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S U M M A R Y
We constrain and model the geometry of the Zagros foreland to assess the equivalent elastic
thickness of the northern edge of the Arabian plate and the loads that have originated due to the
Arabia–Eurasia collision. The Oligo-Miocene Asmari formation, and its equivalents in Iraq
and Syria, is used to estimate the post-collisional subsidence as they separate passive margin
sediments from the younger foreland deposits. The depth to these formations is obtained
by synthesizing a large database of well logs, seismic profiles and structural sections from
the Mesopotamian basin and the Persian Gulf. The foreland depth varies along strike of the
Zagros wedge between 1 and 6 km. The foreland is deepest beneath the Dezful embayment, in
southwest Iran, and becomes shallower towards both ends. We investigate how the geometry
of the foreland relates to the range topography loading based on simple flexural models.
Deflection of the Arabian plate is modelled using point load distribution and convolution
technique. The results show that the foreland depth is well predicted with a flexural model
which assumes loading by the basin sedimentary fill, and thickened crust of the Zagros. The
model also predicts a Moho depth consistent with Free-Air anomalies over the foreland and
Zagros wedge. The equivalent elastic thickness of the flexed Arabian lithosphere is estimated
to be ca. 50 km. We conclude that other sources of loading of the lithosphere, either related
to the density variations (e.g. due to a possible lithospheric root) or dynamic origin (e.g. due
to sublithospheric mantle flow or lithospheric buckling) have a negligible influence on the
foreland geometry, Moho depth and topography of the Zagros. We calculate the shortening
across the Zagros assuming conservation of crustal mass during deformation, trapping of all
the sediments eroded from the range in the foreland, and an initial crustal thickness of 38 km.
This calculation implies a minimum of 126 ± 18 km of crustal shortening due to ophiolite
obduction and post-collisional shortening.

Key words: Numerical modelling, Continental margins: convergent; Crustal structure; Litho-
spheric flexure; Sedimentary basin processes.

1 I N T RO D U C T I O N

The Mesopotamian plain and the Persian Gulf form the peripheral
foreland basin of the Zagros (Fig. 1). The basin developed dur-
ing the late Cenozoic in response to the collision between Arabia
and Eurasia as thrust sheets were transformed over the Arabian
lithosphere (Snyder & Barazangi 1986; DeCelles & Giles 1996;
DeCelles 2011). Recent studies of the basin filling history show that
the Zagros flexure developed mainly over the last 20 Ma (Homke
et al. 2004; Emami 2008; Khadivi et al. 2010; Pirouz et al. 2016),
concurrently with crustal thickening and exhumation of the wedge
(Gavillot et al. 2010; Khadivi et al. 2012; Mouthereau et al. 2012).
The current view about the formation of foreland basins is that the
basement is flexed down by overthrusting sheets in the wedge and
sediment accumulation in the subsiding foredeep (Beaumont 1981;

Karner & Watts 1983; DeCelles & Giles 1996; DeCelles 2011;
Mouthereau et al. 2012). Static subsurface loads due to the den-
sity distribution at depth might also contribute to the force balance
acting on the foreland deflection; for example, a subducted oceanic
slab or a thickened lithospheric root. Dynamic stresses associated
with mantle flow could also play a role (e.g. Karner & Watts 1983;
Royden 1988, 1993; Garcia-Castellanos 2002). Therefore, the ge-
ometry and filling history of foreland basin hold clues about the
dynamics of the associated orogeny and the ability of the litho-
sphere to support the topography and subsurface loads whether
of static (due to hydrostatic buoyancy) or dynamic origin (due to
stresses induced by mantle flow).

Gravity data offer a complementary source of information on
subsurface loads and the mechanical support of the topography (e.g.
Molnar and Lyon-Caen 1988; Watts 2001). Compared to the gravity
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Figure 1. Plate tectonic setting of the Arabia–Eurasia collision zone. Depth to the Zagros foreland basin, defined as the top of the Asmari Formation, is
determined in this study. White arrows represent plate motion relative to stable Eurasia (Reilinger & McClusky 2011).

signal that would be expected from a local isostatic compensation
of the topography, the gravity measurements from the Zagros area
indicate a deficit of mass on the foreland’s side and an excess of
mass on the wedge’s side (Snyder and Barazangi 1986; Balmino
et al. 2012; Bonvalot et al. 2012; Jimenez-Munt et al. 2012; Kaban
et al. 2016). This pattern, which is expected in case of a flexural
support of the range topography, was reported for the Zagros early
on by Snyder & Barazangi (1986) who modelled the gravity data
available at the time, and concluded that the topography of the
Zagros seemed insufficient to explain the gravity anomalies. They
therefore concluded that subsurface loads or dynamic stresses were
needed in addition to the topographic load. More recently, Saura
et al. (2015) modelled a section of the Zagros foreland and reached
the conclusion that additional subcrustal load is necessary to account
for the observed flexure.

From surface wave tomography, Priestley et al. (2012) imaged
a thickened lithosphere that coincides clearly with the high topog-
raphy and the thickened crust of the Zagros (Paul et al. 2010;
Manaman et al. 2011; Fig. 2). Large variations of the lithospheric
thickness are also suggested from the combined modelling of
Bouguer anomalies and geoid height (Jimenez-Munt et al. 2012).
This analysis has been augmented recently with additional con-
straints from body-wave tomographic results and petro-physical

modelling (Tunini et al. 2015). These authors found evidence for
important lateral variations of the composition of the lithospheric
mantle suggesting variations of the buoyancy of the lithosphere.
Static and dynamic stresses in relation to these variations and to
subduction of the Arabian Lithosphere and slab break-off (Bird
1978) and the possible delamination of the thickened lithosphere
(Hatzfeld & Molnar 2010) could have impacted the range topogra-
phy and flexure of the foreland basin.

