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 Abstract

The claim that a place has a unique geology is made often, and never incorrectly. 
The Zagros fold and thrust belt represents an exceptional example where different 
structural and stratigraphic inheritances co-exist along the same mountain range, 
playing a key role in determining the lateral variability of the thrust and fold belt. 
To the south-east, the Zagros mountains are limited by the Makran subduction 
zone. The subduction is pinned laterally by the continental collision of Arabia and 
Asia in the Straits of Hormuz area, where the Zagros and Oman chains meet. This 
zone of transition forms a major structural reentrant where the Zagros deformation 
front and the main Zagros thrusts converge. 
This boundary represents the eastern limit of the Hormuz salt basin, characterized by 
a minimum of two kilometers thick salt unit deposited during the Neoproterozoic-
Cambrian times. The Hormuz salt province aerially extends for over 500 km toward 
the north-west along the Fars Province, where spectacular diapirism developed 
previously to the Zagros contractive event. Besides, the presence of an effective 
basal decollement resulted in a wide detached thrust and fold belt shaping the 
structural salient of the Fars arc. The northwestern-ward thinning and finally pinch-
out of the Hormuz salt is progressively taken over by the presence of the Mountain 
Front Flexure, a major structure of the Zagros orogenic system 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 a sequence of salients and recesses, formally named, Dezful embayment, 
Lurestan arc and Kirkuk embayment.
In this work we combine the interpretation of on-shore and off-shore seismic 
reflection profiles, field data, earthquake data, geomorphic analysis, and, remote 
sensing interpretations, to build a series of geological maps, 3D geological 
reconstructions, geological and balanced cross-sections, and, sequential restorations 
in the eastern Fars province and the Lurestan region.
We provide new evidence from different structures of the Zagros fold-and-thrust 
belt, to stress the role of inheritances related with the previous rift architecture 
and the presence of the lateral facies change to the Hormuz salt sequence, as an 
important lateral variations of the mechanical properties of the multilayer, and a 
dramatic change in the structural style related with the pre-contractional Hormuz 
salt diapirism.
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In the Fars province we propose new interpretations for several on-shore and 
off-shore pre-contractional salt structures. Our evolutional models show how 
the deformation of inherited salt structures predates thrust wedging and leads to 
squeezing, roof arching, crestal extension and finally extrusion. Further shortening 
result on secondary welding as evidenced by the collapse of the extrusion summit 
dome and reverse faulting nucleated at the secondary welds. Regional cross 
sections across the eastern Hormuz salt pinch-out aim to understand the switch in 
structural style from a salt-detached thin- to thick-skinned thrusting.
In the Lurestan region we introduce a new interpretation of an hyperextended 
margin architecture segmented by inherited N-S and NE-SW striking faults, in 
an alternance of more proximal or distal rift domains. 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.
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Introduction 

