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A B S T R A C T

The Mountain Front Flexure is a major structure of the Zagros orogenic system, and is underlain by the deeply
rooted and seismically active Mountain Front Fault system. These coupled structural features divide the belt from
its foreland and their trace is sinuous, forming salients and recesses. The origin and tectonic significance of the
Mountain Front Fault system and its sinuosity are still unclear, with most of hypotheses pointing to a strong
structural control exerted by geological inheritances. In this work we combine interpretation of seismic reflection
profiles, earthquake data, geomorphic analysis, and geological observations, to build a balanced cross section
across the Mountain Front Flexure in the Lurestan region. Our data are suggestive of a hybrid tectonic style for
the Lurestan region, characterised by a major and newly developed crustal ramp in the frontal portion of the belt
(i.e the Mountain Front Fault) and by the reactivation of steeply dipping pre-existing basin-bounding faults, along
with a minor amount of shortening, in the inner area. Specifically, the integration of our results with previous
knowledge indicates that the Mountain Front Fault system developed in the necking domain of the Jurassic rift
system, ahead of an array of inverted Jurassic extensional faults, in a structural fashion which resembles that of a
crustal-scale footwall shortcut. Within this structural context, the sinusoidal shape of the Mountain Front Flexure
in the Lurestan area arises from the re-use of the original segmentation of the inverted Jurassic rift system.

1. Introduction

The Mountain Front Flexure (MFF) is a major structure of the Za-
gros folded belt, consisting of a topographic and structural step that di-
vides the belt from its foreland basin (Falcon, 1961). The MFF runs
for more than 1000 km, from Kurdistan to Fars, to eventually disap-
pear further to the SE, and is the surface expression of the active and
deeply rooted Mountain Front Fault system (Fig. 1a). The trend of the
Mountain Front Flexure is characterised by a sinusoidal shape defined
by salients and recesses. From NW to SE these sinuosities are: the Kirkuk
embayment, the Lurestan arc, the Dezful embayment, and the Fars arc
(Fig. 1a). The Mountain Front Fault system which underlie the MFF
comprises a seismically active basement-involving reverse fault system
(e.g. Berberian, 1995; Talebian and Jackson, 2004; Sherkati and
Letouzey, 2004; Molinaro et al., 2005; Mouthereau et al., 2006;
Alavi, 2007; Vergés et al., 2011a; Tavani et al., 2018a), and the
structural step across it is more than 3 km in the Kirkuk and Dezful em

bayments and in the Lurestan arc, and less than 2 km in the Fars area
(e.g. Sherkati et al., 2006; Emami et al., 2010).

Although there is a general consensus in the literature on that the si-
nusoidal shape of the Mountain Front Flexure and the Mountain Front
Fault system is controlled by geological inheritances, their exact na-
ture is controversial and the origin of the flexure is still uncertain. For
example, McQuarrie (2004) has suggested that the position of the
Mountain Front Flexure could be related to thickness variations of the
Cambrian Hormuz salt, which is placed at the base of the sedimen-
tary pile. Reactivation of steeply dipping N–S and E-W striking inher-
ited basement faults, oriented obliquely to the NE-SW shortening direc-
tion, has been instead proposed by several authors (e.g. Hessami et
al., 2001; Sepehr and Cosgrove, 2004; Lawa et al., 2013), in ac-
cordance with the documented occurrence of inherited N–S and E-W
striking faults exposed in the Arabian plate (e.g. Talbot and Alavi,
1996; Hessami et al., 2001). The Mw 7.3 Ezgeleh earthquake, that
hit the Lurestan region on November 12, 2017, along with its after-
shocks have illuminated the geometry at depth of one of the N–S striking
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Fig. 1. Tectonic sketch map of the Zagros Mts. (A) Elevation map with major structural
features indicated. (B) Elevation map (source: ESDIS) showing the main structures of the
NW portion of the Lurestan arc, with the Ezgeleh Mw 7.3 seismic sequence indicated
(source: USGS, https://earthquake.usgs.gov).

oblique portions of the Mountain Front Fault system (Fig. 1b), which
was revealed to consist of a low-dipping N–S striking oblique ramp,
placed at about 20 km depth within the basement (e.g. Chen et al.,
2018; Tavani et al., 2018a; Gombert et al., 2019; Vajedian et
al., 2018). The low dip of this structure is suggestive of a model in
which the Mountain Front Fault system is comprised of, at least in
the Lurestan arc, newly-formed shallowly-dipping frontal (Blanc et al.,
2003; Vergés et al., 2011a; Le Garzic et al., 2019) and oblique
ramps (Tavani et al., 2018a). This apparently contrasts with the idea
that the sinusoidal shape of the Mountain Front Fault system can be
controlled by the reactivation of steeply dipping pre-existing basement
faults or at least requires that steeply dipping faults are connected with
shallow dipping faults at depth.

In this work, we explore the geometric complexities of the Moun-
tain Front Fault system in the Lurestan arc, by integrating seismic reflec-
tion sections interpretation, cross section balancing, geomorphic analy-
sis, and data from the aftershock sequence of the 2017 Ezgeleh Mw 7.3
earthquake. Limited shortening at the higher structural levels of the belt,
where no remarkable far-travelled thrusts occur, allow to place con-
straints on the nature of the faults underlying the major topographic and
basement steps of the area. Nodal planes of large earthquakes (Mw > 5)
placed at short distances from the studied section constrain the Moun-
tain Front Fault system at depth. Our results demonstrate that: (i) the
low amount of shortening requires an inversion tectonic style along most
portions of the studied section; (ii) the Mountain Front Fault system is
comprised of a shallowly-dipping mid-crustal ramp splaying off the foot-
wall of an inverting basement fault system; (iii) the Mountain Front Flex-
ure is, in essence, the frontal limb of a slightly transported fault-propa-
gation fold developing above the tip of the Mountain Front Fault system;
(iv) the distribution of pre-existing faults is a primary factor in control-
ling the development and the shape of the frontal structural features of
the Zagros belt in the Lurestan area.

2. Geological setting

The Zagros belt extends from Turkey to SE Iran (Fig. 1a), and
developed in Late Cretaceous to Cenozoic time. Convergence started
with the closure of the Neo-Tethys ocean and evolved, during the late
Eocene-Oligocene, in the continental collision between the Eurasian and
Arabian plates (e.g. Stöcklin, 1968; Ricou et al., 1977; Berber-
ian and King, 1981; Dercourt et al., 1986; Braud, 1987; Alavi,
1991, 1994; Stampfli and Borel, 2002; Agard et al., 2005; Allen
and Armstrong, 2008; McQuarrie and van Hinsbergen, 2013;
Koshnaw et al., 2018). The Zagros belt develops on the Arabian plate
and it is bounded to the NE by the Main Recent Fault and the Main
Zagros Thrust that represent the NW-SE trending suture zone that sep-
arates the Arabian plate from the Sanandaj-Sirjan Zone on the Eurasia
plate to the NE (Fig. 1a) (e.g. Berberian and King, 1981; Ziegler,
2001; Blanc et al., 2003; Ghasemi and Talbot, 2006). The colli-
sional zone is currently accommodating oblique convergence, with the
2 cm/yr N-ward motion of Arabia (considering fixed the Eurasia plate;
Vernant et al., 2004) being partitioned between right-lateral motion
along the NW-SE-striking suture zone and NE–SW-oriented shortening
within the Zagros belt (Blanc et al., 2003; Vernant et al., 2004;
Talebian and Jackson, 2002, 2004). In detail, shortening in the Za-
gros belt is about 5–10 mm/yr (Vernant et al., 2004), and it is accom-
modated by NW-SE oriented thrust and folds.