A related and debated topic regards the mechanical strength of
the lithosphere. The support of the deficit of mass below the fore-
land and excess mass of the range topography requires that the
continental lithosphere has some flexural rigidity, which is com-
monly quantified by the equivalent elastic thickness (e.g. Burov &
Diament 1995), and could vary significantly based on its compo-
sition and thermal structure (Watts & Burov 2003; Jackson et al.
2008). The coherence between topography and gravimetry anoma-
lies at the scale of the Arabian Peninsula suggests a rather large
equivalent elastic thickness beneath the Zagros foreland of about
50 km (Chen et al. 2015). However, it has been suggested that the
equivalent elastic thickness, Te, derived from gravity data using
such a spectral method could be overestimated in areas of low to-
pography and that an admittance technique would be more reliable.
It also avoids the possible bias introduced in case of correlated
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Figure 2. (a) Moho depth and lithospheric thickness. Black contour lines show depth to the lithosphere–asthenosphere boundary obtained from surface wave
tomography (Priestley et al. 2012). Colour shading shows Moho depth obtained by combining results from regional body-wave seismological investigations by
Grad et al. (2009), Manaman et al. (2011) and Mechie et al. (2013). The footprints of the various Moho models combined in panel (a) are shown in panel (b).
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surface and subsurface loads (McKenzie & Fairhead 1997; McKen-
zie 2003). More recent studies have shown a methodological bias
in this analysis, however if coherence and admittance techniques
are applied with proper care, similar Te values will be resulted
(Pérez-Gussinyé et al. 2004; Pérez-Gussinyé & Watts 2005). Also,
the correlation of surface and subsurface loads can in principle be
identified in the complex coherency (Kirby & Swain 2009), but in
that case the spectral approach cannot be used.

In this study we address how the geometry of the Zagros foreland
basin relates to the loading by the range topography. To that effect
we constrain the basin’s geometry via available well logs, seismic
profiles, structural sections and modelling. We also use gravity data
to test the models predictions regarding the Moho’s geometry. At
first, we describe the large database that is used to constrain the basin
geometry and density of sediments. Next, we describe our flexural
model of the Arabian lithosphere loaded by crustal thickening and
sediment load, which fits best to the observed geometry of the fore-
land as well as the gravity data. We resort to a simple model of thin
elastic plate flexural bending which is a convenient representation
of the continental lithosphere (Burov & Diament 1995). Then, we
use the Moho depth predicted by the modelling to calculate crustal
shortening assuming conservation of crustal mass.

2 G E O L O G I C A L S E T T I N G O F
N O RT H E R N E D G E O F T H E A R A B I A

The northern margin of the Arabian plate underwent almost con-
tinuous marine sedimentation since the Cambrian (Stocklin 1968;
Falcon 1974; Berberian & King 1981; Koop et al. 1982;
Beydoun et al. 1992; Alavi 2004; Sepehr et al. 2006). This re-
sulted in Palaeozoic epicontinental deposits, Permian-Triassic plat-
form deposits, and Jurassic to middle Cretaceous continental shelf
deposits. Subduction of the Arabian margin beneath the Eurasia
continued until the Early Miocene leading to continent–continent
collision during the Neogene (e.g. Alavi 2004; Agard et al. 2005).
The entire sedimentary sequences overlying the crystalline base-
ment has a thickness of 10–14 km in the Fars and Dezful regions in
Iran which decreases to 6–10 km towards the south and northwest
in Iraq and Syria. Thermochronology and structural studies indicate
that crustal thickening and exhumation of the Zagros began around
30 ± 5 Ma marking the onset of the continent–continent collision
between Arabia and Eurasia (Gavillot et al. 2010; Agard et al.
2011; Khadivi et al. 2012; Mouthereau et al. 2012). The Zagros
foreland develops after the collision and displays a broadly upward-
coarsening regressive megacycle that records the progressive uplift
and southward migration of the Zagros wedge through time (Alavi
2004; Jassim & Goff 2006; Heydari 2008; Pirouz et al. 2015). The
beginning of the foreland sequence is considered to coincide with
the base of the Gachsaran Formation in Iran and Lower Fars in Iraq
and Syria. This formation includes ca. 1 km of evaporitic deposits
and variegated marl interbeds in Iran, which is thinner in Iraq and
Syria, and has a clastic equivalent known as the Razak formation in
the High Zagros and Fars areas (Motiei 1993; Pirouz et al. 2011).
This formation separates the overlying foreland basin deposits from
the older platform carbonates, i.e. the Asmari in Iran, the Euphrates-
Jeribe in Iraq and the Chilou in Syria. For convenience, hereafter we
use the term ‘Asmari’ to refer to these various platform carbonates
formations.

Today, the Mesopotamian plain and the Persian Gulf form a single
modern basin which extends over 2000 km in front of the Zagros
wedge, a region spanning across southern Iran, Iraq and eastern

Syria (Fig. 1). This basin is considered as an archetype example
of a foreland which formed at the periphery of a collisional orogen
(DeCelles & Giles 1996; DeCelles 2011). The basin is marine in the
east where it coincides with the present day underfilled Persian Gulf
with average water depth of 35 m and a maximum depth of 100 m
at the Strait of Hormuz (Emery 1956; Purser & Seibold 1973),
while it is overfilled and is non-marine in the west (Fig. 1). The
Mesopotamian basin consists of an extensive, low relief flood plain
occupied by several major meandering rivers, for example, Tigris
and Euphrates to the northwest of the Persian Gulf. The sedimentary
facies of the Neogene foreland basin deposits can be tracked to
the surface and they remarkably match the modern sedimentary
environments (Pirouz et al. 2011).