The term inheritance includes localized tecto-stratigraphic features that are 
rehologically different from the surrounding rocks and/or that produce the lateral 
juxtaposition of different rheological domains. Inheritances are ubiquitous in 
the continental lithosphere and, during deformation, they force the development 
of structures differing from those that would develop an ideal layer-cake like 
geological framework. The notion of inheritance has its roots in the Wilson’s cycle 
and, more in detail, in the concept of reuse of lithospheric-scale structures formed 
during previous rifting or collisional events (e.g. Wilson, 1966; Dewey and Bird, 
1970). 
It is very widely demonstrated that pre-existing mechanical discontinuities such 
as faults, shear zones, compositional layering undergo reactivation, therefore 
influencing fault-zone localization and development (e.g. Holdsworth et al., 
1997). The influence of preexisting structures has been suggested at plate scales 
(e.g. Sykes, 1978; Daly et al., 1989; Snyder et al., 1997; Tikoff et al., 2001), 
regional scales (e.g. Doré et al., 1997; Needham and Morgan, 1997; Pinheiro and 
Holdsworth, 1997), outcrop scales (Shail and Alexander, 1997; e.g. Rubinat et al., 
2013), grain scales and microscopic scales (e.g. Hippler and Knipe, 1990; Lloyd 
and Knipe, 1992; Knipe and Lloyd, 1994). The influence of pre-existing structures 
is particularly important in continental regions as the relatively buoyant quartzo-
feldspathic crust is rarely subducted, thereby imparting a long-lived architecture 
of inheritance that is not preserved in (mainly younger) oceanic lithosphere 
(e.g. Sutton and Watson, 1986). On the contrary, exposed regions of high-grade 
metamorphic basement rocks are generally believed to be representative of the 
continental crust that underlies most deformation zones and rifted basins at 
depth. Most basement complexes exhibit widespread circumstantial evidence for 
reactivation of pre-existing structures, playing a key role in determining the lateral 
variability of thrust-and-fold belts. 
Since the 80’s, the systematic documentation of faults reactivated with an opposite 
sense of slip, has shaped the idea of structural inheritances (e.g. Butler et al., 2006 
and references therein), leading to the development of the concept of inversion 
tectonics (e.g. Glennie and Boegner, 1981; Cooper et al., 1989). Positive and 
negative inversion tectonics are nowadays widely documented worldwide, both 
in orogens and extensional basins, corresponding to extensional fault systems 
reactivated with a reverse sense of slip (e.g. Williams et al., 1989; Marshak et 
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al., 2000; Carrera et al., 2006) and thrusts reused as normal faults (e.g. Gamond, 
1994; Curzi et al., 2020; Lucca et al., 2019), respectively. In shallow crustal levels, 
fault reactivation is controlled by frictional processes (Rutter, 1986), basically 
dependent on the cohesion, the coefficient of friction, and the orientation of the 
fault in respect to the stress field and the local pore-fluid pressures (Jaeger and 
Cook, 1979; Zoback, 2010).
Inversion tectonics occur when the regional shortening/stretching direction is 
oriented at a high angle with respect to the inherited fault system. When inheritances 
are highly oblique to the shortening/stretching direction, their most striking effect 
is the production of a marked lateral variation in the structural style, which does 
not limit to the strike-slip reactivation of inherited faults. 
An example of this is the occurrence of salients and recesses in orogenic systems, 
which may retrace either the lateral segmentation of previous rift systems (e.g. 
Macedo and Marshak, 1999; Tavani et al., 2020) or the lateral pinch out of ductile 
decollement levels (e.g. McQuarrie, 2004; Muñoz et al., 2013). The same concept 
applies to rift systems, whose along strike architecture is frequently controlled by 
oblique inherited structures (e.g. Corti et al., 2007; Konstantinovskaya et al., 2007; 
Bellahsen et al., 2013; Mercier de Lépinay et al., 2016; Tavani et al., 2018; Heron 
et al., 2019). 
Rifted margins are known to be systematically segmented by inherited features 
occurring at a variety of scales: from inherited basin-bounding fault systems (e.g. 
Corti, 2012), to crustal layering developed during the rifting process (e.g. Clerc et al., 
2015). In detail, the segmentation of extensional structures occurring in continental 
rift systems can be achieved by transfer and/or accommodation zones (e.g. Morley 
et al., 1990; Gawthorpe and Hurst, 1993; Faulds and Varga, 1998; Acocella et 
al., 2005), both types being likely to the occurrence of previous discontinuities. 
Such inherited features are largely considered as the major parameters controlling 
the evolution of orogenic systems and their related foreland fold-and-thrust belts 
(Macedo and Marshak, 1999; Lacombe and Bellahsen, 2016). 
In more detail, extensional fault systems tend to be segmented by soft- and hard-
linked transfer faults (Gibbs, 1984; Morley et al., 1990). Fault segmentation results 
from the interaction of fault growth processes with pre-existing crustal features, 
and has a large impact on the sedimentary facies distribution of extensional basins 
(Gawthorpe and Hurst, 1993). 
The deformation sequence leading to the formation of fold-and-thrust belts 
typically includes the involvement of the different structural domains of the passive 
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margin and their related fault systems, along with their corresponding sedimentary 
facies belts. The distribution of passive margin facies is strongly controlled by the 
geometry of the rift margin and its main extensional faults, as well as the amount of 
extension taken by the continental crust. Continental to shallow water facies prevail 
in the proximal domains of rifted margins where stretching of the continental crust 
is limited, whereas deeper water facies are deposited in more distal parts of the 
margin, where the continental crust undergoes significant amounts of extension. 
The transition between shallow water facies such as mixed carbonate-siliciclastic 
platforms, to deep water facies such as radiolarite basins is usually marked by the 
necking area of the rift margin, where the ductile parts of the continental crust have 
been completely thinned out during the final stages of rifting (e.g. Manatschal et al 
2014; Peron-Pinvidic et al., 2020). From a rheological point of view, this necking 
area marks a strength discontinuity (i.e., Petri et al. 2019) between relatively weak 
upper crustal rocks and significantly stronger crystalline basement below; such 
strength discontinuity inherited from rifting that favors the localization of any 
subsequent contractional deformation.
In rift and passive margin settings, thick and aerially extensive deposits of 
evaporites have been deposited throughout geological history (Richter, 1970; 
Ziegler, 1989; Cartwright and Jackson, 2008; e.g. Brun and Fort, 2012; Quirk 
et al., 2012). The most important variable controlling salt structural style in rift 
basins and passive margins is the timing of salt deposition with respect to rifting 
(Jackson and Vendeville, 1994; Rowan, 2014). Three broad classifications are 
recognized: prerift salt, synrift salt, and late synrift/postrift salt (Figure 1). The 
relative timing of salt deposition strongly influences the lateral continuity of the 
salt detachment and the thickness of the salt source layer, both of which play a 
major role in subsequent salt tectonics. Synrift salt is found in interior rifts and 
along divergent continental margins (or their convergent successors). Before 
synrift evaporites accumulate, grabens and half-grabens partly fill with synrift, 
mostly continental deposits. Evaporites pond in half-grabens, forming wedges that 
end abruptly near fault scarps (Figure 2). High horsts are free of salt, whereas 
low horsts are draped by salt connecting thicker salt in flanking half-grabens. As 
evaporites continue to accumulate, initial sub-basins of salt thicken and can merge 
into broader salt basins. Synrift salt may vary extremely in primary thickness, both 
within a subbasin and between subbasins, depending on the basement fault throw 
versus salt thickness. In this case, the basement structural inheritances play a key 
role in the architecture and distribution of salt basins. One of the most well known, 
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10