Until the Cretaceous and before the closure of the Neo-Tethys, the
Zagros Belt and the Sanandaj-Sirjan Zone formed the two conjugate
passive margins of a southern branch of the Neo-Tethys (Berber
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ian and King, 1981; Blanc et al., 2003; Sepehr and Cosgrove,
2004; Vergés et al., 2011a; Wrobel-Daveau et al., 2010). The Za-
gros belt is made up of terrains that originally belonged to the SW pas-
sive margin of the Neo-Tethys (NE Gondwana), i.e. the Arabian conti-
nental margin (Ziegler, 2001; Sepehr and Cosgrove, 2004; Ghasemi
and Talbot, 2006; Vergés et al., 2011a; Mouthereau et al., 2006,
2012; English et al., 2015; Tavani et al., 2018b). This passive
margin was characterised by different extensional domains. In particu-
lar, the distal portion of the margin included a deep-water radiolarite
basin (Kermanshah Radiolarite basin), and an isolated carbonate plat-
form (Bisotun Platform) interposed between the radiolarite basin and
the oceanic domain (e.g. Ricou et al., 1977; Braud, 1987; Wro-
bel-Daveau et al., 2010). These extensional domains developed dur-
ing the Permo-Triassic (e.g. Alavi, 1980; Berberian and King, 1981;
Ghasemi and Talbot, 2006) and, mostly, Early Jurassic (e.g. Tavani
et al., 2018b) rifting events, which lead to the divergence of the Ara-
bian margin and the Sanandaj-Sirjan Zone, and to the opening of the
above mentioned southern branch of the Neo-Tethys. The distal portion
of the Arabian margin is presently exposed in the hanging wall of the
High Zagros Fault (Fig. 1), a fault that has been active since the Late
Cretaceous (Karim et al., 2011; Saura et al., 2015). The proximal
domain of the Arabian margin is now cropping out in the footwall of the
High Zagros Fault, which is the Simply Folded Belt, where NW-SE trend-
ing folds with up to 10 km wavelengths occur in a 200 km wide area,
delimited to the SW by the Zagros Deformation Front (Fig. 1a).

The Mountain Front Flexure and the underlying Mountain Front
Fault system, which are the object of investigation of this paper, are
located between the NW-SE striking High Zagros Fault and the Zagros
Deformation Front. In particular, the flexure represents a major topo-
graphic and structural divide that separates a north-eastern area, where
thrust faults affect the basement, from a south-western area, mostly
characterised by folds confined within the sedimentary sequence (or at
least with no striking evidence of basement-involved reverse faults). In
the Lurestan arc, one of the most prominent sinuosities of the mountain
belt, the frontal features of the belt are characterised by a frontal por-
tion striking NW-SE, and two lateral segments striking roughly E-W (SE
segment, Bala Rud segment) and N–S (NW segment, Kanaquin segment),
the latter being part of the study area of this work (Figs. 1b and 2).
Fold traces are slightly bent approaching these oblique segments, but
no remarkable offsets can be observed across them (e.g. Alavi, 2007;
Allen and Talebian, 2011; Casciello et al., 2011; Casini et al.,
2018). In the NW portion of the Lurestan arc, the folded belt in the foot-
wall of the High Zagros Fault can be further divided into an outer and
an inner folded belt (Fig. 1b), which are separated by a structural step
marked by changes in elevation of nearly 2 km (Tavani et al., 2018a).
In the study area, the High Zagros Fault is characterised by a major bend
and by a more external position with respect to the NW. As a result, most
of the inner folded belt is now located below the High Zagros Fault and
our reconstruction is mostly limited to the outer folded belt (Fig. 2).

The sedimentary sequence of the Arabian margin exposed in the foot-
wall of the High Zagros Fault, includes a pile of clastics and carbon-
ates more than 10 km thick (James and Wynd, 1965; Stöcklin, 1968;
Koop and Stoneley, 1982). In the south-eastern portion of the Za-
gros belt, i.e. in the Fars arc and in the Izeh domain (located imme-
diately to the NE of the Dezful embayment), the base of the sedimen-
tary sequence is represented by the late Proterozoic to early Cambrian
Hormuz Salt, which does not occur in the Lurestan arc (e.g. Bahroudi
and Koyi, 2003; Alavi, 2007). In detail, the sedimentary sequence
of the Lurestan arc area starts with an about 3 km thick succession of
Paleozoic continental clastic deposits (up to 6 km to the NW of the
study area, in the Kurdistan region, according to Le Garzic et al.,
2019), overlain by nearly 1 km of shallow-water carbonates of the Chia
Zairi Formation, capped by the Triassic shales of the Bedu Shales and
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Fig. 2. Geological map of the study area along with: (i) density contour of remotely sensed
and field measured bedding data; (ii) Mw > 5 earthquakes with moment tensor solu-
tion (2017–2019 time interval; source: USGS, https://earthquake.usgs.gov); (iii) traces of
near-vertical seismic profiles and wells; (iv) a trace of the geological section in Figs. 4
and 7; (iv) stratigraphic succession of the area. The inset shows the normalised frequency
distribution of eartquakes depth occurred in the map area, with no time range restriction.
Data are from the USGS and Iranian Seismological Centre (http://irsc.ut.ac.ir) catalogues.

Mirga Mir formations (Fig. 2) (Jassim and Goff, 2006; Bordenave,
2008). The overlying Triassic-Jurassic multilayer is exposed 50 km to
the north of the study area and includes (Tavani et al., 2018b): the
about 400 m thick Middle Triassic Geli Khana Formation, consisting of
thin-bedded limestones and dolostones; the 600–700 m thick Late Trias-
sic thick-bedded dolostones and limestones of the Kurra Chine Forma-
tion; the 30–100 m thick Late Triassic shales and thinly bedded dolo-
stones of the Baluti Shale Formation; the 300 m thick dolostones of
the Upper Triassic-Lower Jurassic Sarki and Sehkaniyan formations. The
above described Permian to Early Jurassic stratigraphic succession was
deposited in a shallow-water to continental environment. At the end
of the Early Jurassic, a major subsidence pulse associated with a rift-
ing event led to the drowning of the margin (Tavani et al., 2018b)
and the onset of deep-water conditions and the deposition of nearly
100 m of deep-water limestones, marls, shales, and deep water evapor-
ites (Sargelu, Naokelekan, and Barsarin formations, Toarcian to Tithon-
ian), followed by 400–1000 m of Cretaceous basinal limestones, shales
and marls (Garau, Sarvak and Ilam formations). To the SE of the study
area, the upper portion of the Cretaceous sequence gradually passes
from pelagic to neritic facies (Casciello et al., 2011). Further to the
SW of the Mountain Front Flexure, the drowning of the carbonate plat-
form was limited, and the Jurassic to Cretaceous stratigraphic succession
was deposited mostly in a shallow marine environment (e.g. Ziegler,
2001). Onset of convergence during the Late Cretaceous caused the
development of a first foredeep, filled by about 2 km of Maastricht-
ian to Eocene sediments (e.g. Homke et al., 2009; Vergés et al.,
2011a; Saura et al., 2015). These are overlain by nearly 300–500 m of
Oligocene-lower Miocene shallow-water carbonates (Shahbazan and As-
mari formations), passing upward into lower to middle Miocene evapor-
ites of the Gachsaran Formation. Renewed shortening affected this por-
tion of the Zagros belt during Miocene (e.g. Barber et al., 2018) and
led to the development of a second younger foredeep, filled by the Agha
Jari and Bakhtiari clastic formations. The age of these formations in the
study area has been determined by means of magnetostratigraphy, dat-
ing the base of the Agha Jari Formation at about 12–13 Ma and the base
of the Bakhtiari at about 3 Ma (Homke et al., 2004). However, based
on Sr strontium stratigraphy, a slightly older age (16 Ma) has been pro-
posed for the lower part of the Agha Jari by Pirouz et al. (2015).