3 G E O M E T RY O F T H E Z A G RO S
F O R E L A N D

In order to constrain the post-collisional subsidence in the Zagros
foreland, we track the top of the Asmari carbonate platform lime-
stone as the marker of the onset of foreland clastic sedimentation.
We assembled a database using Petrel software (Fig. 3) that in-
cludes a large number of subsurface data, isopachs and geological
maps (Brew et al. 1999; Alavi 2004; Abdollahie Fard et al. 2006;
Jassim & Goff 2006; Sherkati et al. 2006; Jahani et al. 2009; Kent
2010; Soleimani 2010; Perotti et al. 2011; Pirouz 2013; Baban et al.
2014; Pirouz et al. 2014). The data set presented in this study is
updated with seismic data (Sherkati et al. 2006; Jahani et al. 2009;
Soleimani 2010; Perotti et al. 2011) and covers a larger area com-
pared with previous compilations (Koop et al. 1982; Abdollahie
Fard et al. 2006). The target surface, the top of the Asmari and its
equivalents, was digitized and then interpolated in order to obtain
a surface representing geometry and depth of the foreland basin.
Geological maps published by Iranian National Oil Company were
used, mostly in the eastern sector, Dezful embayment, to track the
structural axes. Data for Iraq are limited to isopach maps and few
interpreted seismic lines (Jassim & Goff 2006), while available
data for Syria include a good coverage of seismic lines and bore-
holes. We used the interpreted Neogene horizon by Brew et al.
(1999) for Syria in our compilation. The contact between Asmari
massive limestone and Neogene foreland deposits can be easily dis-
tinguished in the seismic data (Abdollahie Fard et al. 2006; Jahani
et al. 2009; Soleimani 2010; Perotti et al. 2011) and is controlled
by large number of the boreholes. The geometry of the foreland
can thus be constrained over the extent of the entire modern Za-
gros basin (Figs 1 and 4). The result shows a deep and narrow
foredeep in the Dezful embayment where the maximum depth of
the foreland occurs at a depth of ca. 6 km, whereas it is shallower
and wider towards both ends. An average depth of the basin is
ca. 3.5 km in Iraq, ca. 0.5–1.5 km in Syria in the western sector and
less than several hundred meters in the Persian Gulf just in front of
the Fars region but gets slightly deeper towards the Strait of Hormuz
in the east with respect to the present-day sea level. Post-Asmari
folding and thrusting is obvious in the seismic sections near the Za-
gros deformation front, in particular within the Dezful embayment
(Sherkati et al. 2006). This observation suggests two possibilities
(Verges et al. 2011): (1) the passive margin sedimentary cover is
deformed due to a main detachment level within the sedimentary or
at the base of the sedimentary cover, (2) both sedimentary cover and
basement are deformed. The second interpretation is more likely as
basement deformation has been inferred from seismological obser-
vations (Jackson 1980; Talebian & Jackson 2004), and basement
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Figure 3. Locations of the 2-D seismic lines and structural sections (interpreted from seismic lines), borehole data and iso-depth maps used to reconstruct
depth to the top of the Asmari Formation and its equivalent in the northern margin of the Arabian plate. Data sources: (Brew et al. 1999; Alavi 2004; Abdollahie
Fard et al. 2006; Jassim & Goff 2006; Sherkati et al. 2006; Jahani et al. 2009; Kent 2010; Soleimani 2010; Perotti et al. 2011; Pirouz 2013; Baban et al. 2014;
Pirouz et al. 2014). Green circle shows approximate location of the well data used to estimate depth variation of density of the sedimentary fill.

deformation is in fact visible in some seismic profiles in the eastern
corner of the Dezful embayment (Sherkati et al. 2006). Southwards
of this deformation zone, the Asmari formation is less deformed and
shows a gradual flexure qualitatively consistent with the flexure of
a bent elastic plate. Our compilation yields a model of the foreland
geometry at the regional scale. Comparison with local estimates
form previous studies show only minor differences generally of the
order of a few hundred meters. The largest mismatch is observed
in the deepest part of the basin in Dezful embayment where Abdol-
lahie Fard et al. (2006) estimated a depth larger than 6 km and Koop
et al. (1982) assessed a depth of 5.5 km, whereas our model shows
a depth of 5.8 km.

4 S O U RC E O F L OA D S , D E N S I T Y
M O D E L A N D S E I S M O L O G I C A L
M O H O C O N S T R A I N T S

As the orogen grows, topography and its subsurface root develop,
thus the topography represents only a fraction of the vertical load
source flexing down the lithosphere. In addition, the weight of basin
deposits and the water bodies further contribute to produce vertical
forces bending the incoming plate (Beaumont 1981; Watts 2001).
The role of sedimentary load is particularly important in the case
of the Zagros, where the volume of the post-collisional deposits is
comparable to the topography of the range above sea-level (Figs 4
and 7).

Current topographic load can be estimated easily using a
digital elevation model. We use the topographic SRTM model
(Farr et al. 2007), and the standard density for the upper crust
(ρc = 2670 kg m−3) of the WGM2012 global density map. The
restoring force due to buoyancy of the crustal root defined by the
deflection of the Moho needs also to be taken into account. We
assume that the Moho is the only significant density discontinuity
in the subsurface and that it is deformed conformably with litho-
spheric bending. The restoring force depends on the density contrast
between Moho and the material filling in the depression of the litho-
sphere at the surface, �ρ = ρm − ρ infill.

We determined a local value of the density increase at Moho, �ρ,
and the reference crustal thickness for a crust with zero topography
and in isostatic balance, Tc, using the free-air anomaly (FAA) and
seismological constraints on the Moho depth. We used the World
Gravity Map (WGM12), which is the latest high-resolution global
grid of the Earth gravity field of the Bureau Gravimétrique interna-
tional (Bonvalot et al. 2012). WGM 2012 was derived from space,
airborne and terrestrial measurements and includes a 1′ × 1′ resolu-
tion terrain correction computed based on the global relief model,
ETOPO1, considering the contribution of the various sources of
surface masses (atmosphere, land, oceans, inland seas, lakes, ice
caps and ice shelves).

We estimate the theoretical gravity signal assuming the density
contrast at the Moho to be the only subsurface source of gravity
anomaly in addition to the effect of the sedimentary fill of the basin
(see details in the Supporting Information). We estimate the density
variation with depth in the Zagros basin using data from a well
located in the Dezful embayment (green circle in Figs 3 and 4).
These data indicate that the density increases from ca. 1.9 g cm−3

near the surface to a reach standard crustal density of ca. 2.6 g cm−3

at a depth of 4 km.
The Moho depth (Fig. 2) is based on a compilation of seismologi-

cal models for the Iranian, Arabian and European plates (Grad et al.
2009; Manaman et al. 2011; Mechie et al. 2013; Fig. 2). The Moho
depth for the Zagros and its foreland is mostly based on Manaman
et al. (2011). The best fitting values of �ρ and Tc depend on the
geographical area selected for the inversion. This finding is con-
sistent with Kaban et al. (2016) who used the seismological Moho
depth model of (Stolk et al. 2013) and produced a regional map
of the lateral variations of the mantle density needed to reconcile
the Moho depth model with the gravity anomaly map. Here, we are
interested in a more restricted area (Fig. 4) within which lateral vari-
ations of mantle density are probably less severe than at the scale
of the whole Arabian Peninsula considered by Kaban et al. (2016).
Our Fig. 5 shows the theoretical FAA calculated from the compiled
seismic Moho depth for the best fitting values of Tc = 37.8 km and
�ρ = 390 kg m−3. These values yield a root-mean-square error
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Figure 4. Post-collisional foreland basin depth and the Zagros wedge topography used in our flexural bending calculations. We outline three different areas
that were used to compare the model predictions with the observations. The area outlined with blue is used to compare the observed free-air anomalies (FAAs)
with predicted FAAs by our flexural models. The area outlined with yellow dash-line is used to estimate crustal shortening from a mass balance budget. The
area outlined with green is used to compare observed FAA with the predicted FAA obtained from the seismic Moho determined by Manaman et al. (2011) and
adjust the density contrast at the Moho to best reconcile the seismological observations with the observed FAA. The area outlined with red is used to compare
the foreland depth determined from the Asmari with the depth predicted by our flexural models. The area where the Asmari has been folded and thrusted is
cropped out. Green circle shows approximate location of the well data used to estimate depth variation of density of the sedimentary fill.