otherwise still poorly understood syn to post-rift salt basin, is the Neoproterozoic 
to early Cambrian Hormuz Salt basin (Kent, 1958; Stöcklin, 1968; e.g. Falcon, 
1969; Player, 1969). Extensive layered evaporitic sequences allow for the presence 
of regionally significant décollement horizons (e.g. Davis and Engelder, 1985). 
Salt is inherently weak (Jackson and Vendeville, 1994), and for the same matter, 
structural styles in salt-detached fold-and-thrust belts and rift systems are markedly 
different to those systems detached along frictional décollements (e.g. Vergés et 
al., 1992). Furthermore, the Hormuz Salt basin is characterized by the presence 
of numerous outcropping salt diapirs (Harrison, 1921; Richardson, 1926; e.g. 
De Böckh et al., 1929; Lees, 1931) often connected at depth as wide salt wall 
structures (e.g. Snidero et al., 2019). The presence of such structures powerfully 
influence the structural style, localizing the deformation through time (e.g. Callot 
et al., 2007). Consequently, the understanding of the diapirism deformation history 
is a key subject to address in order to understand the tectonic evolution where the 
presence of salt structures is significant. In the Zagros belt, the role of inheritances 
has long been associated with the original distribution of the Hormuz Salt at the 
base of an otherwise 
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extremely thick sedimentary pile (figure 3c) (e.g. Bahroudi and Koyi, 2003), 
but also to the reactivation of deep-seated basement faults (e.g. figure 3a) (e.g. 
Berberian, 1995; Bahroudi and Talbot, 2003; Snidero et al., 2011; Tavani et al., 
2018). 
In this work we provide new evidence from different structures of the Zagros fold-
and-thrust belt, to stress the role of inheritances related with: (i) faults previously 
formed within the Arabian plate, spanning in age from the Precambrian to the 
Mesozoic (e.g. figure 3a), and (ii) the presence of the lateral facies change to the 
Hormuz salt sequence, producing important lateral variations of the mechanical 
properties of the multilayer, and a dramatic change in the structural style related 
with the Hormuz salt diapirism. (figure 3b).
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Methods