3. Data and methods

For determining the structure of the Mountain Front Flexure and
of the underlying Mountain Front Fault system, we used a multidis-
ciplinary methodological approach drawing from several independent
datasets. These datasets include: seismic reflection profiles calibrated
with borehole data, geological data, geomorphic data, and earthquake
hypocenter and focal mechanism data. These datasets were analysed
separately (see section 4) and, subsequently, combined together to con-
struct the balanced cross section presented in section 5.

The seismic reflection profiles were acquired in different campaigns
by the National Iranian Oil Company, in a time period spanning from
the 2005 through to 2018. Twentyfive seismic reflection profiles (for a
total length of about 1200 km) have been interpreted in this work for
defining the deep geometry of faults and folds (Fig. 2). Nine and six-
teen of the profiles are oriented, respectively, parallel (strike lines) and
perpendicular (cross lines) to the traces of the folds that form the struc

tural architecture of the belt. Although large portions of the study area
are characterised by the occurrence of exposed karstified limestone (i.e.
mostly the Asmari Formation), the seismic signal provide most sections
with a resolution adequate for a reliable seismic interpretation. Further-
more, calibration of the seismic sections with surface geology data and
the incorporation of seven wells (Fig. 2) which reached the Cenozoic
(1 well), Cretaceous (1 well), Jurassic (3 wells), and Triassic (2 wells)
units, provided further constraints for the firm interpretation of several
portions of the study area.

Geological data comprise geological maps, and remotely sensed and
field measured bedding dip data that were combined together to con-
struct geological cross-sections across the study area. In particular, bed-
ding dip data at a distance of <2 km from the trace of the cross section
have been projected onto it, and the geological cross section has been
built by means of the 3DMove software package. To digitally extract
traces of layers and transform them in bedding dip orientation, publicly
available 0.5 m orthophotos draped onto 30 m resolution ASTER GDEM
were used (e.g. Fernández, 2005; Snidero et al., 2011). This opera-
tion was performed by means of the OpenPlot software package (Tavani
et al., 2011). Measured (n: 337) and remotely sensed (n: 3499) bedding
surfaces are NW-SE striking (Fig. 2), consistently with the trend of the
fold traces as shown in the geological map of the area (Fig. 2). Notably,
remotely sensed data tend to overestimate gently dipping bedding (Fig.
2), as the digital extraction of traces needs non col-linear traces, which
is hampered for steeply dipping strata.

The geomorphological analysis was based on the inspection of the
large-scale features (30 m resolution DEM), both active and relic, as-
sociated with the topography and drainage network within the study
area. This analysis was carried out by means of investigation of satellite
images (Google Earth, 2019) and orthophotos, aided by a GIS-based
analysis of digital topography data (30 m resolution ASTER GDEM). In
particular, digital topography data were used to build a swath profile
(generated by the SwathProfiler Add-in of Arcgis®; Pérez-Peña et al.,
2017), a map showing the spatial distribution of elevation parameters,
and to extract a digital stream network, which was validated through
its comparison with a manually digitized drainage network constructed
through the visual inspection of remotely sensed images. The satellite
image inspection was also aimed at identifying relic stream paths and
river bends. These features are of significant importance as they repre-
sent evidence of changes in flow orientations, which take place in re-
sponse to local short-lived surface changes and/or regional long-term ex-
ternal processes driven by the differential influence of erosional or tec-
tonic processes and, among the latter ones, fold growth (e.g. Keller et
al., 1999; Lavé and Avouac, 2001; Miller and Slingerland, 2006;
Ramsey et al., 2008; Prince et al., 2011; Walker et al., 2011;
Obaid and Allen, 2017; Forte et al., 2015; Burberry et al., 2010;
Bretis et al., 2011; Buscher et al., 2017).

Earthquake hypocentre and focal mechanism data were used to con-
strain the geometry of the fault systems at depth within the study
area. These data are from the publicly available USGS earthquake cata-
logue (https://earthquake.usgs.gov/earthquakes/search/). In particular,
in this study we selected seismic events with Mw > 4 occurred in the
Lurestan region in a time period between november 12, 2017 and June
9, 2019, all of them (both reverse and strike-slip) being consistent with
NE-SW oriented shortening. We chose this earthquake magnitude and
this time frame, since the main aim here was to study earthquakes with a
significantly high magnitude related to the Mw 7.3, November 12, 2017
earthquake that appeared to have activated a crustal shallowly-dipping
fault within the study area of particular significance for this study. In ad-
dition, in the area of Fig. 2, we used the entire datasets in the catalogue
of both the USGS and the Iranian Seismological Centrer (http://irsc.ut.
ac.ir) to determine the frequency of earthquake depth (inset in Fig. 2).
This serves to place a rough limit between the brittle and ductile crust.
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4. Results

4.1. Seismic reflection profiles

In this section, the interpretation of four representative seismic re-
flection sections is presented (Fig. 3): sections 1 and 2 are complemen-
tary and cross the whole study area largely overlapping with the trace
of the balanced cross section (Fig. 2); sections 3 and 4 allow further
constraining structures at the SW and NE edges of the balanced cross
section, respectively. Where possible, up to five reliable (i.e. calibrated
with borehole and/or surface geology data) stratigraphic horizons have
been interpreted. From the youngest to the oldest, these stratigraphic
horizons correspond to the Top Gachsaran (middle Miocene), the Top
Asmari (lower Miocene), the Base Shahbazan (Oligocene), the Top Ilam
(upper Cretaceous), and the Top Sehkaniyan (lower Jurassic) (Fig. 3).
In addition, a reflector within the Triassic and three reflectors within the
Paleozoic have been locally imaged, although they could have not been
assigned to specific stratigraphic horizons. Finally, where possible, some
intraformational horizons were also mapped to facilitate reconstructing
geometries in specific areas.