(RMSE) of 73 mGal (Supporting Information Fig. S1). The pre-
dicted FAA resembles the observed FAA to first order only. It does
not reproduce well in particular the pair of positive and negative
anomalies, respectively in the range and basin, which is expected
from flexural support of the topography, while it is detected in the
observed FAA (Fig. 5a). Flexural support would indeed imply the
Moho to be deeper than predicted from local isostasy beneath the
foreland, and hence a negative uncompensated topography (Fig. 5c).
Beneath the range we would expect a positive uncompensated to-
pography, that is, a Moho depth shallower than predicted from local
compensation of the topography. Comparison of the Moho depth
derived from seismology with the Moho depth predicted from local
isostasy along profiles (Fig. 6) shows that flexural effects are not
as obvious as in the gravity signal and foreland geometry. We also
note that the seismological Moho of Manaman et al. (2011) is not
parallel to the geometry of the foreland base as would be expected
in case of flexural bending of the lithosphere. We also tested the
Moho model of Stolk et al. (2013) and found similar issues (Fig. 6).

Inconsistencies between the measured FAA and the FAA predicted
from the seismological constraints are possibly due to errors in the
interpretation of the seismological data, errors introduced by the
interpolation technique used to build the 2-D model from the initial
data set, and finally lateral variations of crustal and mantle densi-
ties which are ignored in the calculation of the predicted FAA. To
insure consistency with observed flexure of the foreland and FAA,
we determine a model of the Moho geometry assuming that it was
initially flat and deformed as predicted by our flexural model. In the
following calculations, we use rounded values of �ρ = 400 kg m−3

and Tc = 38 km to ensure consistency with the seismic Moho on
average. We also present flexural models calculated with �ρ = 300,
350, 450 and 500 kg m−3.

5 F L E X U R A L B E N D I N G M O D E L

Flexure of the Arabian plate is calculated assuming an elastic
thin plate over an inviscid fluid. We take the weight of the range
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Figure 5. (a) Measured free-air anomaly (FAA) at the surface (Bonvalot et al. 2012). (b) Predicted FAA using the seismological Moho of Manaman et al.
(2011) and taking into account the post-Asmari foreland sediments (see the Supporting Information for details). The best fit is obtained for Tc = 37.8 km and
�ρ = ρm − ρc = 390 kg m−3. (c) Uncompensated topography calculated from the difference between the observed topography and the topography predicted
for local isostasy. We assume an Airy compensation scheme with density contrast only at the surface and at the Moho with Tc = 37.8 km, �ρ = ρm − ρc =
400 kg m−3 and ρc = 2670 kg m−3.
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Figure 6. Crustal cross-sections. See Fig. 1 for location of profiles. Topography is exaggerated (3x). We show the Moho depths derived from seismological
constraints by Manaman et al. (2011) in blue, and by Stolk et al. (2013) in red. The green line is the Moho predicted from local compensation of the topography.
We used Tc = 38 km and �ρ = ρm − ρc = 400 kg m−3 as determined from least-squares fitting of the FAA using the seismological Moho of Manaman et al.
(2011) and taking into account the post-Asmari foreland sediments; see the Supporting Information for details. The Moho depth resulted from our preferred
model (Model 2) is used to separate the crust (grey) from the upper mantle (white). The equation to calculate crustal Airy root is: R(x,y) = −[Tc + ( ρc×Ht

ρm−ρc
)]

where R(x,y) is Airy root, Tc is non-deformed crust at isostatic equilibrium, Ht is topography, ρm is the mantle density, and ρc is the crust density.
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Figure 7. (a) Topography (Brown line) and depth to the Asmari forma-
tion (green line) along section C which runs across the Dezful embayment
(Fig. 1). Portions highlighted in black correspond to areas where the Asmari
is clearly affected by thrusting and folding. These areas are not considered
to find best fit between predictions of flexural bending of a thin elastic plate
and observed deflection represented by the Asmari Formation. (b) Surface
distribution of load due to the sediment weight (blue) and topography (red).
(c) Deflection of an elastic thin plate with equivalent elastic thickness of
Te = 50 km due to the sediment weight (blue) and topography (red). Here
the effect of the crustal root below the topography is not shown.

topography and basin fill as distributed sources of loads. We run the
calculations using a convolution technique and the Green’s func-
tions of Brotchie & Silvester (1969) and Wienecke et al. (2007),
derived from a 2-D analytical solutions of the fourth-order dif-
ferential equation governing the deflection w. Although we found

little differences between the two solutions, we use the approach
of Wienecke et al. (2007) in this study. The Green’s functions are
truncated at a distance equal to 6 times the flexural parameter (β)
(see the Supporting Information for details). This approach allows
a better spatial resolution than the more commonly used spectral
method and was therefore preferred in this study. Wienecke et al.
(2007) have shown the consistency of the convolution approach
with the spectral method (see their fig. 1). In this model of flexural
support, the plate is assumed to have homogeneous properties. Lat-
eral variations of equivalent elastic thickness, Te, which may well
exist at the scale of our study (Zamani et al. 2014; Chen et al. 2015)
are thus ignored. In-plane stresses are ignored (no buckling) and
non-hydrostatic basal tractions are neglected, as well as stresses due
to dynamics below the lithosphere are ignored. Distribution of load
is computed by taking into account the basin geometry and depth-
distribution of density in the basin based on a density log from the
Dezful embayment (Fig. 3 and Supporting Information Fig. S2). In
such case the Green functions are calculated for a thin plate sep-
arating two media with the density of air (ρa = 1.2 kg m−3) and
mantle (ρm = 3070 kg m−3). Supporting Information Fig. S3 shows
the predicted signal for different values of the equivalent elastic
thickness of Te = 5, 20 and 50 km. The distribution of surface load
along section C (Fig. 1) which runs through the Dezful embayment,
where the post-Asmari subsidence is maximum, is shown in Fig. 7.
This figure also shows the deflection calculated only due to the to-
pographic load of the Zagros wedge, the weight of terrains with el-
evation above sea-level, for a relatively large elastic thickness value
of Te = 50 km (red line in Fig. 7c). This calculation assumes that
the depressed topography of the foreland is replaced with air. Note
that loading by the topography (above sea level) cannot explain the
wavelength of the flexed foreland (red line in Fig. 7c). Fitting the
observed wavelength would require an unrealistically large value
of Te. Loading by the sedimentary fill is thus clearly the primary
factor controlling the width of the foredeep (blue line in Fig. 7c).
Finally the calculation shows that the effect of the crustal root needs
to be taken into account to explain the observed amplitude of the
deflection.