This study has been supported by a multidisciplinary methodological approach 
drawing from several independent datasets. These datasets include: onshore and 
offshore seismic reflection profiles calibrated with borehole data, geological data, 
geomorphic data, and earthquake hypocenter and focal mechanism data. Exhaus-
tive field campaigns were performed in the eastern Fars and Lurestan areas. Both 
areas were characterized using geological the maps 1:100.000 series from the Geo-
logical survey of Iran, 14-bands multispectral Aster images, Google Earth ortho-
photos, field observation and over 2000 field measured bedding dip data. In order 
to reduce uncertainties related with data projection during the construction of the 
geological cross-sections, a densification of the bedding dip-dataset has been per-
formed. To digitally extract traces of layers and transform them in bedding dip 
orientation, publically available 0.5 m orthophotos draped onto 30 m resolution 
ASTER GDEM were used (e.g. Fernández, 2005; Snidero et al., 2011). This op-
eration was performed by means of the OpenPlot software package (Tavani et al., 
2011). The geological cross section and 3D surfaces have been built and balanced 
by means of the 3DMove software package. In detail, we have assumed flexur-
al-slip folding (Donath and Parker, 1964) and preservation of bed thickness and 
line-length (Dahlstrom, 1969).
The geomorphological analysis was mainly performed in the Lurestan region (see 
Chapter 1). It was based on the inspection of the large-scale features (30 m resolu-
tion DEM), both active and relic, associated with the topography and drainage net-
work 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). Earthquake 
hypocentre and focal mechanism data were used to constrain the geometry of the 
fault systems at depth within the study area. These data are from the publically 
available USGS earthquake catalogue (https://earthquake.usgs.gov/earthquakes.)
The seismic reflection profiles were acquired in different campaigns by the 
National Iranian Oil Company. The seismic data available in the eastern Fars area 
(chapter 1, 2, and, 3), consist in 2D seismic reflection data covering around 34000 
km2. Maximum recorded depth is 7 seconds (two-way-time) and spacing of the 
seismic lines is 2 km in the offshore surveys, while onshore surveys show irregular 
distribution, orientation and spacing, grouped around the main structures, mostly 
along the coast and inside Qeshm island. The quality of the seismic data is generally 
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good in the offshore lines but variable in the onshore surveys, where most structures 
including the frontal limb of the Darmadan anticline (chapter 1),  are poorly imaged 
and consequently not included in this manuscript. The seismic data was interpreted 
using Petrel E&P software by Schlumberger®. All data were integrated to identify 
and constrain the regional structure with emphasis on the Mesozoic and Lower 
Cenozoic basins (passive-to-active margin transition), the timing of the structures 
and their relationship with the main tectonic events occurred in the area. Moreover, 
attention was paid to the distribution of the evaporitic layers (Fars salt and Hormuz 
salt) concatenate with its impact on the geometry and distribution salt structures. 
The offshore interpretation was constrained to 16 exploration wells and aimed to 
achieve two main objectives: on one hand the interpretation of the main structures, 
their period(s) of activity and their relationship with the depocenter distribution; 
on the other hand, the detailed interpretation of the salt structures, their growth 
history, and how do they link with the geometry and distribution of the Hormuz 
salt layer at depth.

The onshore seismic dataset available in the Lurestan area (chapter 4) included 
25 seismic reflection profiles, for a total length of about 1200 km. 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. Furthermore, 
calibration of the seismic sections with surface geology data and the incorporation 
of seven wells providing further constraints for the firm interpretation of several 
portions of the study area. The seismic data was interpreted using 3DMove software 
package by Petroleum Experts® - Midland Valley®.
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Chapter 1: Temporal evolution of the Darmadan 
salt diapir, eastern Fars region

This chapter is presented in the form of a manuscript, published in Tectonophysics (2019).
Snidero, M., Muñoz, J.A., Carrera, N., Butillé, M., Mencos, 

J., Motamedi, H., Piryaei, A., Sàbat, F.