Section 1 is characterised by a broad area in its central and NE parts
that is affected by remarkable noise and poor resolution (Fig. 3). A
few discontinuous reflectors can be traced in this area, although their
stratigraphic attribution is harduous. In contrast, the southern part of
the section shows a 20 km wide SW-dipping monocline, in which reflec

tors of the Agha Jari, Gachsaran, and Asmari formations are nearly par-
allel to one another. More in detail, folds with wavelengths of 1–2 km
affect the Asmari Formation and they are apparently sealed by the Gach-
saran Formation (Fig. 3). This apparent growth stratal geometry is aris-
ing from the decoupling taking place along the Gachsaran evaporites, as
already documented in the area (e.g. Fig. 14c in Vergés et al., 2011b).

Section 2 is less affected by noise, and reflectors can be more eas-
ily traced and correlated across the section. Particularly, the Paleozoic
to Early Jurassic (i.e. Top Sehkaniyan) stratigraphic package is charac-
terised by nearly parallel reflectors. Nevertheless, some thickness varia-
tions do exist between the Paleozoic 1 and Paleozoic 2 reflectors, which
could be related with growth structures, previously described in the Za-
gros, developed during the Permo-Triassic rifting (e.g. Sepehr and Cos-
grove, 2004). However, besides these variations and the local fold-
ing occurring at the Pataq Anticline, the Paleozoic to Early Jurassic
sequence forms a gently NE-dipping regional monocline which is par-
ticularly apparent in the SW portion of the section. This monocline is
abruptly interrupted at the location of the Mileh Sorkh, Kerend, and
Takhtgah anticlines. Moving upward in the stratigraphy, the Top Ilam
reflector follows this general monoclinal trend although being not al-
ways parallel to the underlying Top Sehkaniyan reflector. This can be
due to: (i) the partial decoupling between the Ilam and Sehkaniyan for-
mations taking place at the Garau marls and shales, and which resulted
in the development of diffuse disharmonic folding of the Ilam Forma-
tion (e.g. to the NE of the Kerend Anticline), and (ii) the occurrence

Fig. 3. NE-SW-oriented near-vertical seismic profiles with along with line drawing.
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of Early Jurassic extensional troughs, filled by the Middle Jurassic to
Cretaceous sediments (Tavani et al., 2018b). Similar disharmonic
geometries occur between the Top Ilam and the Base Shahbazan reflec-
tors, within the portion of the sedimentary sequence that was forming
the first foredeep infill. This portion of the sequence is associated with
the development of folds that appear to be partly decoupled from the un-
derlying Ilam Formation (e.g. the small anticline to the SW of the Pataq
Anticline) and with significant stratal thickness variations. The latter de-
veloped along with the local occurrence of growth geometries (e.g., to
the NE of the Kerend Anticline), which suggests the existence of nor-
mal faults developed in the foredeep due to flexuring (e.g. Bradley and
Kidd, 1991; Ranero et al., 2003; Tavani et al., 2015). Although the
low quality of the seismic line would allow one to place both low- and
high-angle NE-dipping faults below the Kerend anticline, the above de-
scribed extensional growth geometry indicates that the step across the
Kerend Anticline can be the result of the positive inversion of a pre-ex-
isting normal fault.

The two other sections here illustrated (i.e., sections 3 and 4) dis-
play features which are key for determining the structural style of the
study area. Section 3 shows in detail the relationship between the As-
mari and Gachsaran formations. The 20 to 30 km-wide gently SW-dip-
ping monocline seen in section 1 projects to the location of three open
anticlines occurring in the SW, central, and NE portions of the sec-
tion. However, despite these three structures, the regional SW-dip is still
recognisable. In the north-eastern syncline, reflectors of the Gachsaran
Formation are parallel to the top of the Asmari Formation, whereas in
the broad and gentle south-western syncline they are not. There, indeed,
the Top Asmari forms a tighter syncline compared to reflectors within
the Gachsaran and Agha Jari, mimicking a syn-kinematic geometry that,
as mentioned for the seismic section 1, can be the result of the decou-
pling taking place within the evaporites of the Gachsaran Formation.

Section 4 (Fig. 3), which has been already published and discussed
(Tavani et al., 2018b), includes three anticlines cored by the Garau
Formation at the surface, which nearly project at the location of the
Takhtgah Anticline seen in section 2. In details, these three anticlines
are separated by two synclines cored by the Upper Cretaceous Gurpi For-
mation. The top of the Sehkanyian and Ilam formations are well marked
in the seismic profile and are also well constrained from surface geol-
ogy data. Reflectors ascribable to the Triassic and Paleozoic sedimen-
tary succession are also recognisable. Overall, the structure illuminated
in this section consists of two 10 km-wide monoclines bounding to the
SW and to the NE a partly inverted graben. Evidence which suggests the
inversion of an inherited graben include (Tavani et al., 2018b): (i) the
fact that the elevation of the Sehkanyian Formation in the central syn-
cline of the graben is lower than that at the borders of the two external
monoclines, (ii) the continuity of reflectors within the monoclines which
point to the occurrence of steeply dipping faults located at the edge of
the graben.

4.2. Geological cross section

The geological cross section is shown in Fig. 4. It traverses the
whole study area and is oriented nearly perpendicular to the main struc-
tural features of this part of the Zagros belt. In detail, starting from the
lower stratigraphic levels, the stratigraphic package including the Cre-
taceous Garau, Sarvak and Ilam formations is buried along most of the
section, with the exception of the NE part of the study area where it
crops out in the hinge zone of some anticlines. Despite the evidence of
thickness variations as derived from the analysis of the seismic section
profiles (Fig. 3, Section 2), in the geological cross section the thick-
ness of this package is drawn as constant for the sake of simplicity, and
due to the lack of constraints in large portions of the sections. To the

north of the study area, where they are exposed, their cumulative thick-
ness ranges from 400 to 2000 m, partly due to the variable accommo-
dation space inherited from the Early Jurassic rifting (Tavani et al.,
2018b). An average thickness of 700 m is used in the shallow section
(and later in the balanced cross section) and the base of this package (i.e
the base of the Garau Formation) corresponds to the bottom of the geo-
logical cross-section.

Similarly, the thickness of the Gurpi Formation is roughly constant
along most of the section (ca. 1100 m), except than immediately to the
north of the Kerend Anticline, where, as also evident on seismic section
2 (Fig. 3), a local remarkable thickening of the formation occurs (Fig.
3). Also, to the south of the Vizehnan Anticline, the exposed short-wave-
length anticlines affecting the Asmari Formation are assumed to be con-
fined to within the Gurpi to Asmari package and to develop above the
roughly SW-dipping top of the Ilam Formation. The stratigraphic pack-
age between the Gurpi and the Shahbazan formations, which includes
the Pabdeh, Kashkan, Taleh Zang, and Amiran formations, prominently
thins SW-ward, passing from a maximum thickness of 700 m to the NE
of the Pataq Anticline to a minimum one of 400 m to the SW of the
Mileh Sorkh Anticline. The cumulative thickness of the Shahbazan and
Asmari formations is constant across the entire geological cross section
and it is nearly 350 m.

