-
ological decoupling of the upper crust from the lithospheric mantle
(Koptev et al., 2019). According to this interpretation, the reduced
and smooth surface topography observed in the SSZ and the UDMA
along cross-section B-B’ (Fig. 2) is the result of a predominantly
ductile deformation regime in the warm and thin overriding plate
(Talebi et al., 2020).

Table 1

Correlation coefficients along profiles A-A’ and B-B’ (see Fig. 4) between surface
topography, Moho depth, and Bouguer anomalies. Surface topography and Moho
depth are both assumed to be positive values. Sources: (1) surface topography from
Amante and Eakins (2009); (2) Moho depth from Kaviani et al. (2020) and Irandoust
et al. (2022); and (3) Bouguer anomalies from Zingerle et al. (2020)

Moho depth model Correlation coefficients

and profile Topography  Topography = Moho depth
and and and
Moho depth  Bouguer Bouguer

anomaly anomaly

Kaviani et al. (2020) 0.86 -0.77 -0.92

Profile A-A’

Irandoust et al. (2022) 0.76 -0.77 -0.93

Profile A-A’

Kaviani et al. (2020) 0.89 —0.86 —0.84

Profile B-B’

Irandoust et al. (2022) 0.67 —-0.86 -0.83

Profile B-B’
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Fig. 3. Magnetic and gravity data for the Zagros region. (a) Depth of the Curie
isotherm derived from the inversion of the magnetic anomalies (Li et al., 2017). (b)
Bouguer (BG) anomalies obtained from the global gravity model XGM2019e
(Zingerle et al., 2020). Thrust faults and tectonic blocks limits are from Rabiee
et al. (2019). Black lines show the location of the corresponding cross-sections in
Figs. 2, 4 and 5.

3.2. Seismicity

The seismic events that occurred between 1906 and 2021 in the
studied area (Fig. 1) are characterized by a highly uneven distribu-
tion, with most earthquakes concentrated near the ZFBT, with a
clear decrease towards the NE, approximately beyond the surface
expression of the suture zone (the MZT). In Northern Iran, seismi-
city is widespread in the Kopeh Dagh, Binalud, and Alborz moun-
tain ranges, indicating that these areas are actively deforming,
while in Central Iran it is mainly focused along the boundaries of
tectonic micro-blocks, which are instead nearly aseismic (Gao et
al., 2022; Rashidi et al., 2022, 2023). The depth of earthquakes
ranges from O to 183 km, with a body-wave magnitude (Mb)
between 4.5 and 7.4. Most of the seismic events have a Mb < 5.0
and occur at a depth < 40 km, while only 10 % of them are located
in the deep crust or in the uppermost mantle. The absence of very
deep seismicity (>200 km) in the northwestern and central sectors
of the Zagros orogen rules out both the presence of a subducting
oceanic plate and active continental subduction, consistent with
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the syn-collisional break-off of the Neo-Tethys slab in the Cenozoic
(see Section 2).

Along the collision zone, the frequency of earthquakes increases
from NW to SE, as the comparison of the seismicity distributions
along the cross-sections A-A’ and B-B’ clearly shows (Fig. 2). These
cross-sections also demonstrate that most of the crustal seismic
events are located in the upper (<20 km) and lower (>30 km) parts
of the crust. The decrease in seismicity at intermediate crustal
depths (~20-30 km) is probably related to ductile rheological con-
ditions that characterize this level. The abrupt lateral reduction in
the number of seismic events from SW to NE along cross-section B-
B’ coincides with the MTZ, where the surface topography begins to
decrease and its trend becomes smoother, while the crustal thick-
ness increases, reaching its maximum value (up to ~ 60 km) fur-
ther to the NE. Along cross-section A-A’, such a lateral change in
seismic intensity occurs slightly to the NE of the suture zone. The
almost complete absence of seismic activity in the SSZ is likely
related to the increased thermal conditions (see above), which lead
to a predominantly ductile behavior of the thickened continental
crust (Koptev et al., 2021) and thus prevent generation of seismic
events (Lavecchia et al., 2022). The less abrupt decrease in seismic-
ity in the northwestern sector could be attributed to a more evenly
distributed crustal thickening in this part of the orogen (see Sec-
tion 3.1) and to the proximity to the adjacent tectonically active
Alborz mountains. We can also note that the relatively low concen-
tration of seismic events in Central Iran is mostly located at shal-
lower depths than in the ZFTB, likely reflecting a higher rigidity
of the upper crust compared to the lower crust and upper mantle
in this region (e.g., Gao et al., 2022).

3.3. Depth of the Curie isotherm

The exact thermal structure of the crust and lithospheric mantle
is still poorly known in the Iranian region, as most of the area is not
covered by surface heat flow measurements, so the only con-
straints are based on indirect information. In particular, Li et al.
(2017) recently inferred the depth of the Curie isotherm
(~550 °C) on a global scale from the inversion of the magnetic
anomalies of two arc-minute resolution based on fractal magneti-
zation (Fig. 3a). Along the northeastern Arabian margin, the depth
of the Curie isotherm ranges from ~ 30 km to ~ 40 km and
decreases rapidly toward the NE to ~ 20-15 km depth. In the cen-
tral and southern part of the collision zone, the abrupt decrease in
the Curie temperature depth runs along the boundary delineating
the area of high seismicity and mostly coincides with the suture
zone (the MTZ), while in the northwestern segment it is slightly
shifted to the SW. To summarize, in the Zagros orogen, the shal-
lowing Curie isotherm coincides with a rapid increase in Moho
depth (Fig. 2) and is, therefore, probably related to the warming
caused by crustal thickening, due to continental collision. In con-
trast, the shallow depth of the Curie isotherm (~10-20 km) in
the Iranian micro-blocks (CEIM), characterized by a much thinner
crust compared to the tectonic units forming the collision zone,
are possibly the result of bottom-up heating of the overriding plate
caused by the upwelling of asthenospheric material through the
slab window opened during the detachment of the subducting
lithosphere (Gao et al., 2022; Yang et al., 2023b).

3.4. Gravity anomalies

The Bouguer (BG) anomalies, displayed in Fig. 3b, were obtained
using the gravity data from the global model XGM2019e (Zingerle
et al., 2020), derived from the combination of the satellite-only
model GOCOO06s (Kvas et al, 2021), satellite altimetry (over
oceans), and ground measurements. The model, which is provided
in terms of spherical harmonics coefficients, is computed up to
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degree and order 5399, corresponding to a nominal spatial resolu-
tion at the equator of 2’ (approximately 4 km). The source of
ground measurements over land is gridded data from the US
National Geospatial-Intelligence Agency, which is band-limited to
spherical harmonics degree and order 719. The gravity data in
the model is augmented using the synthesized signal of topogra-
phy, which means that the actual maximum resolution of gravity
data over land is ~ 30 km at the equator.

Starting from the coefficients in XGM2019e, we computed a
gravity disturbance reduced for the gravity effect of topography
(Hackney and Featherstone, 2003; Vajda et al., 2008), using the glo-
bal topography effect model RET2014 (Rexer et al., 2016). The com-
putation of this gravity functional differs from the one used to
compute the classical Bouguer anomaly and is aimed at avoiding
the “secondary indirect topographic effect”, for which we refer to
Meurers (2017). However, we refer to it as “Bouguer anomaly”
throughout this paper, conforming to the customary nomenclature
in geophysics.

The obtained Bouguer (BG) anomalies are in the range of + 130
mGal. The northeastern part of the Arabian plate is characterized
by positive anomalies that decrease in the collision zone
(Fig. 3b), in correspondence with the increase in the crustal thick-
ness (Fig. 2). However, the strongest negative anomaly
(<-50 mGal), located in the central sector of the collision zone,
coincides with the highest topography and is, therefore, shifted
to the SW with respect to the maximum crustal thickening. To
the NE of the collision zone, both Central and Northeastern Iran
are mostly characterized by weak BG anomalies (x50 mGal), due
to low topography compensated by a thinner crust. An exception
is a strong positive anomaly (>100 mGal) in the Alborz mountains,
a peculiar region with a high topography, a relatively deep Moho,
volcanic bodies in the crust, and a thin mantle lithosphere.

The observed BG anomalies along transect A-A’ (Fig. 4a) show a
relatively high negative correlation (Table 1) with the surface
topography trend (—0.77) and even stronger with that of the Moho
depth (above —0.90), as expected (Pivetta and Braitenberg, 2020).
Along transect B-B’ (Fig. 4b), BG anomalies are also well correlated
with surface topography (—0.86) and Moho depth (above —0.80),
although the maximum crustal thickness is shifted to the NE with
respect to the highest topography and minimum BG anomaly. This
shift has been interpreted as a consequence of the lower density of
the crust composing the external part of the orogen (the ZFTB),
compared to its central and internal part (the SSZ and UDMA),
which consists mainly of igneous and metamorphic rocks (e.g.,
Paul et al., 2006; Maurizio et al., 2023).

3.5. Upper mantle seismic velocities

To examine the structures of the lithospheric and sublitho-
spheric mantle of the Zagros Collision Zone and its surroundings
(Fig. 5), we use the surface wave velocity anomalies of the global
model SL2013sv (Schaeffer and Lebedev, 2013), which is based
on the partitioned waveform inversion technique (Nolet, 1990),
and two regional tomography models (Koulakov, 2011; Veisi et
al., 2021), which are based on the inversion of travel-time residuals
of body waves from earthquakes in the study area. Despite the dif-
ferent resolution of the models and algorithms used to derive the
seismic velocities, all three datasets consistently show a sharp lat-
eral transition at a depth of 100 km between the strong positive
velocity anomalies, corresponding to the northeastern edge of
the Arabian plate and the external part of the collision zone (the
ZFTB), and the negative velocity anomalies located further to the
NE. The negative anomalies in the upper mantle that characterize
most of the Iranian plate are consistent with a thin (<100 km) wea-
kened mantle lithosphere, which underlies the inner part of the
collision zone (the UDMA), the adjacent Alborz mountains, and
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Fig. 4. Variations in surface topography (Amante and Eakins, 2009), Bouguer anomalies (Zingerle et al., 2020), and Moho depth (km) according to the models of Kaviani et al.
(2020) and Irandoust et al. (2022), along (a) the northwestern cross-section A-A’ and (b) the central cross-section B-B'. The abbreviations correspond to those in Fig. 2.

the micro-blocks composing the Central Iran (e.g., Mahmoodabadi
et al., 2019; Motaghi et al., 2015; Mohammadi et al., 2013). This
weakening would be the cumulative result of the tectonic pro-
cesses that occurred during and after the subduction of the Neo-
Tethys ocean (see Section 2), such as (1) various phases of slab
roll-back leading to extension of the overriding plate; (2) hydration
of the mantle wedge due to dehydration of the subducted plate;
and (3) upwelling of hot asthenosphere enhanced by the formation
of slab windows as a consequence of continental collision
(e.g., Mahmoodabadi et al., 2019, 2020; Mohammadi et al., 2013).
In the high-altitude areas of the Kopeh Dagh and Binalud moun-
tains, the sign of the anomaly changes from negative to positive,
indicating a relative thickening of the lithosphere between the
relatively weak Northeastern Iran and the strong Turan Platform
(e.g., Motaghi et al., 2017; Wu et al., 2021).