5.1 Model 1: Topography, basin and crustal root equal
to lithospheric deflection

In this model we apply topographic and basin loads and use the
common assumption that the space created due to the Moho de-
flection is filled with material of crustal density. This model thus
includes the static subsurface load associated to the buoyancy of
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Figure 8. Schematic representation of Models 1 (a) and 2 (b). In Model 1 (a), the applied load is due to topography, and �ρ = (ρm − ρc). Assumption for
calculation of the Green function stems from the fact that the space created by deflection of the Moho is filled with crustal density material. In that case the
basin load in negative (yellow colour) as the deflection of the foreland leads to replacing mantle density material with sediment. In Model 2 (b), the applied
load is calculated from the excess thickness of the crust compared to its initial thickness (Tc), and the Green function assumes that the space created by
the deflection of the Moho is filled with air. Over the range, the load is calculated from the topography, the crustal root, and �ρ = (ρm − ρa). Over the
basin, the load is positive (green colour) and is calculated from the weight of the sedimentary fill. Abbreviations are: Tc, thickness of undeformed lithosphere;
wt, maximum deflection due to topographic load; Pt, topographic load; ρm, density of Mantle; ρc, density of crust; ρa, density of air; g, gravity acceleration;
β, flexural parameter; Hr, root thickness; Ht, topographic height.
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the crustal root. This effect is incorporated in the calculation of
the Green function which assumes that the deflection leads to re-
place material of mantle density, ρm, with crustal density material
ρc = 2670 kg m−3 (instead of air as in the calculation of Fig. 7). A
density contrast of �ρ = ρm − ρc = 400 kg m−3 is assumed in the
plotted in Figs 8–10. The results for �ρ = 300 to 500 kg m−3 are
reported in Table 1.

We calculated a range of models by varying the value of Te be-
tween 1 and 100 km, which is the only adjustable parameter of this
model, to minimize the root-mean-square error between the ob-
served and predicted post-collisional deflection. To avoid a possible
bias introduced by folding and thrusting of the Asmari formation
near to the Zagros deformation front we cropped out areas corre-
sponding clearly to such deformation (shown in Figs 4 and 7). For
�ρ = 400 kg m−3, the best fitting model is obtained for Te = 54 km
(Fig. 9a) and yields an RMSE of 695 m (for the other values of
�ρ, see Table 1). The model produces a foreland deflection with a
wavelength and amplitude comparable to the observed geometry of
the foreland (Figs 10b and 11). However some systematic misfits
are observed. The deflection is too small at distances larger than ca.
400 km, except in the Fars area (Fig. 10a and b).

We also tested the merit of such a model in explaining the
FAA. We assume that the Moho is deformed conformably with
the bent lithosphere. We thus determine the Moho depth by adding
Tc = 38 km to the calculated deflection. FAA maps are obtained
assuming ρc = 2670 kg m−3 and ρm = 2970–3170 kg m−3 (i.e.
�ρ = 300–500 kg m−3) and compared to the observed FAA. For
�ρ = 400 kg m−3, the best fitting model has an equivalent elastic
thickness of Te = 53 km remarkably close to that derived from the
foreland subsidence (Fig. 9b). We note that the model fits the de-
tails of observed FAA much better than the Moho models derived
from seismology (Figs 12 and 13, Supporting Information Figs S4
and S5). The RMSE is ca. 32 mGal (Fig. 9b). The observed posi-
tive and negative FAA anomalies over the Zagros wedge and basin
are in particular reproduced well by this model. One drawback of
this modelling approach is that the predicted deflection does not
match the geometry of the foreland basin very well (see red lines in
Fig. 11). The mismatch can be interpreted to suggest that a different
loads distribution, and/or additional subsurface loading is neces-
sary. Since the Green function assumes that the displaced mantle
due to the Moho deflection is replaced with crust, and not sediments
as would happen if the crust is bent elastically, the model is not in-
ternally consistent if the basin geometry is not correctly adjusted by
the model.

5.2 Model 2: Topography, basin load and adjustable
subsurface load correlated with topography

Here the deflection of the Moho is calculated taking topographic and
basin loads into account and a simple parametrized representation
of subsurface loads. We assume that the deflection is filled with air
ρa = 1.2 kg m−3 and the subsurface load is proportional to the to-
pographic load (Fig. 8b). The load from topography and subsurface
loads is then simply λ times the topographic load. This approach al-
lows to account for all subsurface loads correlated with topography,
including the effect of the crustal root. Additional loads, potentially
correlated with topography, could be due to inhomogeneities of
crustal density, possibly due to the thermal structure of the range
and metamorphic reactions associated with underthrusting and ex-
humation of Arabian crust. It could also account for the possible
effect of the lithospheric core imaged by Priestley et al. (2012)

Figure 9. (a) Root mean-square error (RMSE) between observed and pre-
dicted foreland depths as a function of the equivalent elastic thickness, Te,
for the Model. (b) RMSE between observed and predicted free air anomalies
(FAAs) over the Zagros foreland and wedge as a function of the equivalent
elastic thickness, Te, for the Model. (c) Logarithm of the likelihood (L) of
the joint pdf that takes into account both of the deflection and FAA data sets.
It is calculated as the sum of the squared RMSE of two data sets, weighted
by a factor − Ni

2δ2
i

. Ni is the number of data belonging to the ith data set, and

δ2
i is the variance associated with the measurements of the ith data set. Such

variance is estimated assuming the best fitting model to the ith data set has
a reduced χ2 equal to 1.
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Figure 10. Observed (a) and predicted depth of the post-collisional foreland for best fitting Model 1 (b) and Model 2 (c). The area that was used in the
calculation of the root mean-square error (RMSE) is shown as a red polygon in Fig. 4.

which coincides approximately with the Zagros topography. Such
a core could generate static and kinematic stresses affecting the
deflection of the lithosphere beneath the Zagros wedge and the
adjacent foreland.