In the SW part of the section, stratigraphically on top of the As-
mari Formation, the evaporites of the Gachsaran Formation are par-
tially decoupled from the underlying formation, mimicking syn-kine-
matic geometries, as already seen in the seismic reflection profiles 1 and
4 (Fig. 3), and as previously described in the literature for the Lurestan
arc (Emami et al., 2010; Vergés et al., 2011b). There is also a ten-
dency for the Gachsaran Formation to vary in thickness towards the
more internal structures. In particular, surface data indicate a rather
constant thickness in between the Darvana and Mileh Sorkh anticlines
and a gradual thinning northward. For example, across the Mileh Sorkh
anticline the thickness of the Gachsaran Formation strongly decreases.
Furthermore, further to the NE (i.e. to the NE of the Kerend Anticline)
the Gachsaran and the Agha Jari formations disappear and few patches
of continental deposits, equivalent of the Bakhtiari Formation, directly
rest on top of the Cretaceous to Miocene sequence. The northward thin-
ning of the Gachsaran Formation suggests that the area to the NE of the
Mileh Sorkh Anticline was already uplifted during the deposition of the
Agha Jari Formation. To the SW, instead, strata of the Agha Jari and
Gachsaran are parallel to one another, as seen in the seismic sections
across the frontal portion of the study area (sections 1 and 3 in Fig. 3).

There is no available seismic section allowing to evaluate in detail
the geometric relationship between the Agha Jari and the Bakhtiari for-
mations, although at outcrops these formations are generally almost par-
allel to one another. Locallys, however, growth geometries can be ob-
served. An example of this is shown in Fig. 5, where gently SW-dipping
strata of the Bakhtiari Formation seal a syncline which involves in the
deformation the Agha Jari Formation along with the lowermost portion
of the Bakhtiari Formation itself. This evidence indicates that the fold-
ing of the Agha Jari and of the lower portion of the Bakhtiari formations
took place at an earlier stage than that responsible for the development
of the large-scale tilting observed in the southern portion of the geolog-
ical cross section (of which this exposure form par), which also involves
the uppermost portion of the Bakhtiari Formation (Figs. 4 and 5). Fi-
nally, similarly to what can be seen in the seismic reflection section 2
(Fig. 3), the geological cross section indicates that: (i) with the excep-
tion of the High Zagros Fault, there is no remarkable exposed thrust in
the area; (ii) the envelope of synclines indicates the occurrence of two
structural steps located across the Kerend and the Takhtgah anticlines.
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Fig. 4. NE-SW-oriented geological section (the trace is shown in Fig. 2), with (i) projected Mw > 5 earthquakes (projection distance < 25 km, depth sourced by USGS, https://
earthquake.usgs.gov), and swat profiles with (ii) maximum (blue), minimum (red), and average (magenta) elevation. The section is split in two parts, with an overlap zone (B–B′). . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4.3. Geomorphic features

The studied area is elevated relative to adjacent sectors of the region
(Fig. 1b), and underlines the regional water divide (Fig. 6a). Topog-
raphy of the investigated area is influenced by the variable resistance
to erosion of the outcropping rocks, with salients (e.g., anticlinal domes
or hogbacks encircling breached anticlines) typically associated with
the hard limestones of the Asmari Formation (e.g. Oberlander, 1965;
Tucker and Slingerland, 1996; Burberry et al., 2007, 2010; Ramsey
et al., 2008; Zebari et al., 2019).

The large-scale topographic features of the study area are synthesised
in the swath profile of Fig. 4, and in the Mean elevation map of Fig. 6b.
The swath profile of Fig. 4 condenses elevation data from a 30 km wide
belt centred on the trace of cross section A′-A’’ (location in Fig. 2) to a
single profile. Comparison of the swath profile with the geological cross
section (Fig. 4) shows that elevation curves are characterised by a net
step marking a jump in elevation values at the location of the prominent
Pataq Anticline, which only slightly diminish towards the NE, in the Zi-
makan River area (Fig. 4). When examined in map view (Fig. 6b), the
spatial distribution of the mean elevation shows that values tend to in-
crease from the boundary of the MFF towards the NE to attain the high-
est values (>c. 1700 m) in the area of the Pataq anticline and to the NE
of it, in the area of the HZF.

The features of the fluvial network show that, consistent with the
SW to NE topographic gradient, the southwestern part of the inves-
tigated area is drained by mainly SW-flowing, transverse rivers (Fig.
6a). Towards the NE, however, to the NE of the Vizehnan Anticline,
the regional water divide is associated with a zigzag pattern with an
overall SW-NE trend and the main rivers flow through longitudinal
(i.e., NW-SE trending) valleys flanked by prominent carbonate ridges
(Fig. 6a). In this region, the presence of wind gaps that incise the
ridge crests, and elbows (Fig. 6a), are suggestive of drainage reorga-
nization and river capture phenomena that could have been controlled
by either base level fall or small/large scale uplift. The origin of the
drainage reorganization remains unclear in the area spanning from the
Vizehnan anticline, to the SW, to the Pataq anticline, to the NE. In
that area both the features of the relief (which are strongly controlled
by lithology) and, within it, of the valleys, which display concave bot-
toms and absence of fluvial terraces, point to the major role played by
erosion in sculpting the topography. Conversely, in the region to the
NE of the Pataq Anticline, the presence of several relic erosional land-
forms allow reconstruction of a multi-stage evolution of the land sur-
face. The geomorphic elements that are significant to the reconstruc-
tion are an incised pediment, which is identified in the Zimakan River
area (Fig. 6a), and the active and relic drainage net, which dissects the
Kerend anticline and the elevated area to NE of it (Fig. 6c). In the Zi
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Fig. 5. SW-dipping strata of the Bakhtiari Formation sealing a syncline cored by the Agha
Jari Formation (location shown in Fig. 2). (A) Orthophoto with structural scheme. (B) 3D
view of the area in (A), seen from SE.

makan River area, an incised pediment gently dipping towards the NE,
sculpted on the soft foredeep sediments (mostly shales and marls) and
thus postdating erosion of the Asmari Formation, does occur (Fig. 2;
Fig. 6a). The present-day drainage of the Kerend anticline and the el-
evated area to the NE of it is currently oriented towards both the NW
(Zimakan River) and SE. The SE part of that region is incised by a relic
drainage net that consists of a series of beheaded transverse valleys orig-
inally draining towards the SW, irrespective of the underlying folds (Fig.
6a). The transverse valleys are characterised by incised meanders (the
highest ones, about 50 m deep, are located at around 1700 m a.s.l. along
the dry valley a; Fig. 6c) that suggest the presence in that area of a
low-gradient, SW-dipping land surface prior to the development of the
topographic low in the Zimakan River area, and related beheading of
valleys a and d of Fig. 6c. The orientations of the trunks of valleys a to
d across the Kerend anticline sistematically deviate from that of maxi-
mum steepness dictated by the fold flank (Fig. 6c). Such features may
represent the response of the stream network to the development and
lateral growth of that fold, as also shown in the SE Zagros (Ramsey et
al., 2008; Walker et al., 2011).