The exact location of the transition between upper mantle pos-
itive and negative velocity anomalies, which marks the boundary
between the thick (>100 km) underthrusting Arabian lithosphere
and thin (<100 km) overriding Iranian lithosphere, changes later-
ally in the different tomographic studies. In particular, according
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to the model SL2013sv (Schaeffer and Lebedev, 2013), the edge
of the positive anomalies at 100 km depth is oriented in the
WNW-ESE direction, oblique to the NW-SE strike of the orogen
(Fig. 5a). As a result, the upper mantle underlying the SSZ is char-
acterized by negative and positive anomalies in its northwestern
and southeastern parts, respectively. Therefore, in the northern
sector of the Zagros, the transition from positive to negative sur-
face wave velocity anomalies is shifted to the SW with respect to
the suture zone (the MZT) and roughly follows the abrupt change
in Curie temperature depths (see Section 3.1). In contrast, in the
southern part of the Zagros, the transition is located NE of the
suture, with the positive anomalies covering the entire collision
zone (Fig. 5a). Differently from the global model SL2013sv
(Schaeffer and Lebedev, 2013), the regional studies (Fig. 5b-c) by
Koulakov (2011) and Veisi et al. (2021) show that the boundary
between the positive and negative velocity anomalies is aligned
parallel to the orogen (NW-SE). Moreover, compared to the model
SL2013sv (Schaeffer and Lebedev, 2013), this boundary appears to
be shifted to the NE in both the northern and central parts of the
Zagros (above 30° latitude). In the southern part, however, the pos-
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Fig. 5. Seismic wave velocity anomalies from global and regional seismic tomography studies, illustrating the structures of the lithospheric and sublithospheric mantle in the
Zagros region. (a) Global surface wave model SL2013sv by Schaeffer and Lebedev (2013). (b) Regional body wave (P-wave) model by Koulakov (2011). (c) Regional shear wave
(P-wave) model by Veisi et al. (2021). Velocity anomalies are shown on the horizontal slice at a depth of 100 km and along two cross-sections sections (A-A’ and B-B’). Thrust
faults and tectonic blocks limits on the maps are from Rabiee et al. (2019). For the representation of earthquakes and abbreviations, the same conventions as in Fig. 2.

itive anomaly in the model of Koulakov (2011) extends laterally
only to the inner boundary of the ZFTB and follows the location
of the suture zone (Fig. 5b), whereas in the model of Veisi et al.
(2021), there is a small negative anomaly beneath the outer part
of the SSZ, separating two strong positive anomalies, that indicate
the presence of thick lithosphere beneath the ZFTB and the UDMA
(Fig. 5¢).

The distribution of seismic velocities along cross-section A-A’
(northwestern segment of the orogen) shows a continuous strong
positive anomaly (presumably corresponding to the subducting
slab) down to a depth of at least ~ 250 km in all three models
(Fig. 5). In the models of Koulakov (2011) and Veisi et al. (2021),
the slab extends horizontally from the Arabian platform and then
inclines steeply downward beneath the ZFTB (Fig. 5b) or the exter-
nal part of the SSZ (Fig. 5¢), respectively. The amplitude of the pos-
itive anomaly decreases in both datasets at a depth of ~ 250 km
and increases ~ 50 km deeper, at ~ 300 km, suggesting the exis-
tence of a small gap that divides the slab into two parts (Fig. 5b-
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c). At greater depths, below ~ 450 km, the positive anomaly
increases in amplitude and spatial extent in both models, likely
due to buckling and stagnation of the slab in the mantle transition
zone (Pons et al., 2022). On the contrary, in the model SL2013sv
(Schaeffer and Lebedev, 2013), the Arabian slab gradually tilts
down with a small dip angle, while the corresponding positive
anomaly clearly loses amplitude at a depth of ~ 250 km and disap-
pears below ~ 400 km (Fig. 5a).

Along cross-section B-B’ (central segment of the collision zone),
in the global model SL2013sv (Schaeffer and Lebedev, 2013), the
slab dips at a lower angle than in cross-section A-A’ with a similar
reduction in the positive velocity anomaly between ~ 250 km
and ~ 400 km (Fig. 5a). Consistently, the regional models
(Koulakov, 2011; Veisi et al, 2021) demonstrate a quasi-
horizontal penetration of the Arabian plate into the collision zone
that is more advanced than in the northwestern section, as the slab
only begins to sink to the NE of the MZT directly beneath the SSZ
(Fig. 5b-c), which in this segment of the orogen (central Zagros)



M. Tesauro, P. Maierovd, A. Koptev et al.

is characterized by a relatively smooth topography and the great-
est thickness of the crust (see Section 3.1). In the model of
Koulakov (2011), the near-vertical subducting slab is continuous
to a depth of ~ 400 km, while there are no further positive anoma-
lies in the deeper part of the upper mantle (Fig. 5b). In contrast, the
positive anomaly in the model of Veisi et al. (2021) weakens
between ~ 250 km and ~ 400 km and becomes strong again
below ~ 450 km (Fig. 5c).

Although the results of the three seismic tomography studies
are not in complete agreement, they consistently show a shallower
dip angle or a more pronounced penetration of the Arabian plate
into the collision zone in the central part of the Zagros orogen com-
pared to its northwestern section. In contrast to the interpretations
of other seismic tomography and receiver function data, which
suggest that the slab break-off occurred in the NW sector of the
Zagros (Simmons et al, 2011; Kaviani et al, 2018;
Mahmoodabadi et al., 2019; Rahmani et al., 2019; Chang et al.,
2010; Vergés et al., 2011), but the slab is still connected to the
lithosphere of the Arabian platform in the central and southeastern
part of the orogen (Chang et al., 2010; Simmons et al., 2011;
Motaghi et al., 2015), the datasets presented here indicate a com-
plete rupture of the subducting plate along the entire Zagros oro-
gen, although the depth and vertical extent of the slab window
(s) vary in the different cross-sections and tomography models
(Fig. 5). This is generally consistent with the findings of recent
numerical experiments showing extremely rapid (tens of cm
yr~1) lateral propagation of the initial slab break-off (so-called slab
tearing) in the context of both continental collision (Boonma et al.,
2023) and continuous oceanic subduction (Andri¢c-TomaSevic et al.,
2023).

4. Thermo-mechanical modelling
4.1. Numerical methods and model setup

To investigate the transition from ocean-continent subduction
to continental collision phase and the associated process of crustal
relamination, we use the 2D thermo-mechanical code 12VIS, which
solves the momentum, continuity, and energy equations with a
finite-difference scheme on a fully staggered Eulerian grid (Gerya
and Yuen, 2003; Gerya, 2019). The physical properties of the differ-
ent rock types are transported according to the velocity field using
the marker-in-cell method. The adopted equations assume com-
pressible material with negligible inertia. The heat equation
includes radiogenic, adiabatic, and shear heat sources, as well as
latent heat of melting. The processes of (de)hydration, water perco-
lation, melting, melt extraction and melt emplacement are also
considered (e.g., Gerya et al., 2002; Vogt et al., 2013).

The deformation is determined by visco-plastic rheology. The
viscous (ductile) behavior is described as a combination of disloca-
tion, diffusion, and Peierls creep (the latter two only in the mantle).
Plastic/brittle failure is based on the Drucker-Prager yield criterion,
also including the effect of strain-induced softening, when the brit-
tle strength decreases linearly with increasing accumulated plastic
strain (e.g., Huismans and Beaumont, 2002). The resulting visco-
plastic rheologies are assigned on the basis of a Christmas tree-
like criterion, in which the effective viscosity is defined as the min-
imum between the brittle/plastic and ductile components (Burov,
2011). It is important to note that the effective viscosity of rocks
is lowered in the presence of water and melt. Hydrated rocks are
characterized by a weaker ductile rheology than dry rocks (e.g.,
wet olivine flow law instead of dry olivine flow law), while
partially-molten rocks have an internal friction angle of zero. In
addition, the brittle strength is also reduced in the presence of per-
colating water or melts, due to decreasing effective pressure in
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rocks below the hydration front (Gerya et al., 2006) or in melt
extraction pathways approximated by vertical columns above the
melt source (Gerya et al., 2015). The implementation of (de)hydra-
tion and melting processes and their effects on the rheological
properties of rocks have been described in detail in previous stud-
ies (e.g., Gerya and Meilick, 2010; Sheng et al., 2016).

The initial model configuration (Fig. 6) follows the correspond-
ing setup of Maierova et al. (2018), who simulated different
subduction-exhumation histories of continental crust, as well as
other previous studies exploring the formation of (U)HP rocks
(Faccenda et al., 2008; Vogt et al., 2012; Sizova et al.,, 2012;
Dymkova et al., 2016). The model domain is 4000-km wide and
1000-km deep. The spatial resolution of the experiments is
1 x 1 km around the contact between the subducting and overrid-
ing plates, while it decreases gently further away from this part of
the model. The subducting plate is composed of continental and
oceanic parts. In most experiments, the continental crust of the
subducting plate consists of evenly divided felsic (upper) and mafic
(lower) layers with a total thickness of 30 km. We have addition-
ally tested an upper crust thickened by 10 km and rheological
properties corresponding to felsic composition for the entire crust
including the lower layer (see below). The oceanic crust contains
basaltic (2 km thick) and gabbroic (5 km thick) layers. The conti-
nental crust of the overriding plate is also composed of an upper
felsic layer and a lower mafic layer (20 km and 10 km thick, respec-
tively). The initial lithospheric and sublithospheric mantle is
assumed to be of dry olivine composition. To facilitate the onset
of subduction (Stern and Gerya, 2018), we prescribe a sedimentary
wedge and a weak zone of hydrated mantle at the contact between
the subducting and overriding plates (e.g., Koptev et al., 2022). The
ductile flow laws and reference densities for all rock types are sum-
marized in Table 2, while we refer to Maierova et al. (2018) for fur-
ther details on the values of individual parameters.