Model 2 depends thus on two adjustable parameters Te and λ.
We run different models with Te = 1–100 km with step of 1 km and
λ = 0.1–10 with step of 0.1 and determined the best fitting values
from least squares fit to the foreland basin geometry (Fig. 14a)
and FAA (Fig. 14b). For �ρ = 400 kg m−3, the inversion of the
foreland geometry yields an equivalent elastic thickness Te = 59 km
and λ = 5.1 (see Table 1 for other values of �ρ). The fit to the basin

geometry drops to 327 m in Model 2 (Fig. 14a), and is much better
than that obtained from Model 1. The f-test shows that the improved
misfit is significant at the 99 per cent confidence level. The loads
resulting from the basin fill and hydrostatic restoring force due to
the Moho deflection are thus better represented in Model 2.

The inversion of the FAA over the Zagros and its foreland yields
almost similar value for λ (Fig. 14b). For each single calculation,
the value of Te is less well constrained from the gravity data alone
due to the trade-off between λ and Te. For example, inversion of
the FAA allows λ values between 5 and 6 for Te values between
10 and 70 km (Fig. 14b, black zone). The value of Te is thus less
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Table 1. Summary of modelling results for Model 1 (one parameter: Te) and Model 2 (two parameters: Te, λ). Best fitting parameters and RMSE are listed
for all models tested for different values of �ρ. We also list the average shortening across the Zagros estimated from mass conservation assuming an initial
crustal thickness Tc = 38 km.

FAA Deflection Joint probability
Density variation

Average
shortening (km)

Models �ρ (kg m−3) Te (km) λ RMSE (mGal) Te (km) λ RMSE (m) Te (km) λ

Model 1 300 48 – 31.75 44 – 1009.4 46 – 160.8
350 51 – 31.75 49 – 821.2 50 – 139.8
400 53 – 31.74 54 – 695.0 54 – 128.0
450 55 – 31.75 59 – 625.3 57 – 112.1
500 57 – 31.90 64 – 586.5 60 – 103.2

Model 2 300 32 7.3 30.03 56 4.9 319.1 38 7.3 153.4
350 35 6.4 30.05 59 5.0 325.3 45 6.6 136.6
400 31 5.6 30.06 59 5.1 326.9 50 5.9 125.8
450 32 5.1 30.10 61 5.2 334.1 54 5.4 111.7
500 29 4.6 30.16 61 5.3 329.7 60 5.1 104.5

well constrained with Model 2 than with Model 1. If the fits to the
foreland geometry and FAA are combined after normalisation of the
weight assigned to each data set (see the Supporting Information
for details), we get that Te = 50 km and λ = 5.9 yield the best
possible fit to both data sets jointly (Fig. 14c). We show the case of
�ρ = 400 kg m−3 in Figs 10–13 where Te = 50 km and λ = 5.9,
while other cases are reported in Table 1.

6 D I S C U S S I O N

6.1 Implications for the rheological layering
of the continental lithosphere

The foreland basin geometry and the gravity anomalies over the Za-
gros and its foreland show evidence for flexural support; and these
signals are reproduced to first order assuming a continuous plate
with an equivalent elastic thickness of Te = 50 ± 10 km. The uncer-
tainty associated to this estimate should be considered with caution
as it accounts only for the sensitivity of the model predictions to
Te. The uncertainty on the Green’s function, which depends in par-
ticular on the uncertainty on �ρ, is also important as this quantity
is not very well constrained and may vary spatially. We therefore
assessed the range of possible value of Te by running various in-
versions with different values of �ρ (listed in Table 1). By varying
the density contrast at the Moho between 300 and 500 kg m−3, the
equivalent elastic thickness, Te, varies from 38 to 60 km (Table 1).
We therefore estimate the range of possible values required to fit
jointly the foreland depth and FAA to between 38 and 60 km. This
range of values is consistent with the equivalent elastic thickness of
the lithosphere determined in previous studies based on the analysis
of 1-D profiles in the eastern sector of our study area (about 50 km,
Snyder & Barazangi 1986; Saura et al. 2015). It is also consistent
with the equivalent elastic thickness mapped from the coherence
between the topography and the gravity field (Chen et al. 2015),
which shows a gradient from about 90 km for the Arabian Platform
south of the Mesopotamia basin to about 30 km beneath the Zagros.

The ca. 38–60 km equivalent elastic thickness of the lithosphere
of Arabian Platform, the age of which is estimated between 600 and
900 Ma (e.g. Stern & Manton 1987; Hargrove et al. 2006), is in
the ballpark of values found for other continental areas with similar
Neoproterozoic age (Burov 2011; Tesauro et al. 2013). This range of
values informs us about the rheology of the continental lithosphere
and, in particular, about the mechanical coupling between the crust
and mantle, which controls where the strength of the continental

lithosphere resides (Burov & Diament 1992; Watts & Burov 2003;
Burgmann & Dresen 2008). The rather large values obtained in this
study are consistent with mechanical coupling between the crust
and upper mantle as suggested by previous models that account for
depth variations of the continental rheology due to temperature and
composition (Tesauro et al. 2012). A strong lower crust beneath
the foreland basin would be consistent with the observation of deep
earthquakes in the basement as much as 35 km (Jackson 1980;
Jackson et al. 2008; Nissen et al. 2011). It thus seems that neither
the ‘crème-brûlée’ model of the continental crust nor the ‘Jelly
sandwich’ model are relevant; because as on the one hand, a strong
coupling between the crust and mantle and some strength in the
upper mantle are needed, and, on the other hand, Te exceeds the
crustal thickness, which requires adequate strength in the upper
mantle. For comparison, the elastic thickness of the lithosphere
beneath foreland basin of the Himalaya, which is of Proterozoic
to Archean lithospheric age, is estimated to 60–80 km (Lyon-Caen
& Molnar 1983; Cattin et al. 2001; Hetenyi et al. 2006; Mooney
2010). The modelling of the gravity data suggests that the equivalent
elastic thickness beneath the Zagros range is probably significantly
lower than beneath the foreland (we get a best fitting value of ca.
Te = 30 km when only the gravity data are used). Similarly low
values of Te have also been inferred there based on the coherence
between topography and gravity anomalies over the range (Zamani
et al. 2014; Chen et al. 2015). A northward gradual decrease in Te

is expected because of the bending-induced reduction of the elastic
cores, and the presumably higher crustal temperatures within the
range resulted from crustal thickening and vertical heat advection
(e.g. Burov & Diament 1995; Cattin et al. 2001; Hetenyi et al.
2007).