4.4. Earthquake data

In the Lurestan region, the Mw 7.3 November 12, 2017 Ezgeleh
earthquake was followed by more than 200 aftershocks with Mw > 4,
which appear to be clustered in two main areas (Fig. 1b). The first
area is located immediately to the west of the mainshock, and de
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Fig. 6. Main topographic and hydrographic features of the study area. (A) River network,
with indication of the regional divide and main relic drainage and erosional features; the
frame indicates location of diagram C. (B) Mean elevation map. (C) Google Earth view (3X
vertical exaggeration) showing the relic drainage in the SE Kerend anticline. The occur-
rence of elbows (or points of capture) along valleys a, b, c and d paralleled by the wind
gaps located at decreasing elevation from the NW to the SE along the Kerend anticline,
indicate the abandonment of the transverse drainages a to d in favour the longitudinal val-
ley e, possibly prior to capture by the Zimakan river, which flows to the NE (in the back-
ground).

fines an about 150 km long N–S elongated ribbon positioned across the
Mountain Front Flexure. The second area is located nearly 50 km to
the SE of the mainshock. The focal mechanisms of several events with
Mw > 5 are also available and indicate strike-slip and thrust kinemat-
ics for the faulting occurring within the study area, both characterised
by nodal planes consistent with a shortening direction oriented NE-SW
(Fig. 2). In particular, seven Mw > 5 earthquakes have occurred along
the Mountain Front Fault system at a distance <25 km from the geolog-
ical cross section (Fig. 2). Focal mechanism data are available for four
of these earthquakes, all of them being characterised by a reverse fault
plane solution. These focal mechanism data have been projected on the
geological cross section shown in Fig. 4, using the strike of the NE-dip-
ping nodal plane as the projection direction (as it is consistent with the
first order geometry of the Mountain Front Fault system). Three of these
events project at a similar location and have a homogeneous nodal plane
geometry. In detail, these events have hypocentral depths ranging be-
tween 13 and 14 km, project onto the section at a distance of 10–20 km
south of the Darvana Anticline, and the dip of the NE-dipping nodal
plane ranges between 30° and 45°. We here interpret these events to be
the geometric and kinematic expression of the Mountain Front Fault sys-
tem.

5. Balanced cross section

The geological cross section shown in Fig. 4 has been extended at
depth by using the cross-section balancing technique (e.g. Dahlstrom,
1969; Hossack, 1979; Elliot, 1983). In detail, we have assumed
flexural-slip folding (Donath and Parker, 1964) and preservation of
bed thickness and line-length (Dahlstrom, 1969). In order to ease
the computation of beds length, a homogeneous thickness is assumed

for all the stratigraphic units (whose values are provided in section 3.2),
with the exception of the top Ilam to base Shahbazan interval for which
we used 1500 m SW of the Mileh Sorkh Anticline and 1800 m NE of
the Pataq Anticline. For the deeper portion of the section not shown
in Fig. 4, we have used thickness values consistent with Tavani et
al. (2018a). In particular, a total thickness of 1350 m is assumed for
the Triassic to Middle Jurassic sequence (i.e. from the base of the Geli
Khana Formation to the base of the Garau Formation), which is well
constrained by outcrop data from the immediate north of the study area
(Tavani et al., 2018b). Thicknesses of 1 km for the Permian and 3 km
for the pre-Permian sedimentary sequence are here used, which are also
consistent with the observed depth of the base of the sedimentary se-
quence as observed in the seismic reflection sections presented in this
article (Fig. 3). Finally, in agreement with the occurrence of a seismic
gap between 20 and 30 km depth (Fig. 2), we estimated a thickness of
11 km for the basement comprised between the base of the sedimentary
sequence and the top of the ductile middle crust level. Such an infer-
ence being in agreement with previous work in the area (e.g. Talebian
and Jackson, 2004; Nissen et al., 2011). Our balanced cross section,
along with its restoration, is shown in Fig. 7.

The Shahbazan to Asmari stratigraphic package is reconstructed
along the entire section, also to the NE of the Takhtgah Anticline where
there is no evidence that it was deposited. This was done as this pack-
age represents the best constrained portion of the multilayer, and we
therefore took its length as a reference for cross section balancing.
The present day length of the section is 134.2 km, whereas the un-
folded and unfaulted length of the Shahbazan to Asmari package is
140.4 km, implying a shortening of 6.2 km. Surface geology data and
the interpretation of seismic reflection profiles evidence some decou-
pling between competent and mobile packages, with folds having wave-
lengths of less than 5 km being confined to different portions of the sed-
imentary cover. Furthermore, the integration of surface geology, bore-
hole data, and interpretation of seismic reflection profiles, indicates
the occurrence of thrusts (underneath the Vizehnan, Mileh Sorkh, and
Kerend Anticline) and backthrusts (SE of the Pataq Anticline). There
is however, no evidence of large displacement associated with neither
of them. The necessity for preserving line-length is also suggestive of
very limited displacements associated with the thrust faults. Therefore,

Fig. 7. Balanced cross section along the direction of the geological section in Fig. 4, and restored section. The stratigraphic succession shown in Fig. 2 is also illustrated.
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we confined them to within Mesozoic structural levels. Some low dis-
placement thrusts are also assumed to occur within the Paleozoic se-
quence. The occurrence of deeply located thrusts are a geometric re-
quirement for maintaining the length of the Paleozoic layers equal to
that of the Meso-Cenozoic ones. In agreement with the geometries ob-
served in the seismic reflection sections (Fig. 3), the two basement steps
observed in the seismic section 2 of Fig. 3 and inferred in the geologi-
cal cross section of Fig. 4, i.e. the steps across the Kerend (Step 1) and
Takhtgah (Step 2) anticlines, are here interpreted as the result of the
positive inversion of deeply rooted inherited extensional faults. A foot-
wall shortcut occurs along both inverted faults. The interpretation of
these two steps as inverted normal faults also fits with the extremely low
amount of shortening observed in the Meso-Cenozoic stratigraphic se-
quence. In our reconstruction, structures affecting the Paleozoic to Ceno-
zoic sedimentary succession between the Vizehnan and Takhtgah anti-
clines accommodated shortening transferred to the cover by the Sheykh
Saleh and Miringeh inverted faults (Fig. 7). No major structures affect-
ing the cover occurs to the SW of the Vizehnan Anticline, where short-
ening in the Asmari Formation is nearly 1 km.

Scaling relationships between downdip rupture and earthquake mag-
nitude (e.g. Wells and Coppersmith, 1994) indicate that the Mw > 5
events projected onto the section should have occurred along faults hav-
ing a cross sectional length exceeding 3 km. The clustering of these
events suggests that these faults form patches located along the main
strand on the Mountain Front Fault system. Notably, the Mountain Front
Fault system is located at the southwestern edge of the large anticlino-
rium that starts from the Kerend Anticlines and ends in the foredeep re-
gion.

The reconstructed geometry of the section implies a different amount
of shortening for the basement and the sedimentary cover, the latter
needing almost 5 km of additional shortening to occur SW of the sec-
tion. The High Zagros Fault, which occurs in the NE portion of the sec-
tion (Fig. 4), is not included in the balanced cross section for the sake
of simplicity.