All boundaries of the experimental domain are modelled as
free-slip rigid walls. The deformed stress-free surface of the Earth
is approximated using the “sticky-air” method (Schmeling et al.,
2008; Crameri et al., 2012). Elevation-dependent erosion and sedi-
mentation act at the interface between the “sticky-air” and the
“rock” (Gorczyk et al., 2007). The convergence of the subducting
and overriding plates is determined by a constant velocity asso-
ciated to the subducting plate throughout the model evolution
(Fig. 6). Temperatures at the top and bottom of the model are con-
stant (0 °C and 1790 °C, respectively), while thermally insulating
boundary conditions (a conductive heat flux of zero) are imposed
on the left and right boundaries. For the oceanic lithosphere, the
initial temperature distribution is defined by the half-space cooling
approximation (Turcotte and Schubert, 2002). In the continental
domain, we apply a typical steady-state conductive geotherm
(Artemieva, 2006; Koptev and Ershov, 2011). The adiabatic gradi-
ent in the sublithospheric mantle is 0.5 K/km (Sleep, 2003;
Putirka et al., 2007).

Overall, we performed 19 experiments by varying 8 control
parameters (Table 3), which include (1) initial thermal age of the
oceanic plate (20-100 Myr); (2) initial width of the oceanic litho-
sphere (500-900 km); (3) convergence rate (3-5 cm yr— 1), (4-5)
thermal thickness of the continental lithosphere in the overriding
(55-65 km) and subducting (110-150 km) plates; (6-7) thickness
(30-40 km) and strength (mafic or felsic rheology for lower layer)
of the subducting-plate continental crust; and (8) presence or
absence of a thinned continental segment at the original passive
margin. The range of values for the tested parameters was chosen
in accordance with those reported in the literature (e.g., Boutoux
et al., 2021; Darin and Umhoefer, 2022), taking into account
unavoidable uncertainties in quantitative evaluations based on dif-
ferent reconstructions. Furthermore, we also considered hetero-
geneities along strike of the Zagros orogen (i.e. in the direction
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shows the initial isotherm of 1200 °C for the reference model M1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

Table 2

Densities and ductile flow laws used in thermo-mechanical modelling for individual
rock types. Sources for rheological parameters: (1) crustal rocks from Ranalli (1995);
and (2) mantle rocks from Karato and Wu (1993), Evans and Goetze (1979), and
Katayama and Karato (2008). Note the relatively low density of the felsic continental
crust, which favors its exhumation and is thus relevant to the relamination process
(see Maierova et al., 2018). This is also consistent with the observation of a less dense
crust in the external part of the Zagros orogen, composed by deformed sediments that
were deposited on the Arabian continental margin before the continental collision
(see Section 3.1).

Rock type Reference density Viscosity
(kg/m3) (flow law)
sediments 2900 wet quartz
felsic crust 2700 wet quartz
mafic crust 3000 anorthite
basaltic oceanic crust 3000 wet quartz
gabbroic oceanic crust 3000 anorthite
molten sediments, felsic crust 2500 wet quartz
molten mafic crust 2500 anorthite
molten basalt 2500 wet quartz
molten gabbro 2900 anorthite
dry mantle 3300 dry olivine
dry continental mantle 3200 dry olivine
hydrated mantle 3300 wet olivine
molten mantle 2900 dry olivine

perpendicular to the plane of our 2D models) caused by variations
in the properties of colliding plates and the obliquity of continental
collision during the gradual closure of the Neo-Tethys ocean from
NW to SE (see Section 2).

For each model, the horizontal variations in the surface topog-
raphy and Moho depth were defined on the basis of density (iso-
density 2000 kg/m?) and material distribution (top of lithospheric
mantle), respectively (Figs. S1-S2). Since the Moho depth in the
vicinity of the trench can be unrealistically deep due to the com-
plexity of the structures formed there, a maximum possible Moho
depth is arbitrarily limited by a value of 80 km. We also estimated
the width of the collision-generated orogens (surface elevation
of > 1 km) and the lateral extent of their deepest crustal roots
(Moho depth of 80 km) and then linked these parameters to the
maximum heights of the topography (Fig. S3; Table 4).
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We compare the modelling results with the observations at the
“final” time of each simulation, when the continental margin of the
subducting plate reaches a depth of 200 km, a value consistent
with geologic constraints (e.g., Darin and Umhoefer, 2022). The
duration of experimental period, therefore, varies from one model
to another (Table 3).

4.2. Results of the numerical models

4.2.1. Reference model M1

The model M1, taken as a reference, is characterized by an ini-
tial age and width of the oceanic subducting plate of 80 Myr and
700 km, a convergence rate of 4 cm yr~!, which is consistent with
previous estimates (e.g., Boutoux et al., 2021), and a 60 km thick
overriding plate, in agreement with the seismic tomography data
discussed above, showing a thin lithosphere of the Iranian plate
(Koulakov, 2011; Schaeffer and Lebedev, 2013; Veisi et al., 2021).

The model evolution begins with an oceanic subduction that
lasts ~ 20 Myr. During this stage, an initial period of trench
advance and associated topographic build-up (Fig. 7a) changes to
trench retreat and overriding plate extension, leading to boudinage
of the mafic lower crust, decrease in topographic height, and basin
formation (Fig. 7b). In the subduction zone, sediments and part of
the oceanic crust are scraped from the oceanic plate and mixed
with the felsic crust of the overriding continental plate. This addi-
tional buoyant material accumulates near the trench and con-
tributes to the growth of the topography over this region. With
the arrival of the continental margin, the trench advance starts
again, resulting in predominant compression in the overriding con-
tinent (Fig. 7c). The subsequent continental subduction causes a
pronounced uplift of the topography. The subducted felsic crust
warms up, becomes weaker, detaches from the rest of the plate,
flows laterally and is emplaced (relaminated) below the lower
crust of the overriding plate (Fig. 7d). The resulting felsic relami-
nant crust, which correlates with a prominent topographic rise at
the distance of ~ 200 km from the trench, advances towards a
gap between the mafic boudins (Fig. 7e) that formed during the
extension of the overriding plate in the early phase of system evo-
lution (Fig. 7b). In its final state (~32 Myr after the start of the
experiment), the elevated topography of the orogen is ~ 300 km
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Table 3
Control parameters and duration of experimental period for the thermo-mechanical models.
Model Control parameters Model
names Subducting oceanic Convergence Total thickness Subducting continental lithosphere d;ratwn
lithosphere rate of overriding continental (Myr)
Initial age Initial width (em yr?) lithosphere (km) Total Crustal Lower crust rheology Thinned margin
(Myr) (km) thickness thickness (S - strong; W - weak) (N - no;
(km) (km) Y - yes)
M1 80 700 4 60 110 30 S N 32
M2 20 700 4 60 110 30 S N 26
M3 40 700 4 60 110 30 S N 27
M4 60 700 4 60 110 30 S N 30
M5 100 700 4 60 110 30 S N 35
M6 80 500 4 60 110 30 S N 25
M7 80 900 4 60 110 30 S N 38
M8 80 700 3 60 110 30 S N 41
M9 80 700 5 60 110 30 S N 26
M10 80 700 4 55 110 30 S N 43
M11 80 700 4 65 110 30 S N 26
M12 80 700 4 60 150 30 S N 31
M13 80 700 4 60 110 40 S N 32
M14 80 700 4 60 110 30 w N 30
M15 80 700 4 60 110 30 S Y 32
M16 60 500 4 60 110 30 S N 24
M17 100 900 4 60 110 30 S N 43
M18 60 900 4 60 110 30 S N 37
M19 100 500 4 60 110 30 S N 29
Table 4

Output parameters of the thermo-mechanical models describing the resulting topography and crustal thickness, as well as the modelled Bouguer (BG) anomalies. The width of the
orogen is defined as the distance between the two farthest points having a surface elevation of > 1 km. The width of the deep Moho corresponds to the distance between the two
farthest points with a maximum permissible depth of 80 km. The width of the minima BG anomaly is determined as the distance between the two farthest points falling in the

lowest 10 % of the distribution (thin black lines in Fig. 13).

Models Width orogen Maximum elevation (km) Width deep Moho (km) Width Minima
Name (km) minima BG Anomaly (mGal)
BG anomaly (km)
M1 3125 7.3 135.5 165 —417.2
M2 207.5 5.1 28 66 —402.4
M3 230.5 5.9 36 81.5 —434.4
M4 256.5 6.5 150 67.5 —425.2
M5 342 7.2 156 134 —532.1
M6 283.5 53 50 90 —442.4
M7 290.5 5.6 127.5 64.5 —584.6
M8 261.5 6.2 104 57.5 —495.6
M9 323 6.7 152 107 —478.5
M10 377 9.1 227 133.5 —604.2
M11 170 7.2 21 70.5 -364.6
M12 304.5 7.7 146 73.5 —460
M13 337 7.3 169 82.5 —443.3
M14 298.5 7.1 10.5 132 —325.2
M15 341.5 6.3 147 96 —545.3
M16 281.5 6.6 56 71.5 —505.3
M17 349 7.3 134 136 —560.6
M18 252.5 8.2 1345 93 —535
M19 325 5.8 48 178.5 —446.3

wide (Fig. S1; Table 4) and has several peaks related to (1) the sed-
imentary mélange near the trench; (2) the gap in the mafic crust
hosting the felsic relaminant; and (3) a tectonically raised crust
at the internal margin of the orogen (Fig. 7e).