6.2 Signature of sublithospheric dynamics

We find that the geometry of the foreland and Moho can be reason-
ably well explained with a simple model of an elastic plate flexed
by static loads related to the topography and basin infill. Model 2
yields a significantly better fit to the observations than Model 1 (Ta-
ble 1). It is not clear whether the improvement is due primarily to a
better representation of the loads applied to the foreland basin (due
to the sediment fill and hydrostatic buoyancy force associated to the
Moho deflection) or because of a better representation of the loads
applied on the range side. We now calculate the load due to crustal
thickening implied by this model. We calculate the crustal thickness
predicted by the model (crustal root+ topography above sea level)
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Figure 11. Observed and predicted foreland depths for best fitting Models 1 (red) and 2 (blue) along sections A, B, C and D. Black lines represent the depth to
the Asmari Formation. Note that green overlaps black in sections B, C and D. The green outline highlights the portions within the area used to determine the
best fitting model.
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Figure 12. Observed FAA (Bonvalot et al. 2012) (a), and predicted FAA for Model 1 (b) and Model 2 (c). Residuals are shown in Supporting Information
Figs S4 and S5.

and divide by the topography. For �ρ = 400 kg m−3, we obtain an
average value of 5.3 which is very close to our estimate of the best
fitting value of λ (Supporting Information Fig. S6). We conclude
that, Model 2 does not imply any other source of loads than the

Moho deflection and basin fill. This is why the best fitting Model 1
and Model 2 predict quite similar Moho geometries (Fig. 15).

The difference between Model 1 and Model 2 is larger in the
western part of the model where the foreland basin is shallow. The
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Figure 13. Comparison of observed FAA (black curve; Bonvalot et al. 2012), predicted FAA for Model 1 (red curve), and Model 2 (dark blue curve) along
the sections A, B, C and D. We also show for comparison, the calculated FAA using the Moho depth derived from seismology by Stolk et al. (2013, green line)
and Manaman et al. (2011, blue curve). Locations of sections are shown in Fig. 1.

difference is essentially due to the fact that Model 1 implicitly
assumes a depressed Moho beneath the foreland (so it involved ad-
ditional loading due to the thickened crust there) while the observed
shallow basin depth implies only little loading from the sedimentary

fill in Model 2. Model 1 reproduces arcuate shape of the foredeep
with large depth (Fig. 10). By contrast Model 2 fails to predict the ar-
cuate shape but yields a more reasonable basin depth. Fitting the ob-
served geometry of the basin and the FAA in that area might require
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Figure 14. (a) RMSE between modelled and observed foreland depth as a function of Te and λ for Model 2. (b) RMSE between observed and predicted FAA
obtained for Model 2. (c) Logarithm of the likelihood of the joint pdf of the deflection and FAA data sets.

a different loads distribution than the ones presented here. Both
Models 1 and 2 succeed at fitting simultaneously the foreland basin
geometry and the FAA over the foreland and Zagros suggesting that
our models account for the main factors flexing down the Arabian

plate, that is, loading due to the topography of the Zagros, subsur-
face load by the thickened crustal root, and the sedimentary fill.

We conclude that, if we except the mismatch observed in the
western sector of the study area (western Iraq and Syria), there is
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Figure 15. Moho depth predicted from Model 1 (a), Model 2 (b) and the difference between the two models, Model 1–Model 2 (c).

no need to invoke any significant additional loads than the static
loads related to the topography, the crustal root and the sedimen-
tary fill. We thus do not find any clear signature in the balance of
forces applied to the lithosphere of dynamics effects possibly re-
lated to the dynamics of the subduction of the Arabian lithosphere,

which could involve slab break-off or delamination of the thick-
ened Eurasian lithosphere. In contrast, in the western section, the
foreland is shallower than predicted by our models. It is possible
that this sector would be influenced by mantle flow dynamics. This
area could indeed be under the influence of the Afar mantle plume
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Figure 16. (a) Excess crustal thickness for Mode l2, assuming an initial crustal thickness of 38 km. (b) Longitudinal variation of crustal shortening determined
from balancing N–S sections across the range. We assume plane strain deformation and conservation of volume. The blue line is the total shortening including
the volume of the post-Asmari sediments deposited in the foreland. This calculation accounts for the density difference between the eroded bedrock and
foreland sediments assuming that the volume of range topography eroded away is balanced by the volume of sediments deposited along N–S sections. The pink
line shows the contribution of the eroded sediment to the total shortening. The Green line shows the shortening estimated from crustal thickening south of the
Zagros suture zone. The plot also shows shortening estimates from the literature, which were determined from published structural sections. Locations of the
sections are shown in panel (a). Section a (Agard et al. 2005), section b (Verges et al. 2011) represents 180 km of total crustal shortening, sections c, h and k
(McQuarrie 2004; Mouthereau et al. 2007), sections d, f, g, i and j (Sherkati et al. 2006), section e (Blanc et al. 2003), sections l, m, n and p (Jahani et al. 2009)
and section o (Molinaro et al. 2005). Symbols depend on whether the section represents shortening across nearly the whole wedge (Sanandaj-Sirjan belt and
Zagros) which is shown with a blue circle, north of the suture with an arrow, and south of the suture with green circles. Red circles show shortening estimated
along only a fraction of the distal portion of the Zagros wedge.
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whose influence is recognized as far as the Aegean Sea (Chang et al.
2011; Faccenna et al. 2013; Jolivet et al. 2015). This feature causes
warmer and weaker lithosphere in the eastern sector (Syria-Iraq)
and may be a source of sublithospheric loads.

6.3 Moho geometry and implications for crustal
shortening

Our flexural model predicts a Moho geometry that is in much better
agreement with the observed FAA than seismology-based models
of the Moho (Grad et al. 2009; Manaman et al. 2011; Mechie et al.
2013). These Moho geometries are roughly consistent on average
but there are large local discrepancies (Fig. 6). Investigating the ori-
gins of the discrepancies between seismologically constrained and
our Moho model is beyond the scope of this study. They could be
related to interpretation of the original seismological observation
or to the interpolation procedure. Given the good fit with the ob-
served FAA, however, the Moho geometry derived from Model 2
provides an advanced guess of the crustal thickness variations in the
Zagros.