6. Discussion

6.1. Tectonic style and comparison with previous studies

The balanced cross section illustrated in Fig. 7 is almost entirely
confined to within the outer Zagros folded belt, which in the study area
appears to be associated with a hybrid deformation style. This composite
tectonic style includes inversion tectonics and “pure” thrusting, in the
central and NE, and in the SW portions of the balanced cross section, re-
spectively.

In detail, in our reconstruction a slightly transported crustal-scale
fault propagation fold is associated with the Mountain Front Fault. Such
a scenario is constrained by the location of the hypocentres of the
Mw > 5 earthquakes associated with the aftershock sequence of the
Mw 7.3, November 12, 2017, earthquake that hit the Zagros belt in the
Lurestan region (Figs. 1b and 4). These hypocentres, indeed, are lo-
cated a few km to the NE of the trailing syncline of the crustal-scale an-
ticline (Fig. 4), rather than underneath the crest-forelimb transition of
this anticline (i.e. below the Vizehnan Anticline) as would be required
by a fault-bend folding solution (in which the ramp underlies the crest).
On the other hand, the inversion tectonics style adopted in the cen-
tral and NE portions of the section is consistent with the structures im-
aged in the seismic reflection profiles (Fig. 3), and it is also a geomet-
ric requirement minimising the amount of shortening within the base-
ment. This, in turn, serves as a mechanism for producing significant up-
lift in the interior of the folded belt without transferring an excessive
amount of shortening to its foreland. In our section, the shortening trans-
ferred to the foreland is < 5 km, in line or below the values adopted by
other authors in the same area (Fig. 8). This value is compatible with
the scarce shortening observed in the foreland region (Fig. 8f) and it
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Fig. 8. (A) Moho thickness in the Lurestan arc and surrounding zones (after
Jiménez-Munt et al., 2012), with extent of Early Cretaceous deep-water facies indi-
cated (after Ziegler, 2001), and thickness of the upper Tithonian - lower Turonian se-
quence (after English et al., 2015). (B–E) Schematic crustal scale cross sections across
the Kirkuk embayment and the Lurestan arc, with Moho indicated. The Moho in sections
B-D is from Jiménez-Munt et al., 2012, in section (E) it is redrawn from Paul et
al. (2010)). (F) Line drawing of a seismic section across the foreland area (after Mo-
hammed, 2006).

could have been easily accommodated by meso-scale structures, such
as tectonic stylolites or mesoscopic folds, which are widespread in the
Mesozoic and Cenozoic multilayer of the Lurestan region (Tavani et al.,
2018c). The amount of shortening for the sedimentary cover along the
section can be estimated to be nearly 6 km, corresponding to about 5%
of its original length. Several balanced cross sections have been provided
in the literature for the whole Zagros mountain belt, which indicate up
to 25% total shortening (Molinaro et al., 2005; Mouthereau et al.,
2006; Allen et al., 2013; Bigi et al., 2018), including estimates for
the Lurestan area (Blanc et al., 2003; Vergés et al., 2011a). How-
ever, most of this total shortening is thought to be accommodated by the
High Zagros Fault (e.g. Vergés et al., 2011a) and published shortening
values that exclusively take into account deformation associated with
the folded belt are more in line with the results presented in this work.
For example, balanced cross sections across the Lurestan arc (Vergés
et al., 2011a; Tavani et al., 2018a) and the Kirkuk embayment (Le
Garzic et al., 2019) suggest an amount of shortening in the sedimen-
tary cover of the folded belt of nearly 15–20 km (Fig. 8). Furthermore,
when considering only the shortening accommodated in the outer part
of the folded belt, our reconstruction (~6 km of shortening) becomes
consistent with the information from the NW Lurestan arc (~4 km of
shortening, Tavani et al., 2018a, Fig. 8c) and from the Kirkuk em-
bayment (8 km of shortening, Le Garzic et al., 2019, Fig. 8b. 5% of
shortening according to Obaid and Allen, 2017).

In agreement with the seismic gap observed between 20 and 30 km
depth (Fig. 2) (already illuminated by Nissen et al., 2011) and con-
sistently with previous works in the Zagros (e.g. Mouthereau et al.,
2006; Vergés et al., 2011a), we infer thrust and inverted normal faults
sole down into a mid-crustal ductile detachment level.

Concerning the timing of deformation, the northeastward thinning of
the Gachsaran Formation across the Mile Sorkh and Kerend anticlines
(e.g. Fig. 4) indicates that the NE portion of the section uplifted ear-
lier than the SW one, probably already during the late Miocene. Early
uplift of the area spanning from the Pataq anticline to the HZF rela-
tive to the region to the SW of it is also inferred from the river net-
work features. In fact, paleo-flow orientations and valley beheading phe-
nomena suggest the occurrence, in the area spanning from the Kerend
anticline to the Takhtgah Anticline (Fig. 6), of an elevated land sur-
face gently dipping towards the SW eroded in the Asmari Formation
carbonates possibly coeval with folding, as it is inferred from the fea-
tures of the relic drainage in the SE Kerend anticline. The SW-dip-
ping elevated surface predates a first stage of river incision (with re-
lated stream capture) and surface lowering in the Zimakan River area,
which nowadays exhibits high mean elevation values despite the pres-
ence of weak lithology at the surface. Further deepening of the Zimakan
River valley that postdates formation of the pediment, suggests a sec-
ond stage of uplift, which could be related with the more recent activ-
ity of the Mountain Front Fault. In the NW portion of the Lurestan arc,
onset of cover folding in the Mountain Front Flexure area is dated at
about 8 Ma (Homke et al., 2004), i.e. syn Agha Jari. This is consis-
tent with the reduced thickness of the Gachsaran Formation observed in
the northern portion of the geological cross section (Fig. 4), which sug-
gests post-depositional uplift and erosion of the Gachsaran Formation.
However, tilting of a fold-sealing unconformity in the Bakhtiari For-
mation during the flexure development (Fig. 5), indicates that folding
within the cover sequence and the onset of the Mountain Front Flexur

ing were not coeval. In particular, such a feature shows that the devel-
opment of the Mountain Front Flexure, and thus the development of the
Mountain Front Fault system in the study area, can be traced back to ap-
proximately after 3 Ma (i.e. the age of the base of the Bakhtiari Forma-
tion; Homke et al., 2004). This is in agreement with Koshnaw et al.
(2017) that, based on low-temperature thermochronology data, suggest
a similar 5 ± 1 Ma age for the onset of the Mountain Front Fault system
activity in the NW Zagros.

In summary, the study area is characterised by a hybrid style of de-
formation, in which folding of the cover sequence and inversion tec-
tonics in the basement occurred together, in a piggy back propagation
sequence. Later, during the final stages of shortening, the basement-in-
volving, gently dipping Mountain Front Fault developed at the toe of the
belt.