The resulting crustal structure and composition is also reflected
in the viscosity distribution, which shows an alternation of low and
high viscosity corresponding to felsic and mafic bodies (Fig. 7e,
right column). The lowermost crust reaches temperatures
of ~ 700 °C and is subject to partial melting (violet color in
Fig. 7e, left column). Beneath the orogenic crust, the overriding
lithospheric mantle is intensively buckled, locally hydrated
and partially molten (light blue and red colors in Fig. 7e, left
column).
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4.2.2. Effect of oceanic plate age (models M2-M5)

Different initial ages of the subducting oceanic lithosphere
imply a difference not only in the initial density and thermal thick-
ness (Turcotte and Schubert, 2002), but also in the rheological
properties (Burov, 2011). As shown by the experiments in which
we varied the oceanic age between 20 Myr and 100 Myr (models
M2-M5; Fig. 8), the age-related plate stiffness appears to have
the greatest influence on the subduction angle. Since the mechan-
ical strength of the oceanic lithosphere decreases with decreasing
age (in other words, younger slabs are weaker than older ones),
the plate with an initial age of 20 Myr (model M2; Fig. 8a) bends
more easily and, therefore, subducts more steeply than the older
plates in other experiments (models M3-M5; Fig. 8b-d).
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Fig. 7. Temporal evolution of reference model M1 (Table 3) showing the transition from (a-b) ocean-continent subduction to (c) continent-continent subduction and (d-e)
collision, accompanied by intra-crustal relamination. Left panels: compositional fields with surface topography (black lines on top); right panels: viscosity distributions
overlapped by isotherms from 200 °C to 1400 C (white lines). Note that the initial topography variations are already visible in the early stages of subduction, due to the
deformation of the positively buoyant sediments that have accumulated in the trench (panels “a” and “b”). However, as soon as the continental part of the lower plate begins
to subduct (panel “c”) and especially when the felsic crust of the subducting plate is relaminated into the crust of the overriding continent, the uplift of the topography

becomes more pronounced (panels “d” and “e”).
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Fig. 8. Models M2-MS5, which are characterized by variable initial age of the oceanic subducting plate: (a) 20 Myr, (b) 40 Myr, (c) 60 Myr, and (d) 100 Myr. The compositional
fields (left panels) and viscosity distributions (right panels) are shown at the final time (Table 3) of evolution of the corresponding experiments (the same applies to Figs. 9-12

below).

During the phase of ocean-continent subduction, the more stee-
ply dipping slab in the experiments M2 and M3 (oceanic plate age
of 20 and 40 Myr, respectively) results in a faster roll-back and,
therefore, in a stronger extension of the overriding plate, which
is localized in the area near the trench. The subsequent continental
collision leads to a relamination of the felsic crust, which over-
thrusts on the lower crust within the overriding continental litho-
sphere (Fig. 8a-b). Compared to the reference model (Fig. 7e), this
relamination has a limited horizontal extent and is accompanied
by the formation of relatively narrow (<250 km wide) and low ele-
vated (<6 km) orogens (Table 4), that are subject to small topo-
graphic undulations (<1 km). These short-wavelength
topographic variations (Fig. S1a) are due to the combined effect
of the low density and viscosity of the accreted sediments and
the relaminated felsic crust, which localize brittle deformation
(corresponding to high values in the viscosity field) in the upper-
most part of the crust (Fig. 8a-b, right column).
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A shallower subduction of an older oceanic slab (60 Myr; model
M4) produces a different style of relamination, where the felsic
crust detached from the downgoing plate intrudes between the
mafic crust and lithospheric mantle of the overriding plate
(Fig. 8c), similar to the reference model M1 (Fig. 7e). In the case
of the oldest subducting plate (80 Myr; model M5), relamination
is not well developed, as most of the upper crustal material contin-
ues to subduct together with the downgoing slab. However, due to
the shallowest subduction angle, the crust of the overriding plate
undergoes pronounced shortening and internal deformation,
resulting in the widest (~350 km) and highest (>7 km) orogen
(Table 4), despite the lack of relaminants (Fig. 8d). The large-
scale topographic variations of this orogen (Fig. S1a) may reflect
the long-wavelength deformation of the mafic lower crust, which
in this case tends to be rheologically coupled with the overlying
stiff upper crust, forming a thick high-viscosity layer (Fig. 8d, right
column). A similar tendency to link small-scale topographic
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undulations with pronounced relamination and longer-scale relief
variations with strong but highly deformed crust can also be
observed in the other experiments (see below).

4.2.3. Effect of oceanic plate width (models M6-M7)

The increase (decrease) in the width of the oceanic plate implies
a longer (shorter) period of ocean-continent subduction and thus a
relatively older (younger) oceanic slab at the time of the continen-
tal collision. Therefore, experiments M6 and M7 with an ocean
width of 500 km and 900 km (Fig. 9) show a contrast in the result-
ing dip angle, which is smaller in the latter case, due to the longer
cooling and strengthening. In agreement with the results of the
models discussed above (see Section 4.2.2), shallower subduction
leads to the formation of a more uniformly wide orogen, which is
similar in characteristics to that of the reference model (compare
models M1 and M7 in Table 4). Individual mafic blocks (boudins),
underthrust by a felsic relaminant and sedimentary mélange, are
pushed upwards to the shallowest levels of the overriding plate
(Fig. 9b). The resulting inverted viscosity distribution, with a
high-viscosity upper part underlain by deep low-viscosity roots
(Fig. 9b, right column), fits well with recent seismic tomography
for the central part of the Zagros orogen (Talebi et al., 2020). In
contrast, the experiment M6 with a narrow (initially 500-km wide)
oceanic basin (Fig. 9a) shows no pronounced relamination and only
limited thickening of the crust (see Table 4 and Fig. S2b).

In addition, the increasing width of the oceanic plate causes a
longer duration of ocean subduction and cooling of the upper plate.
During the subduction of the 900-km wide ocean (model M7;
Fig. 9b), the cooling and stiffening of the upper plate contributes
to the formation of an orogen with a more uniform surface topo-
graphy and wider deep roots (>100 km; Fig. 9b; Fig. S1b, S2b,
and S3b; Table 4).

4.2.4. Effect of convergence rate (models M8-M9)

The change in the convergence rate (models M8 and M9;
Fig. 10a-b) has several competing effects on the shape of the
formed orogen and the internal structure of the crust in the
collision zone. The rate of closure of the oceanic basin between

a) M6: initial width of oceanic plate 500 km, time 25 Myr
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the two continents influences the duration of the oceanic subduc-
tion phase and thus the age of both plates (subducting and overrid-
ing) at the onset of continental subduction and collision. The
increase in the convergence rate to 5 cm yr~' (model MO9;
Fig. 10b) has a twofold effect. On the one hand, the oceanic slab
is younger at the time of the collision, so that the style of relami-
nation - overthrusting of the felsic relaminant on the lower crust
in a horizontally limited area near the trench - is similar to that
of the model with an originally young oceanic plate (Fig. 8a). On
the other hand, an overriding continental plate, which is also
younger and weaker (compare the thickness of the molten zone
at the base of the lithosphere at the last time step in the different
models), undergoes more intense deformation, that spread over a
greater distance from the trench and results in a wider orogen
(Fig. S1c).

In the case of a slower convergence rate (3 cm yr~'; model M8),
the residence time of the continental crust in contact with the
warm mantle during continental subduction is longer and the war-
mer upper crust detaches more easily from the rest of the subduct-
ing plate and exhibits higher mobility, allowing the relaminated
felsic material to rise vertically almost to the surface (Fig. 10a).
Interestingly, relamination remains close to the trench at both
lower (3 cm yr~'; model M7) and higher (5 cm yr'; model M8)
convergence rates (Fig. 10a-b), in contrast to the reference model
(model M1) with the intermediate value of 4 cm yr~!, where the
relaminant advances much further into the interior of the overrid-
ing plate (Fig. 7e).

4.2.5. Effect of overriding plate thickness (models M10-M11)
Relatively small deviations in the thermal thickness of the
overriding continental lithosphere of + 5 km (models M10 and
M11) compared to the reference value of 60 km (model M1)
have a profound influence on its rheological properties and the
resulting style of continental collision and relamination
(Fig. 10c-d). In particular, the thinner (and, therefore, weaker)
overriding plate (total thickness of 55 km; model M10) is subject
to greater extension during oceanic plate subduction and more

topography (km)
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T
3400 (km)

topography (km)
o o O,
Il

2600 2800 3000 3200 3400

T
2800 3000 3400 (km)

Fig. 9. Models M6-M7, which are characterized by variable initial width of the oceanic subducting plate: (a) 500 km and (b) 900 km.
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Fig. 10. Models M8-M11, which are characterized by variable convergence rate: (a) 3 cm yr~

lithosphere: (c) 55 km and (d) 65 km.

pronounced compression during continental collision. The result-
ing deformation of both the crust and mantle lithosphere, which
extends well beyond the near-trench zone, produces the widest
(~400 km) and highest (maximum height of >9 km) orogen
(Table 4; Fig. S1d), with large (>200 km) and deep crustal roots
(Fig. S2d) that are partially molten over a vast area (Fig. 10c). In
contrast, the increase in thickness of the upper plate to 65 km
(model M11) leads to higher integrated strength with the conse-
quent localization of deformation in a narrow segment close to
the trench and extremely limited relamination of the lower-
plate felsic material, most of which remains attached to the sub-
ducting slab (Fig. 10d). The resulting narrow orogen, which is
only 170 km wide (Table 4), is underlain by an extremely thick-
ened crust (the uncut modelled Moho depth is >100 km) that
contains a large high-viscosity region (Fig. 10d, right column)
composed by locally hydrated lithospheric mantle (Fig. 10d, left
column).
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4.2.6. Effect of specific parameters for subducting continent (models
M12-M15)

The processes of continental collision and crustal relamination
depend not only on the thickness of the overriding continent, age
and width of the subducting ocean, and rate of convergence
between them (Figs. 8-10), but also on the properties of the conti-
nental part of the subducting plate (Fig. 11), coming into contact
with the continental overriding plate during the collision phase.

In particular, an increase in the thermal thickness of the conti-
nental lithosphere on the subducting plate from the reference
value of 110 km to 150 km (model M12) produces a stiffer conti-
nental margin that bends at a lower dip angle. The resulting topog-
raphy (Fig. S1e) and general style of relamination (Fig. 11a) remain
the same as in the reference model M1 (Fig. 7e), with the only
exception that the gap between the mafic boudins of the stretched
lower crust, which is filled with uplifted felsic relaminant, is
slightly closer to the trench in model M12.



M. Tesauro, P. Maierovd, A. Koptev et al.

a) M12: thick subducting continental plate, time 31 Myr

o o o
Ll

Gondwana Research 133 (2024) 297-322

i

topography (km)

2600 2800 3000

3200

)

b) M13: thick subducting felsic crust, time 32 Myr

o o o
Ll

3400 (km)

topography (km!