This information can be used to estimate the post-collisional
shortening based on a simple mass budget. To this aim, we assume
that the thickness of the Arabian continental margin at the onset of
the collision was homogeneous and that the topography was close
to the sea-level. This assumption is justified for the northern edge of
the Arabian platform given that the facies of the Asmari formation
indicates a shallow marine environment with a depositional depth
less than 250 m (Van Buchem et al. 2010). So we assume an initial
crustal thickness was Tc = 38 km. An initial crustal thickness of
38 km is more questionable for the area north of the Noe-Tethyan
suture on the southern flank of the Sanandaj-Sirjan metamorphic
belt. The crust may have already been thickened due to the mag-
matic underplating related to the Neo-Tethyan subduction, and in
the aftermath of accretion of the Cimmerian block to Eurasia (Has-
sanzadeh & Wernicke 2016). We assume conservation of mass at the
scale of the orogen and its foreland (as defined by the box in Fig. 4).
A fraction of the thickened crust has been eroded and is now stored
in the post-Asmari fill of the foreland. For example, the volume be-
tween the topography and the Moho depth predicted by Model 2 is
estimated as 7.36 × 107 km3, where �ρ = 400 kg m−3. The volume
of the post-Asmari fill of the foreland is estimated as 7.78 × 105

km3. Given the lower density of the sediments in the foreland (Sup-
porting Information Fig. S2) this corresponds to a volume of crust
5.69 × 105 km3.

For simplicity, we ignore density changes resulting from the ef-
fect of metamorphic reactions on mineral volumes. Volume of the
thickened crust and foreland sediments are assumed equal to the
volume of the initial undeformed crust. We assume plane strain
resulting from NS compression and NS transport of sediment.

With these assumptions, we first calculate the shortening across
NS sections running across the Arabian margin, south of the suture,
without taking the volume of the sediments into account (green line
in Fig. 16). It should therefore be considered a minimum value of the
shortening since the onset of the collision. We obtain a shortening
of ca. 30 km in the western sector, which increases to 75 km in the
Fars. The average value is 21 ± 9 km (mean and standard deviation)
in Iraq and Syria and 45 ± 13 km in Iran.

We next proceed to include the volume of sediment and expand
the calculation to the whole Zagros. The domain within which the
post-collisional shortening is calculated is shown in Fig. 16a and the
shortening values are plotted in Fig. 16b. The volume of sediment

corresponds to the shortening of 9 ± 6 km on average. Section
through the entire Zagros range (so including the Sanandaj-Sirjan
metamorphic belt and Zagros fold-and-thrust belt) and taking the
sediments into account yield a shortening which varies between 100
and 150 km (blue line in Fig. 16) with an average of 126 ± 18 km.
The uncertainty associated with this estimate is not easy to constrain
as it depends on the uncertainties on the foreland geometry, Moho
depth and density distribution and their covariance. An attempt is
made by calculating the shortening for a variety of models within the
range of possible values of Te and λ (we also varied the estimated
volume of the foreland basin within 10 per cent). The obtained
average range of the crustal shortening is ca. 125 ± 20 km where
�ρ = 400 ± 50 kg m−3 (Table 1). We also estimate the shortening
using the Moho geometry obtained with Model 1 which varies
between 103 and 161 km for the same density variation. Finally,
we also use the Moho model of Manaman et al. (2011) and got
a value of 99 km for �ρ = 400 kg m−3. These calculations show
that the shortening estimated based on our reconstructed Moho
geometry is probably a rather robust quantity. Our estimates of
crustal shortening are comparable to shortening values derived from
palinspastic restoration of structural sections (Blanc et al. 2003;
McQuarrie 2004; Agard et al. 2005; Molinaro et al. 2005; Sherkati
et al. 2006; Mouthereau et al. 2007; Jahani et al. 2009; Verges et al.
2011). The agreement is remarkable given the different method
and the crude assumptions made in our calculation (recall that we
assumed the collision of two plates with the same constant initial
crustal thickness, plain strain and volume conservation).

7 C O N C LU S I O N S

The post-collisional subsidence of the central and eastern sector of
the Zagros foreland, determined by the depth to the Asmari for-
mation, can be very well reproduced by a simple model of flexure
of a thin elastic plate, which is in contrast with the need for extra
subcrustal loads or dynamic stresses proposed in some previous
studies. However, our model does not fit well with the actual depth
of the western Zagros basin, in Iraq and Syria. Although it suggests
that either variations in elastic thickness or a more complicated
combination of subsurface loads, possibly caused by mantle dy-
namics, are needed. Our results highlight that the equivalent elastic
thickness is Te = 50 km beneath the foreland in Iran and probably
decrease to ca. Te = 30 km beneath the range. Compared to the
observed gravity data, the calculated gravity data based upon our
flexural model allows a better estimate of the Moho depth where
the seismic investigation is absent or poor. Finally, our model of the
Moho and foreland basin geometries implies a total shortening of
126 ± 18 km, due to post-collisional crustal shortening and ophi-
olite obduction, assuming that the whole area was initially at sea
level and in isostatic equilibrium. Since this hypothesis is justified
for the Arabian platform only, we obtain minimum shortening of
44 ± 13 km for deformed and eroded Arabian crust.
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Supplementary data are available at GJI online.

Figure S1. Root mean square residual (RMSE) between observed
and predicted FAA using the seismologically constrained Moho
model of Manaman et al. (2011) and WGM12 surface Free Air
Anomaly (Bonvalot et al. 2012). The model prediction assumes
a constant crust density of 2670 kg m−3. The minimum RMSE
corresponds to 3060 kg m−3 (i.e. �ρ = 390 kg m−3) of mantle
density and Tc = 37.8 km in the eastern sector.

Figure S2. Density distribution versus depth in the Zagros foreland
basin. Red curve represents measured density in the borehole and
the green curve is calculated density curve using the sonic log

(DT) from the same borehole. The well is located in the Dezful
embayment. See green circle in Fig. 3 for approximate location.
We converted sonic log to density from the equation obtained from
least-squares regression to the portion of the data set where the two
measurements are available. The black coloured curve corresponds
to degree 2 polynomial function that best fits the depth distribution
of density.
Figure S3. Simulated plate deflection due to the weight of the basin
deposits applied to an elastic thin plate overlying an inviscid fluid
with density ρm = 3070 kg m−3. (a) Measured post-collisional de-
flection determined from the depth to the Asmari formation. This
information is combined with the depth distribution of density, Fig.
S2, to determine the basin load distribution. (b–d) Model predic-
tion using an equivalent elastic thickness (Te) of 5, 20 and 50 km,
respectively

Figure S4. Residuals between observed FAA (Bonvalot et al. 2012)
and predicted FAA from Model 1 (a) and Model 2 (b) and seismic
Moho depth (c).

Figure S5. Residuals between observed Bouguer anomaly (Bonva-
lot et al. 2012) and predicted Bouguer anomaly from Model 1 (a)
and Model 2 (b).

Figure S6. The crustal thickness of Model 2 divided by the topog-
raphy in map view (a) and histogram (b) for �ρ = 400 kg m−3. The
mean value is 5.3 and standard deviation is 1.8. The obtained mean
value is comparable to the estimated λ in the flexural Model 2.
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