6.2. Early Jurassic inheritances and their influence in determining the
sinuosities of the frontal Zagros belt

The structural architecture of a number of mountain belts world-
wide, and in particular that of their foreland, has been shown to be
largely affected by several modes of re-use of pre-existing basement
faults inherited from the rifted margin (e.g. Williams et al., 1989;
Cooper et al., 1989; Coward et al., 1991; Mazzoli et al., 2005,
Camanni et al., 2016; Brown et al., 2017; Granado et al., 2017).
In particular, it has been demonstrated that pre-existing basin-bounding
extensional faults can be positively inverted during mountain building
processes (Carrera et al., 2006; Tavani et al., 2013; Camanni et
al., 2014a,b), and that the structural complexity of the fault systems in
the basement may locally force the development of bends in the struc-
tural trend of an otherwise roughly straight, overlying fold and thrust
belt (Macedo and Marshak, 1999; Jammes et al., 2014; Tugend et
al., 2014; Alvarez-Marron et al, 2014; Szaniawski et al., 2017). In
the structural model that we present in this work for the foreland of the
Zagros belt, the Mountain Front Fault system appears to correspond to
a late stage, gently NE-dipping crustal thrust that developed at the lead-
ing edge of an array of steeply dipping, positively inverted extensional
faults. Structural inheritances associated with the rift architecture could
be, therefore, suitable candidates for explaining both structure and sin-
uosities of the Mountain Front Fault system also in the Zagros belt.

As already briefly mentioned, the Lurestan region underwent a ma-
jor extensional pulse during the Early Jurassic, which resulted in the de-
velopment of NW-SE oriented troughs (Tavani et al., 2018b) and in
the shift of the depositional environment of a large area from shallow-to
deep-water (e.g. Koop and Stoneley, 1982; Ziegler, 2001; Barrier
and Vrielynck, 2008). Extension and development of Early Jurassic
basins required thinning of the crust in a widespread area, which was
underfilled during the Middle and Late Jurassic. The map distribution of
the overlying Early Cretaceous deep-water facies can be therefore used
as a proxy for defining the rough shape of the area that experienced
Early Jurassic crustal thinning. This area is overall oriented NW-SE and
its south-western border nearly coincides with the location of the Moun-
tain Front Flexure (Fig. 8a), suggesting that the development of the
Mountain Front Flexure is somewhat linked to the re-use of pre-exist-
ing fault systems that controlled the deposition of Middle Jurassic to
Early Cretaceous deep water facies. On the other hand, the relatively
sudden NW-ward termination of Jurassic and Cretaceous deep water fa-
cies across the boundary between the Lurestan arc and the Kirkuk em-
bayment, along with the NW-ward thinning of the Tithonian-Turonian
sequence (Fig. 8a), can be attributed to the Jurassic rift segmentation
and in particular to the occurrence of NE-SW oriented faults or to inher-
ited crustal scale N–S striking faults, which are widely documented in
the Arabian Plate (e.g. Falcon, 1974; Talbot and Alavi, 1996; Hes-
sami et al., 2001).
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Consistently with the lateral rift segmentation, despite the strong
compressional overprint which has altered the original crustal thick-
ness, the Moho depth below the Lurestan arc shows evidence of Jurassic
NE-ward crustal thinning, which instead does not occur in the Kirkuk
embayment, suggesting the lateral juxtaposition of different Early Juras-
sic rift domains. The sections across the Kirkuk embayment and the NW
portion of the Lurestan arc (Fig. 8b and c) are characterised by a rather
linear increase of the Moho depth from SW to NE. Conversely, the two
sections across the central part of the Lurestan Arc (Fig. 8d and e) are
characterised by a region of crustal thinning, located immediately to
the NE of the Mountain Front Fault system. This thinned area, when
observed in map view, defines two NW-SE elongated regions (marked
by the blu line in Fig. 8a), which could correspond to regional graben
structures.

All the above described features suggest a key role of the Early Juras-
sic rift structure in shaping the Mountain Front Flexure and in deter-
mining its sinuosity in the western portion of the Lurestan arc. In de-
tail, according to our interpretation, the pre-orogenic architecture of the
Arabian margin in the NW portion of the Lurestan arc was defined by
NW-SE elongated extensional domains, with secondary N–S to NE-SW
striking fault systems segmenting the proximal domain of the margin
(Fig. 9a). The Mountain Front Fault system, and thus the flexure, de-
veloped with a sinusoidal shape that follows the boundary between the
Jurassic thinned (and drowned) crust and the area that did not expe-
rienced remarkable thinning and dronwnig during Jurassic rifting. In
essence, the Mountain Front Flexure follows the trend of the laterally
segmented boundary between the Jurassic proximan and necking do-
mains of the margin (Fig. 9b).

As the Mountain Front Fault system is not an inherited faut but,
rather, it is a newly generated fault rooted in the middle to lower
crust, the reason for the parallelism between the Mountain Front Fault
system and extensional domains should be found in the inherited ar-
chitecture and rehology of the deep crustal levels of the passive mar-
gin. In particular, as pointed out by several authors (e.g. Cloetingh et
al., 2005; Sutra et al., 2013; Lacombe and Bellahsen, 2016; Le-
scoutre, 2019), thinning of the crust during rifting and its subsequent
cooling significantly reduces the rock volumes that can undergo defor-
mation by ductile processes. Consequently, the weak zones in the middle
and lower crust thins oceanward and, eventually, in the distal domains

of rift systems almost the entire crust shows a brittle behaviour and be-
comes coupled with the mantle (Sutra et al., 2013). We speculate that,
in the distal portions of the Arabian margin, the mid-crustal ductile layer
is not well developed. Therefore, it cannot provide a suitable weakness
level for the activation of a large and interconnected basal detachment.

Conversely, in the innermost portion of the necking domain and in
the proximal domain, the ductile middle crust layer is thick and well de-
veloped, and may therefore provide a significant mechanical weakness
for the development of detachment levels. Accordingly, in the Lurestan
arc of the Zagros belt, efficient decoupling along a mid-crustal basal
decollement occurred as the study area became involved in deformation.
This allowed for the development of a the fontal thrust that mimics the
trend of the basin boundary.

7. Conclusions

In this work, we have integrated information from near-vertical seis-
mic reflection profiles, surface geology, geomorphic, and earthquake
data to build a balanced cross section across the NW portion of the
Lurestan arc. The amount of shortening in the section does not ex-
ceed 10 km, with partial decoupling between the sedimentary cover
and the basement. In our reconstruction, the Mountain Front Flexure
is the frontal limb of a crustal-scale, slightly transported, fault propa-
gation anticline, associated with the NE-dipping Mountain Front Fault.
Such a fault developed as a late stage structure and splays off from a
mid-crustal decollement level, ahead of a system of positively inverted
normal faults. Our study suggests a strong control of the Early Jurassic
rift architecture on the structure of the belt. In particular, the Moun-
tain Front Fault nucleates in the inner portion of the necking domain of
the Jurassic rift, where the mid-crustal ductile level is sufficiently thick
to promote the development of a large and interconnected decollement,
from which the Mountain Front Fault emanates. Lateral segmentation
of the Jurassic rift, accommodated by transfer faults, promoted a differ-
ential advancement of the necking domain between the Kirkuk embay-
ment and the Lurestan arc, which resulted in the sinusoidal shape of the
Mountain Front Fault and in its different position in the two regions.

Uncited references

Fig. 9. 3D scheme and map view showing the evolution of the Lurestan arc-Kirkuk embayment boundary region. (A) End of Early Jurassic rifting. (B) Development of the Mountain Front
Fault during the Plio-Pleistocene. See text for details.
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