L

2600 2800 3000 3200

c) M14: weak subducting lower crust, time 30 Myr

|

o o
i

|
3

L

topography (km)

2600 2800 3000 3200 3400

d) M15: 200-km wide thinned continental margin, time 32 Myr

o o o
I

topography (km)

2600 2800 3000 3200 3400

2600

- = T
2800 3000 3200 3400 (km)

Fig. 11. Models M12-M15, which are characterized by specific parameters for the continental part of the subducting plate: (a) a higher value of lithospheric thermal thickness
(150 km), (b) a thicker continental crust (40 km), (c) a weaker (felsic) rheology of the lower crustal layer, and (d) the presence of a thinner 200 km wide segment at the

boundary with the oceanic lithosphere (rifted continental margin).

A thickening of the upper crust of the continental lithosphere by
10 km, leading to an increase of the total crustal thickness from 30
to 40 km (model M13), expectedly provides a larger amount of
relaminated felsic material, which accumulates mainly in the
near-trench area (Fig. 11b), forming above a high (>7 km) surface
topography (Fig. S1e). The internal part of the orogen is underlain
by a thick crust with highly deformed mafic blocks, the upper part
of which corresponds to the high-viscosity anomalies, while the
lower segments are partially molten (Fig. 11b, left column) and
weak (Fig. 11b, right column). The resulting orogen is broad
(Table 4; Fig. S1e) both in terms of crustal roots (>150 km) and
topography (>300 km).

In the experiment M14, we apply the wet quartzite flow law to
the ductile properties of the entire continental crust, including the
lower mafic layer, which is characterized by a stronger anorthite
rheology in all other models (Table 2). The weaker crust leads to
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detachment and relamination of both the felsic and mafic layers,
although the lower crust undergoes these processes to a much les-
ser extent, due to its higher density (Fig. 11c). Similar to the previ-
ous model M13, the relaminated material pushes the boudins of
the lower crust towards the continental interior, increasing crustal
viscosity in the internal part of the orogen (Fig. 11c, right column).
In general, the orogenic crust is relatively thin with an extremely
narrow (only 10 km) segment of deep (where Moho depth
is > 80 km) roots (Table 4; Fig. S2f).

The inclusion of a 200 km wide segment of thinned continental
lithosphere at the boundary with the oceanic segment of the sub-
ducting plate (model M15; Fig. 11d) does not generate significant
deviations in the shape of the orogen and the style of relamination,
with respect to the reference model M1, without such an extended
margin (compare Fig. 7 and S4). The only effect of the thinned pas-
sive margin in model M15 is a slight increase in the buoyancy of
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the subducting plate and volume of the relaminated felsic crust
(Fig. 11d; Fig. S4).

4.2.7. Combined effects of oceanic plate age and width (models M16-
M19)

In contrast to the previously described models M2-M15, in
which only one parameter was changed from its reference value
in experiment M1, we also performed models M16-M19, in which
the age and width of the initial oceanic lithosphere were changed
simultaneously to investigate the combined impact of these
parameters on the modelling results (Fig. 12).

Model M16 (Fig. 12a) with a relatively young (60 Myr) and nar-
row (500 km) ocean shows no relamination, similarly as the exper-
iment with an originally narrow oceanic basin (model M6; Fig. 9a),
and a moderate width (<300 km) of the resulting orogen, which is

a) M16: young and narrow oceanic plate, time 23 Myr
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typical for all other models with oceanic plates younger than the
reference (models M2-M4; Fig. 8a-c; Table 4). According to the
model M17, an old (100 Myr) and wide (900 km) oceanic domain
leads to opposite results with a pronounced relamination of felsic
material overthrusting on the mafic lower crust and with the for-
mation of a broad (~350 km) orogen, with two maxima of eleva-
tion, corresponding to its most external and internal part
(Fig. 12b; Fig. S1g).

In the case of a young (60 Myr) and wide (900 km) oceanic plate
(model M18), the relamination proceeds differently: the felsic
material of the subducting plate penetrates into the lowermost
part of the crust of the upper plate and underlies (together with
a sedimentary mélange) the stretched mafic layer (Fig. 12c;
Fig. S5). The resulting orogen is slightly narrower (~250 km) than
in the reference case (Table 4). In contrast, an oceanic subducting
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Fig. 12. Models M16-M19, which are characterized by combined variations in the initial age and width of the oceanic subducting plate: (a) a younger age (60 Myr) and a
smaller width (500 km), (b) an older age (100 Myr) and a larger width (900 km), (c) a younger age (60 Myr) and a larger width (900 km), and (d) an older age (100 Myr) and a

smaller width (500 km).
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plate that is older (100 Myr) and narrower (500 km) does not cause
relamination of the lower-plate felsic crust (model M19; Fig. 12d;
Fig. S6), but the deformation of both the crust and lithospheric
mantle of the upper plate extends over a greater distance, produc-
ing a broader (>300 km), more uniform, but less elevated (<6 km)
orogen (Table 4; Fig. S1h).

5. Forward gravity modelling
5.1. Numerical method and models setup

The forward gravity models have been computed by using the
distribution of density values at the Cartesian coordinates for each
2D numerical simulation (Fig. S7). For this purpose, we constructed
rectangular prisms with the center coincident to each grid point of
the numerical models and length and height equal to the inter-
node spacing. The prisms width, along the third dimension (normal
to the 2D model plane) was set to 5000 km, approximating an infi-
nite plane with no density change occurring normal to the 2D sec-
tion. It should be noted that this infinite extension can always be
expected to result in larger anomalies with respect to a real-
world scenario, where geological bodies have a finite size normal
to the section. We computed the gravity effect of the models using
the Cartesian prisms routines in Tesseroids software (Uieda et al.,
2016). In order to ensure that the gravity effect is always computed
outside of the model volume, the observation height was set to
10 km above the reference sea level. Furthermore, we excluded
from the computation the prisms corresponding to the sticky air
layer (1 kg m~3).

Variations in topography have a large density contrast with
respect to air. Therefore, they dominate the resulting gravity
signal - similar to real-world “free air” gravity anomalies, which to
some extent correlate with topography (Kirby, 2014; Pivetta and
Braitenberg, 2020). In order to separate these effects and unmask
those of the subsurface mass change, we implemented the gravity
reduction of topography to obtain a Bouguer (BG) field. To this
aim, we computed and removed the gravity signal produced by all
the prisms above the model sea level. To reproduce a real-world ter-
rain correction, which is customarily done with a constant density of
above-sea-level masses (Hinze, 2003), we also tested the effect of
replacing the actual density of the above-sea-level prisms with the
conventional value of 2670 kg m>. By doing so, we isolated the
effect of omitting the density deviations from 2670 kg m~>, which
would be mostly unknown when observing real data. Using the
actual higher densities of the modelled crustal structures resulted
in a more negative BG underneath areas of high topography (up to
30-50 mGal, around 20 % of the total BG anomaly).

Furthermore, computing the gravitational attraction of the
model masses, without removing a reference model, results in an
unwieldly absolute quantity. Hence, an anomalous gravity quan-
tity is required, expressed as the difference with respect to a refer-
ence model (Maddaloni et al., 2022). In order to obtain such an
anomaly, we computed the effect of a model with the same volume
(i.e. the same 2D section extents and the same extension along the
third dimension) and a 1D depth-wise variation in density (a refer-
ence density profile). This reference profile has been computed
according to the average vertical density distribution in the right-
most 200 km of each cross-section, corresponding to the portion of
the overriding plate negligibly influenced by the variations of the
mass distributions, occurred during the continental collision. We
can notice that the curves of reference density-depth distributions
are almost overlapped, reflecting the trend given by the initial den-
sities assigned to the layers composing the overriding plate
(Fig. S8).
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5.2. Results of the forward gravity models

The obtained BG anomalies (Fig. 13) are predominantly nega-
tive, reaching minimum values between —325.2 and —604.2 mGal,
which are in good agreement with the corresponding maximum
topographic elevations (Table 4). The minima of the BG anomalies
tend to move towards the internal part of the orogen and become
more pronounced with increasing width of the oceanic plate
(Fig. 13b and 13 h), while they reach the maximum absolute value
(—604 mGal) in the case of a smaller thickness (55 km) of the over-
riding plate (model M10; Fig. 10c). The spatial distributions of the
modelled BG anomalies across the collision zone (Fig. 13) also cor-
relate well with the topography (Fig. S1) and Moho depth (Fig. S2),
as also evidenced by the strongly negative values of the statistical
correlation coefficient (Table S1). In particular, the absolute values
of the correlation coefficient of the BG anomalies with topography
and Moho depth are always above 0.85 (Table S1), except for the
experiment with a thicker (65 km) overriding lithosphere (model
M11; Fig. 10d). Importantly, apart from surface topography and
Moho depth, the distribution and amount of relaminated material
in the overriding plate also has a strong influence on the resulting
pattern of modelled BG anomalies (compare Fig. 13 and the com-
positional fields in Figs. 7-12).

The shape of the BG anomalies around their minima varies
between models, in agreement with the lateral extent of the low
values, determined as the distance between the two farthest points
falling in the lowest 10 % of the distribution. Indeed, such a dis-
tance is the shortest in the models characterized by a well-
defined minimum underlain narrow orogens (model M2, M7 and
M8, Fig. 13a-c, Figs. S1-S2, Table 4) and the largest in the models
having a less-defined minimum, underlain wide orogens (model
M1, M5, M10, M14, M17, M19, Fig. 13a, 13d, 13f-h, Figs. S1-S2,
Table 4). With increasing distance from the trench, the influence
of the subduction and collision processes on the compositional
fields (Figs. 7-12, left column) and the resulting density distribu-
tions (Fig. S7) tends to decrease, so that the corresponding negative
anomalies reduce accordingly and even become weakly positive
near the edges of the modelled area (Fig. 13).