1.1  Abstract

A wide range of diapirs crop out along the eastern Fars region. They are constituted 
by the Pre-Cambrian to Early Cambrian Hormuz Fm. and located in the transition 
from the frontal structures of the Zagros fold-and-thrust belt and the Oman Ranges. 
While, in different previous works about the Persian Gulf, off-shore diapirs the 
deformation history has been determined on the basis of subsurface data, onshore 
evidence for salt tectonics activity is often limited to post-Oligocene stratigraphic 
units and is significantly overprinted by shortening. The Darmadan diapir is one of 
the few salt structures where is possible to observe halokinetic sequences involving 
the pre-collision Mesozoic succession in the Fars region of the Zagros fold-and-
thrust belt. The objective of our study was to characterize on the base of field 
data, the stratigraphic and structural relationships between the Hormuz salt and 
its overburden in order to establish its temporal evolution. The Darmadan diapir 
is interpreted as a salt stock connected to a salt wall structure at depth evolving to 
a passive diapir, at least since Late Jurassic-Early Cretaceous times. Expansional 
geometries toward the diapir reveal that primary welding was already occurred at 
the Albian time. The onset of contractional deformation in the internal part of the 
Zagros and Oman orogenic systems is recorded by the reactivation of the Darmadan 
diapir during the Late Cretaceous. The Darmadan diapir continued to be exposed 
during the Paleogene and was squeezed during the Neogene to recent Zagros 
deformation. Second-order contractional features and related growth geometries 
constrain the timing of the secondary welding during the early stages of the late 
Miocene Darmadan anticline development. The explained structure remarks that 
the present structural trends of the Zagros fold-and-thrust belt in the eastern Fars 
region are the result of the reactivation of preexistent salt structures.

Keywords: Iran ; Zagros fold-and-thrust belt; Darmadan; Hormuz; salt tectonics; 
diapirism
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1.2  Introduction

The study area is located in the eastern termination of the Simply Folded Belt of the 
Zagros Mountains in the Fars region (Fig. 4a).  The eastern Fars is characterized 
by the presence of numerous outcropping salt diapirs constituted by the evaporitic 
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sequences of the Neoproterozoic to early Cambrian Hormuz Fm. (Richardson, 
1926; De Böckh et al., 1929; Lees, 1931; Harrison, 1931; Kent, 1958; Gansser, 
1960; Stöcklin, 1968; Player, 1969; Falcon, 1969; Fig. 4b). The eastern Fars is 
characterized by anticlines with variable trends departing from the regional E-W 
structural grain of the eastern part of the Zagros fold-and-thrust belt (Fig. 4b). 
Folds are punctuated by several salt diapirs which are located in different structural 
positions, such as the core of the anticlines, fold limbs, plunging terminations of 
anticlines, and in few cases also in synclines (Fig. 4b). In this area, the Hormuz 
Fm. is overlain by a thick Paleozoic to recent sedimentary overburden, from about 
7-10 km onshore to as much as 15 km thick along the Arabian foreland (James and 
Wynd, 1965; Alavi, 2004; Jahani et al. 2009). All these sedimentary units have 
been incorporated in the Zagros fold-and-thrust belt (Fig. 5). Specifically, salt 
structures located in the foreland far from the orogenic front have been interpreted 
as controlled by the differential sedimentary rates associated with the foreland basin 
development of the Oman and Zagros collisional ranges (i.e., Perotti et al., 2016). 
On the other hand, salt structures observed in close proximity to the orogenic front 
present evidence for reactivation related to shortening since Late Cretaceous times 
(i.e., Letouzey et al, 2004; Callot et al., 2007; Callot et al. 2012).
The diachronous effect of the Mesozoic to present day shortening on the eastern 
Fars diapirism relates to its specific structural position, in the transition from the 
frontal NW-SE structures of the Zagros fold-and-thrust belt and the NE-SE Oman 
Ranges (Fig.4a)
The presence of emerging Hormuz salt diapirs at surface considering the thick 
(i.e., ~10 km) overburden led to suggest long-lasting periods of passive diapirism 
(Vendeville and Jackson 1992a). However, a remaining question is the potential 
triggering mechanism for salt diapirism responsible for the continuous and long-
lasting mobilization of the Hormuz salt. 
Strong supporting evidence for Paleozoic and Mesozoic halokinetic processes has 
been described from seismic data in the Persian Gulf, concluding that salt upwelling 
began by early Paleozoic times, persisting until today, with pulses of different 
intensities and rates strongly influenced by different sedimentary and tectonic 
events (Chiariotti et al., 2011; Perotti et al., 2016; Stewart, 2018). However, onshore 
evidence for salt tectonics activity is often limited to post-Oligocene stratigraphic 
units and is significantly overprinted by the late stages of shortening. Hence, in 
the onshore area of the eastern Fars little evidence for salt tectonics processes and 
diapirism prior to Oligocene times has been provided to date. Harrison (1930) and 
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Kent (1958), in this respect, were among the pioneering workers proposing a Late 
Cretaceous age for the development of Hormuz salt structures. In addition, Kent 
(1979) also provided first evidence for Early Cretaceous salt activity as inferred 
from isopach maps from around and in between salt structures. Koop and Stoonley 
(1982) provided evidence for Jurassic to Cenozoic salt tectonics and related 
changes in stratigraphic thickness. More recent works have documented thickness 
changes for the Jurassic to Cretaceous series, describing downbuilding geometries 
based on onshore seismic, field and well data (e.g., Piryaei et al., 2011; Motamedi 
et al., 2011). 
All these previous studies have not provided a complete picture of the growth 
and detailed deformation history of these eastern Fars salt structures, in particular 
the relationship between diapirism and the main deformation events. In order to 
address this topic, the main aim of our study is to characterize the stratigraphic and 
structural relationships between the Hormuz salt and is stratigraphic overburden 
around the Darmadan (also referred as Harmadan) anticline (Fig. 4b). This anticline 
is one of the few examples in the whole Fars region where Late Jurassic to Pliocene 
stratigraphic series are well exposed around a Hormuz salt diapir. In the following 
we will show evidences for strong changes in the stratigraphic record around this 
fold, which include thickness and facies changes immediately around the diapir, as 
well as strong angular relationships that can be attributable to halokinetic sequences 
(e.g., Giles and Rowan 2012); in addition, contractional and extensional features of 
different orders have been identified at different positions around the salt structure. 
These stratigraphic and structural features are here interpreted as key evidence to 
constrain the driving mechanisms and the timing for long lived diapirism in the 
eastern Fars region, providing key insights for the structural evolution of the Fars 
region.
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1.3  Geological Setting