Compared to the modelled BG anomalies (Fig. 13), the BG
anomalies observed along the Zagros cross-sections (Fig. 4) are
characterized by a smaller range between minimum and maxi-
mum values (from —90 mGal to 100 mGal), which can be explained
by a higher topography and a greater thickness of the crust in the
modelled collision zone (Figs. 7-12) than the observed relief and
the Moho depth estimated from seismic data (Fig. 2). However,
the pattern of several modelled BG anomalies with a well-
defined minimum, localized in the external part of the orogen, is
similar to that observed along transect B-B’, which crosses the cen-
tral sector of the Zagros (Fig. 4b). In particular, we refer to the mod-
els with a different oceanic age (models M3 and M5; Fig. 8b,d), a
larger width (model M7; Fig. 9b), a different convergence rate
(models M8 and M9; Fig. 10a-b), a thicker subducting continental
plate (model M12; Fig. 11a), and a greater thickness of subducting
felsic crust (model M13; Fig. 11b) compared to the reference values
(model M1; Fig. 7). On the contrary, the BG anomaly pattern
derived from the reference model M1 (Fig. 7) as well as from the
experiments with a thicker overriding plate (model M11;
Fig. 10d), a weak subducting lower crust (model M14; Fig. 11c¢), a
thinned continental margin (model M15; Fig. 11d), and a combina-
tion of an older and narrower oceanic subducting plate (model
M19; Fig. 12d) are more similar to the trend of transect A-A’ cross-
ing the northwestern sector of the Zagros (Fig. 4a), where the high-
est negative values are more widely distributed along the central
part of the orogen. The only models that show a pattern character-
ized by a minimum located in the internal part of the orogen, and
thus different from both transects, are those obtained in the
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Fig. 13. Modelled Bouguer (BG) anomalies, which are calculated from the density distributions of the thermo-mechanical experiments M1-M19 (Fig. S7), grouped by
variations in (a) initial oceanic age (models M2-M5), (b) initial oceanic width (models M6-M7), (c) convergence rate (models M8-M9), (d) overriding plate thickness (models
M10-M11), (e-f) properties of the continental part of the subducting plate (models M12-M15), and (g-h) combined effects of oceanic plate age and width (models M16-M19):
lithospheric and upper crustal thickness (e), rheology of the lower crust and presence of a thinned continental margin (f), and age and width of the oceanic plate (g-h).
Reference model M1 is shown in all panels. Thin black lines indicate the sectors falling in the lowest 10% of the distribution. Abbreviations in the legends: Lab - Lithosphere-
asthenosphere boundary; Hc - Crustal thickness; LC - Lower crust; S - Strong; W - weak; TM - Thin margin; N - No; Y - Yes. A similar grouping of experiments is used in

Figs. S1-S3.

experiments characterized by a thinner overriding plate (model
M10; Fig. 10c) and a combination of a younger and wider oceanic
plate (model M18; Fig. 12c).

6. Discussion

6.1. Timing of the Zagros orogen building and convergence rates in
models and nature

In the performed thermo-mechanical models, the formation of
the orogen occurs mainly during the continental collision after a
preceding phase of oceanic subduction. Each numerical simulation
lasts between 24.0 Myr (the shortest run in model M18) and 43.1
Myr (the longest run in model M19), ending when the tip of the
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subducting continent reaches a depth of ~ 200 km. The duration
of the model thus increases (decreases) with increasing (decreas-
ing) age and width and decreasing (increasing) velocity of the sub-
ducting oceanic plate (models M1-M9) as well as with decreasing
(increasing) stiffness (thermal thickness) of the overriding plate
(models M10-M11). As the main phase of mountain building starts
with the entry of the continental margin into the trench, the
formation of the modelled orogen generally takes ~ 10 Myr
(see evolution of reference model M1; Fig. 7).

The onset of continental collision in the Zagros Collision Zone
occurred in the Late Eocene-Early Oligocene (~30-35 Ma), whereas
the major deformation phases that mainly formed the Zagros oro-
gen ended at ~ 10 Ma (e.g., Agard et al., 2011; Ballato et al., 2011;
Darin and Umhoefer, 2022). This apparent discrepancy with
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modelling can be explained by the long-lasting (~15 Myr) phase of
so-called “soft collision” (e.g., Agard et al,, 2011; Ballato et al,,
2011; Madanipour et al., 2017; Darin and Umhoefer, 2022), when
collisional deformation was very limited, but led to a rapid reduc-
tion in convergence velocity (e.g., Boutoux et al., 2021). Our exper-
iment with reduced thermal thickness at the passive continental
margin (model M15) confirms that the initial subduction of the
thinned continental lithosphere does not contribute significantly
to the formation of the orogen (Fig. S4) and does not have a major
impact on the resulting extent of crustal relamination (Fig. 11d). In
the latest Oligocene to middle Miocene (~25-12 Ma), the “soft col-
lision” switched to the “hard collision” stage, which is character-
ized by accelerated regional deformation (Agard et al., 2011),
reflected in rapid crustal thickening, surface uplift, and rock
exhumation (e.g., Boutoux et al., 2021; Mouthereau et al., 2012).
This transition from “soft” to “hard” collision is also marked by a
change in the composition of volcanic products along the UDMA
from predominantly calc-alkaline to K-alkaline (e.g., Rabiee et al.,
2020), while the initial emplacement of adakites becomes progres-
sively younger from NW (~27-22 Ma) to SE (~7 Ma) (Chiu et al,,
2013), consistent with along-strike diachroneity of Zagros collision
and orogeny (Darin and Umhoefer, 2022). Indeed, these rocks were
formed during the last phase of arc magmatism, likely as a result of
initial crustal thickening and lithospheric delamination, which is a
consequence of the”hard collision” with the Arabian plate. To sum-
marize, the main formation of the Zagros orogen lasted on aver-
age ~ 10 Myr after the onset of the “hard” continental collision,
which agrees with our numerical results.

In our models, we have assumed rates of plate convergence,
that are varied in different experiments (3-5 cm yr~!), correspond-
ing to the range of estimates from geological observations (e.g.,
Boutoux et al., 2021). In contrast to our simulations, where the
applied velocity remains constant during the evolution of the sys-
tem, the natural convergence velocities demonstrate an oscillatory
pattern with a period of ~ 15-20 Myr. In particular, there were two
periods of relatively low subduction rates (~2 cm yr~!) at ~ 75—
55 Ma and ~ 25-5 Ma and two periods of relatively high subduc-
tion rates, with a peak convergence velocity of ~ 5-6 cm yr~!
at ~ 75 Ma and at ~ 55-35 Ma (Boutoux et al., 2021). This oscilla-
tory trend in velocity nearly coincides with pronounced episodes of
contraction and extension within the upper plate. In particular,
two episodes of back-arc extension, from ~ 100 and ~ 80 Ma
and from ~ 40 to ~ 60 Ma, and two episodes of compression,
from ~ 70 to ~ 55 Ma and from ~ 35 Ma to present, have been rec-
ognized and interpreted as effects of slab retreat and advance,
respectively (Boutoux et al., 2021). The last episode of compression
was induced by the closure of the Neo-Tethys ocean when the Ara-
bian continental plate intruded into the trench, resulting in a sig-
nificant reduction of the subduction velocity to 1.5-2.
0cmyr!(e.g., Boutoux et al., 2021). According to our experiments,
an increase in the convergence rate generally reduces the extent of
felsic relamination, as the subducting crust is in contact with warm
material for a shorter time in this case (Fig. 10b). However, differ-
ences in the internal structure of the orogen (Fig. 10a-b), which are
caused by relatively small variations in convergence rates (from 3
to 5 cm yr~!), do not have a noticeable effect on its overall shape
(Fig. S1c).

~

6.2. Observed and modelled internal structure and surface shape of the
orogen

The detailed geophysical model for the central part of the
Zagros Collision Zone reveals an unusual structural inversion,
where the stretched mafic crust forming the shallow part of the
Iranian plate is underlain by the relaminated crust of the subduct-
ing Arabian plate, which consists of a felsic and mafic layer (Talebi
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et al., 2020). Accordingly, another crustal-scale seismic imaging
(Dashti et al., 2020) shows that at least 7-9 km of high-density
rocks of the middle/lower crust were brought to shallow depths
at the collision margin of the overriding continent.

Similar crustal structures, characterized by the mafic layer of the
overriding plate being sandwiched between two felsic layers, are
reproduced in several of our experiments, in which the lower-plate
relaminant intrudes between the upper-plate lithospheric mantle
and the lower crust, that was subjected to extension and even bou-
dinage during the preceding oceanic subduction (see e.g. reference
model M1; Fig. 7). Such a crustal configuration may generate a
trend of BG anomalies characterized by a relatively broad minimum
area with two local minima, similar to that observed along transect
A-A’ (e.g., reference model M1; Fig. 13). Apart from the reference
model M1, this style of syn-collisional crustal relamination is
detected in the experiments with a younger and wider oceanic plate
(models M4, M7, and M18; Fig. 8b, 9b, and 12c), a thinner overrid-
ing plate (model M10; Fig. 10c), a thicker continental subducting
plate (model M12; Fig. 11a), and in the presence of a thinner conti-
nental margin (model M15; Fig. 11d). Alternatively, the relami-
nated material appears to (1) overthrust the lower crust of the
overriding lithosphere in the experiments with the youngest ocea-
nic ages (models M2 and M3; Fig. 8a-b), different convergence rates
(models M8 and M9; Fig. 10a-b), and a combination of an older and
wider oceanic plate (model 17; Fig. 12b) or (2) push mafic boudins
in a horizontal direction towards the interior of the overriding plate
in the experiments, in which continental lithosphere of the sub-
ducting plate is characterized by thicker upper crust (model M13;
Fig. 11b) and weak lower crust (model M14; Fig. 11c). In the
remaining experiments, such as those with an older and narrower
oceanic plate (models M5, M6, and M19; Fig. 8d, 9a, and 12d), a
thicker overriding plate (model M11; Fig. 10d), and a combination
of a younger and narrower oceanic plate (model M16; Fig. 12a),
most of the felsic material remains attached to the subducting
plate, so that crustal relamination does not occur or occurs only
to a very small extent.

Despite the differences between the crustal models suggested
by the interpretation of the geophysical data (see Section 3.1),
there is a general agreement between the latest studies (Kaviani
et al., 2020; Irandoust et al., 2022) that in the central Zagros the
position of the highest topography in the ZFTB is shifted with
respect to the abrupt deepening of the Moho below the SSZ. In con-
trast, in the northern part of the orogeny, the elevated topography
is more evenly distributed across the collision zone, showing a
higher correlation with crustal thickness (Table 1), which is also
more uniform and not subject to strong fluctuations.

In our experiments, the resulting width of the orogen (Table 4)
varies between 170 km (model M11; Fig. 10d; Fig. S1d) and 377 km
(model M10; Fig. 10c; Fig. S1d), while its maximum height covers
the range between 5.1 km (model M2; Fig. 8a; Fig. S1a) and 9.1 km
(model M10; Fig. 10c; Fig. S1d). The orogen becomes systemati-
cally wider with increasing initial age of the oceanic plate (Table 4),
as shown by models M2-M5 (Fig. 8; Fig. S1a) and M16-M19
(Fig. 12; Fig. S1g-h). The maximum height also follows the same
trend (i.e. increasing in value with aging of the oceanic lithosphere;
see Table 4), although a relatively narrow (~250 km) orogen in
model M18, that combines a young age of the plate with its large
original width (Fig. 12c), paradoxically has the second highest
topography (8.2 km; Fig. STh), which is only lower than in the case
of a reduced thickness of the overriding plate (model M10;
Fig. 10c), where it reaches the above-mentioned absolute maxi-
mum of 9.1 km (Fig. S1d).

The deepest crustal roots, characterized by a Moho depth
of > 80 km (Fig. S2), and the low values (falling in the lowest
10 % of the distribution) of BG anomalies (Fig. 13), coincide with
the external or central part of the orogen in most experiments,
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where often the highest topography is observed (Fig. S1). Indeed,
variations in Moho depth are strongly correlated with those in sur-
face topography (Table S1). The best example of such a correlation
is model M10 (Table 4), where a thinner overriding plate (Fig. 10c)
generates the broadest and most elevated orogen, together with
the widest (>200 km) deep crustal roots (Fig. S2d) and the most
pronounced (—604.2 mGal) BG anomaly (Fig. 13d). Similar to the
trend of orogenic lateral extent (see above), the width of the deep
crustal roots also increases with the age of the oceanic plate
(models M2-M5; Fig. 8; Fig. S2a), while the narrowest deep crustal
roots (<60 km; Table 4) are detected in the experiments with a
smaller width of the original oceanic plate (model M6, M16, and
M19; Fig. 93, 12a,d; Fig. S2b,g-h), a thicker (stiffer) overriding plate
(model M11; Fig. 10d; Fig. S2d), and a rheologically weaker
subducting crust (model M14; Fig. 11c; Fig. S2f).

In addition to the correlation between the topography and the
distribution of the Moho depth (Table S1), which is also reflected
in the correspondence between the resulting width of the orogen
and the deep crustal roots (Table 4), the behaviour of the surface
topography is related to the internal structure and composition of
the crust in the different parts of the orogen. In particular, short-
wavelength undulations are typical of the topography above a
felsic relaminant and sedimentary mélange, whereas long-scale
topography variations are indicative of mechanical coupling
between the upper crust and mantle lithosphere by a rheologi-
cally strong mafic lower crust (Burov, 2011; Koptev et al,
2019), as can be clearly seen from the comparison of experiments
with the youngest (model M2; Fig. 8a) and oldest (model M5;
Fig. 8b) subducting ocean (Fig. S1a). The observed changes in
the topographic length scales across and along the orogen (see
Section 3.1) can, therefore, be attributed to variations in the com-
position of the crust, with the relative distribution of relaminated
felsic material and mafic blocks of the lower crust playing the
decisive role. As illustrated by the evolution of reference model
M1 (Fig. 7), the lower crust of the overlying plate undergoes
intense extension during the early phase of ocean-continent sub-
duction, leading to segmentation of the originally coherent mafic
layer into isolated blocks (or boudins), which may subsequently
be underlain by relaminated material and pushed upwards to
extremely shallow levels (see e.g. model M7; Fig. 9b). Further-
more, relaminated felsic crust and sedimentary mélange can flow
horizontally within the overriding plate and fill the space
between the separated mafic boudins, resulting in a lateral
decrease in viscosity and deepening of the Moho from the exter-
nal to the central part of the orogen, which corresponds to the
transition from a strong uplifted block to a weak intruded mate-
rial (see models M1, M7, M12, M15, M18, and M19; Fig. 7e, 9b,
11d, and 12c-d). Indeed, the thickening of the crust could be
the response to horizontal compression, similar to that in an
incompressible hydraulic fluid (e.g., Paul et al., 2006). A sudden
reduction in the number of earthquakes, accompanied by a
smoothing of the surface topography and an increase in Moho
depth across the collision zone (especially in the central sector
of the orogen, from the ZFTB to the SSZ), may, therefore, be
explained by the rapid decrease in mechanical strength due to
the lateral alternation between high-viscosity (mafic boudins)
and low-viscosity (felsic relaminant) compositional units of the
orogen. It is also important to note that during crustal thickening,
when temperatures near the Moho reach ~800 °C, the lowermost
part of the rheologically strong mafic crust is subject to partial
melting, causing the effective viscosity to drop abruptly (see, for
example, the broadly molten crustal roots in model M10;
Fig. 10c). Most of the melting of the lower crust (if any) always
takes place in the internal part of the orogen, since in the external
part, near the subduction zone, the temperatures are not high
enough to induce melt formation (Figs. 7-12).
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As for the lithospheric mantle of the upper plate below the col-
lision zone, in most experiments it is not only locally hydrated and
partially molten, but also strongly deformed and buckled
(Figs. 7-12) due to the compressive stresses caused by the contin-
uous convergence between the plates (Fig. 6). The resulting total
thickness of the overriding lithosphere beneath the orogen is
typically ~ 150 km, that is in apparent contradiction to the thin
Iranian plate (<100 km) from the interpretation of seismic tomog-
raphy data (Koulakov, 2011; Schaeffer and Lebedev, 2013; Talebi
et al., 2020; Veisi et al., 2021). This is a consequence of the lack
of processes in our modelling, which are related to the rupture slab
of the subducting slab (see Section 7). The last slab break-off event
occurred after the main phase of the Zagros formation in the Late
Miocene (Agard et al.,, 2011) and caused the upward flow of
asthenospheric material through the slab window, significantly
reducing the thickness of the overlying lithospheric mantle and
thus masking the effects of syn-collisional buckling and thickening.
These processes have particularly affected the UDMA, composing
the internal part of the Zagros orogen, which is characterized by
a thin and hot lithosphere (e.g., Talebi et al., 2020; Mohammadi
et al., 2022).

6.3. Main cause of along-strike structural variations in the Zagros
orogen: Heterogeneity of colliding plates or obliquity of the Neo-Tethys
closure?

The different trends in Moho depth and topography along the
two cross-sections through the Zagros orogen described above
(see Section 3) clearly show along-strike transition from a broader
to a narrower deformation zone in the northwestern (transect A-
A’) and central (transect B-B’) segments, respectively (Fig. 2).

The shape of the orogens is mainly determined by the amount
and spatial distribution of shortening, which in turn depends on
the stiffness of the lower and upper plates (e.g., Gao et al., 2023).
The phases of compression and extension that occurred during
the subduction of the Neo-Tethys ocean may have led to varying
degrees of weakening and thinning of the Iranian lithosphere, mak-
ing, for example, the northern sector of the Zagros more suscepti-
ble to deformation during the collision. Therefore, the original
differences in the properties of the colliding continents along the
future Zagros could be the main reason for the resulting structural
differences between its northwestern and central segments. To
investigate the role of these heterogeneities, we performed exper-
iments with variable properties for both the overriding and sub-
ducting continental lithosphere (models M10-M15).

Variations in different parameters that control the composition
and rheological structure of the subducting continent (models
M12-M15) lead to pronounced differences in the style and extent
of intra-continental relamination and thus the internal structure
of the resulting orogen (Fig. 11). However, the modelled widths
of the orogens and their maximum heights are close to each other
in all these experiments (models M12-M15) and also to the values
of the reference model M1 (Table 4).

In contrast, changes in the thermal thickness (and hence inte-
grated strength) of the overriding continental plate (models
M10-M11) appear to have a much stronger effect on the width of
the area subject to compressive deformation, and thus on the lat-
eral extent of the emerging orogen. In particular, with the weaken-
ing of the overriding lithosphere, which is achieved by reducing its
initial thickness by only 5 km (model M10), the inward propaga-
tion of ductile deformation and the partial melting of the deep
mafic crust becomes much more pronounced (Fig. 10c), compared
to the reference model M1 (Fig. 7e). This is also reflected in a clear
broadening of the resulting orogen (the final width is > 350 km),
which is also characterized by the highest value of topography
(9.1 km) ever achieved in our experiments (Table 4; Fig. S1d). Such
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a trend of the relief is similar to that along the northwestern tran-
sect A-A’ (Fig. 4a), where the elevated topography (~1.5 km)
extends over a distance of ~ 550 km and reaches the highest peak
(>3 km) in the Alborz mountains, in line with the maximum of the
modelled height located in the most internal part of the orogen, as
a result of long-distance propagation of compressional deforma-
tion in a weak overriding plate (Fig. 10c). We, therefore, argue that
the high topography of the Alborz mountains can be mainly due to
the widespread collisional deformation in the weak upper plate,
while the potential effect of upwelling asthenospheric flow pro-
ducing dynamic topography (e.g, Mohammadi et al., 2013) is likely
of secondary importance.

On the other hand, the thickening of the continental lithosphere
by the same value of 5 km (model M11) has the opposite effect. The
associated increase in upper plate stiffness, mimicking a relatively
stronger tectonic micro-blocks in the Central Iran (Motaghi et al.,
2017), leads to an extreme localization of deformation near the
trench (Fig. 10d), with the consequent formation of a very narrow
(170 km) orogen (Table 4; Fig. S1d) that resembles the asymmetric
topography along the central transect B-B’ (Fig. 4b). However,
despite the similarities in the observed and experimental topogra-
phy, the model M11 does not reproduce the relamination of felsic
material from the subducting Arabian plate into the crust of the
overlying Iranian plate, which has been clearly demonstrated by
detailed seismic tomography in the central Zagros (Talebi et al.,
2020). In contrast, the anomalously thick crust (uncut Moho depth
is > 100 km) beneath the modelled narrow orogen consists mainly
of a massive intrusion of the lithospheric mantle (Fig. 10d), a pecu-
liar structure that is not reproduced in any of the other experi-
ments and is not detected in the geophysical data. In addition,
the synthetic BG anomaly obtained from the density distribution
of model M11 shows more widely distributed lowermost values
with two local minima (Fig. 13d) than those observed along tran-
sect B-B’ (Fig. 4b). We conclude, therefore, that the reference value
for the thickness of the overriding lithosphere (60 km) better fits
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the thermo-rheological properties of the Iranian plate in the cen-
tral part of the Zagros, as it allows to prevent the outward propa-
gation of deformation from the collision zone while ensuring a
sufficient volume of relaminated felsic crust in the upper plate
(see e.g. reference model M1; Fig. 7).

Since the variations in the properties of the colliding plates do
not adequately capture the observed structural changes along the
Zagros orogen, we also investigated the effects of the oblique clo-
sure of the ocean between Arabia and Eurasia by testing different
combinations of the age and original lateral extent of the oceanic
lithosphere, separating the continents at the beginning of our
experiments (models M16-M19). In particular, experiment M19,
characterized by an older and narrower ocean (Fig. 12d; Fig. S6),
and model M18, where in contrast the oceanic plate is younger
and wider (Fig. 12c; Fig. S5), roughly correspond to the northwest-
ern and central segments of the Neo-Tethys ocean at ~ 60 Ma
(Fig. 14a), when its subduction beneath the southern margin of
the Iranian plate had just re-initiated after the slab break-off event
(Agard et al., 2011). Indeed, from NW to SE, the oceanic floor of the
Neo-Tethys became progressively younger and its width increased
(e.g., Seton et al., 2012), as reflected by a strong diachroneity of
subsequent collision and orogeny (e.g., Darin and Umhoefer, 2022).

The resulting topography in model M18 (Fig. 12c), which corre-
sponds to the conditions in the central Zagros section (younger and
wider subducting ocean), reproduces not only the narrower orogen
(~250 km instead of > 300 km in reference model M1), but also the
significantly higher maximum altitude (8.2 km instead of 7.3 km),
which is, however, shifted towards the internal part of the orogen
(Fig. S1h). In contrast to model M11, in which the proper intra-
crustal relamination is not reproduced (Fig. 10d), the relatively
narrow orogen of model M18 is underlain by felsic material that
has detached from the subducting slab and intruded between the
lower crust and the lithospheric mantle of the overlying plate. It
is also important to note that in contrast to reference model M1,
where the upper-plate lower crust is divided into several blocks
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Fig. 14. Effects of obliquity of the Neo-Tethys closure on variations in internal structure and surface topography along the Zagros orogen. (a) Plate reconstruction at ~ 60 Ma
showing a progressive increase in the width of the Neo-Tethys ocean from NW to SE, that led to a strong diachroneity in the subsequent processes of continental collision and
orogeny (modified after Darin and Umhoefer, 2022). The positions of the transects defining the initial configurations for the corresponding numerical models are shown by
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day structure of the Zagros Collision Zone.
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(boudins) with lower-plate relaminant flowing between them
(Fig. 7e), model M18 shows a continuous yet stretched mafic layer
(Fig. 12¢), in agreement with the interpretation of detailed seismic
tomography in the central Zagros (Talebi et al., 2020).

The experiment with the older and narrower oceanic plate
(model M19), which mimics conditions in the northwestern seg-
ment of the Zagros, yields a much more uniform and broader
(325 km) yet less elevated (5.8 km) orogen (Fig. S1h), consistent
with observations along the corresponding transect (cross-
section A-A’; Fig. 4a). Although relamination of the felsic upper
crust does not occur in this experiment, the space between the
mafic boudins of the overriding plate is filled with sedimentary
mélange scraped from the oceanic plate (Fig. 12d). Together with
the partial melting of the lowermost mafic crust, the presence of
this sedimentary mélange causes an abrupt drop in effective vis-
cosity (Fig. 12d, right column), which is consistent with the
observed sharp decline in seismic activity across the orogen
(Fig. 2).

In summary, our study confirms the importance of hetero-
geneities in the collided plates for the style and extent of the
relamination and the shape of the orogen (models M10-M15), so
that they should be investigated in more detail in future modelling
studies (see Section 7). However, the experiments with the original
ages and sizes of the subducting oceanic domain, whose variations
roughly mimic the Neo-Tethys configuration at the time of the
penultimate slab break-off (models M18-M19), better reproduce
the geophysical data and geomorphologic patterns in the corre-
sponding segments of the Zagros Collision Zone (Fig. 14b). There-
fore, we argue that the obliquity of the continental collision
between Arabia and Eurasia is the main cause of the observed vari-
ations in crustal architecture and topographic features along the
Zagros orogen.

7. Model limitations and future perspectives

The 2D modelling approach adopted in this study naturally
omits the 3D effects associated with oblique subduction
(Malatesta et al., 2013, 2016), including a gradual transition from
oceanic to continental subduction (Li et al., 2013; Sternai et al,,
2014; Menant et al., 2016), with a consequent laterally variable
convergence velocity. Along-strike differences in trench advance
or retreat are known to produce laterally variable patterns of upper
plate deformation, sedimentation, and mantle flow (Balazs et al.,
2021; Andric-Tomasevic et al., 2023), which, together with far-
field tectonics and climatic events, have contributed to broaden
the Zagros orogen, forming its present-day shape. By changing
the corresponding parameters of our 2D models, we have
attempted to capture along-orogen variations in the initial condi-
tions and reproduce the observed orogen shape and crustal struc-
tures in different segments of the Zagros. In the future, however,
true 3D experiments that incorporate and generate these lateral
heterogeneities in a self-consistent manner are needed.

In our models, we assume a constant convergence rate, that var-
ies between 3 and 5 cm yr~! in different experiments. Although
these values fit well with estimates for the pre-collision phase of
system evolution (Boutoux et al., 2021), a slower relative motion
of ~ 2 cm yr~!, currently observed by GPS data (Vernant et al.,
2004; Khorrami et al., 2019), is known to have been established
since the “hard collision” between the Arabian and Iranian plates
in the Late Oligocene to Middle Miocene (Darin and Umhoefer,
2022). The reduction in the convergence rate during and after col-
lision can have far-reaching consequences, leading to slab defor-
mation, steepening, and even break-off (e.g., Agard et al.,, 2011),
processes that could have caused vigorous small scale convection
with associated thinning of the upper plate and thus need to be
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considered in future models of the Zagros orogeny. Particular
attention should be paid to the opening of intra-slab windows
and the resulting asthenospheric inflow at the subcrustal level
(e.g., Duretz et al., 2011), which may have a significant impact on
the spatial and temporal distribution of magmatic products (e.g.,
Rabiee et al., 2022).

Finally, the effects of inherited and acquired heterogeneities in
the Arabian and Indian plates were only superficially investigated
in our study, although they may play a significant role in shaping
tectonic structures (e.g., Perron et al., 2018). In particular, tectonic
deformation zones inherited from the collision of Iranian plate
micro-blocks and from the earlier Gondwana assembly, and devel-
oped through multiple compression/extension phases during the
Neo-Tethys subduction (Boutoux et al., 2021) should be included
as compositionally distinct units in future 2D and 3D numerical
studies. The effects of pre-collisional magmatism are also impor-
tant, as numerous intrusions emplaced during the extensional
phases of the upper plate may have thickened the crust of the over-
riding plate already before the collision, contributing in part to the
formation of the orogen (e.g., Paul et al., 2006).

8. Conclusions

In this study, we investigate the structure of the crust and litho-
spheric mantle in the Zagros Collision Zone using recently acquired
geophysical data and apply geodynamic numerical modelling to
understand the effects of the properties of the colliding plates
and the obliquity of the Neo-Tethys closure on the resulting shape
and internal configuration of the orogen.

As evidenced from observations, the northwestern sector of the
Zagros orogen is characterized by a fairly uniform increase in Moho
depth and a symmetric surface topography. On the contrary, in the
central part of the Zagros, a lower dip angle and a greater indenta-
tion of the Arabian plate lead to an abrupt crustal thickening
accompanied by a rapid transition from an elevated to a smoothed
relief and a sharp decrease in seismicity, probably due to a viscos-
ity reduction in the overriding Iranian plate.

In order to understand the reason for these along-strike varia-
tions, a series of 2D thermo-mechanical experiments were carried
out considering initial and boundary conditions relevant to the
study area. The control parameters (age and width of initial ocea-
nic domain, convergence rate, specific properties of subducting
continental lithosphere, and thickness of overriding plate) were
varied within the range of uncertainties and accounting for their
possible lateral changes, due to along-strike heterogeneities of
the colliding plates and the oblique closure of the Neo-Tethys
ocean. Based on the results of the numerical models and their com-
parison with the observed data, we can draw the following
conclusions:

1 After the switch from ocean-continent subduction to conti-
nent-continent subduction/collision, the continental crust of
the overriding plate thickens considerably (up to 80 km). Such
thickening might not only be a consequence of mechanical
shortening, accommodating continuous convergence, but also
a result of so-called “crustal relamination”, when crustal mate-
rial from the lower plate is emplaced (relaminated) at the base
or within the crust of the upper plate. This is consistent with the
vertical alternation of felsic and mafic crustal layers recently
discovered in the central Zagros by regional seismic tomogra-
phy. In agreement with earlier numerical studies, a thin
(<60 km) lithosphere of the upper plate is the key characteristic
that allows profound relamination into its crust and formation
of a wide orogen.
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2 In certain experiments, the boudinage of the lower crust during
the pre-collisional extension of the overriding plate leads to the
formation of isolated felsic and mafic blocks that control the
spatial transitions between short- and long-wavelength surface
topography.

The combination of thermo-mechanical and forward gravity
modelling approaches reveals a large influence of the amount
and distribution of relaminated material on the geophysical sig-
nal of the orogen, such as the lateral trends of Bouguer gravity
anomalies.

The relatively low seismic activity in the Iranian plate can be
attributed not only to its thinning and weakening prior to colli-
sion, but also to syn-collisional relamination of felsic crust and
sediments and partial melting in the lower crust, all of which
significantly reduce the effective viscosity.

The internal structure of the collision zone and the surface
shape of the orogen are determined by the degree and style of
the relamination process, which in turn depends on the mod-
elling parameters, controlling not only the properties of the col-
liding continents but also the oceanic lithosphere between
them. Especially, in the experiments with an old and narrow
subducting oceanic plate, a broad and relatively low plateau is
obtained, whereas a young and wide slab tends to form a nar-
row and a more elevated orogen. Such a trend is consistent with
the progressive closure of the Neo-Tethys from NW to SE: in the
northwestern part of the Zagros (where the paleo-ocean was
originally narrower) the present-day orogen is broader, while
the central Zagros (where the oceanic part of the Arabian plate
was wider) is asymmetric and high.
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