1.3.1  Main tectonic events

The Darmadan anticline is situated in the Fars region (Fig. 4), in the more external 
structural domain of the Zagros Mountains commonly referred to as the Simply 
Folded Belt (Stöcklin, 1968). The stratigraphic pile consists of Paleozoic, Mesozoic 
and Cenozoic sediments that have been detached above the Neoproterozoic to 
Cambrian Hormuz Salt Series (Figs. 4, 5 and 6). The whole sequence lies above the 
crystalline basement of the Arabian Plate, which assembled during the Panafrican 
Orogeny in late Proterozoic times (640-620 Ma) as result of the E-W directed 
Amar collision, where a series of microcontinents and island arcs accreted to the 
Nubian (African) craton from the east (Stesser and Camp, 1985; Beydoun, 1991; 
Stern 1994; Husseini, 2000; Gray, 2008). During the late stages of this orogenic 
event (570-530 Ma) normal faulting was related to NW-trending left-lateral strike 
slip faults and NE-trending break away faults referred as the Najad Rift System 
(Husseini, 2000). All these fault systems had a strong influence during subsequent 
events (Ziegler, 2001; Bahroudi and Talbot 2003), such as the location of the 
Hormuz salt basin and its equivalent evaporites in the Middle East and Salt Ranges 
in Pakistan (Sepehr and Cosgrove, 2005).
During early Paleozoic times, the Paleotethys Ocean opened between Cimmeria 
(Laurasia) and Gondwana and a stable platform was established (Konert et 
al., 2001). Some authors propose a general uplift and erosion during the late 
Paleozoic, related to the far effect of the Variscan Orogeny in analogy to several 
major unconformities observed in other areas of the Arabian plate (Hussenini, 
1992; Konert et al., 2001; Faqira et al., 2009; Frizon de Lamotte, 2013; Tavakoli-
Shirazi et al. 2013; Vennin et al., 2015). During late Permian-Lower Triassic 
times, the Neotethys Ocean formed between the Arabian and the Cimmeria plates. 
This rifting event was related to the northward drift of the Cimmeria plate which 
was constituted by Anatolia, Central Iran and Afghanistan (Husseini, 2000). The 
inherited basement heterogeneities strongly controlled the geometry of the main 
extensional faults of the Neotethys rift, which were distributed parallel to the older 
Precambrian basement trends (Berberian and King, 1981; Koop and Stoneley, 
1982). These faults are NW-SE trending and mainly dip towards the northeast 
(Jackson, 1980) and are connected by NE-SW transform faults. The end of this 
event is regionally dated by an unconformity that seals the normal faults and 
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separates it from the overlying Jurassic to Cretaceous continental shelf deposits 
(Alavi, 2004). In the Simply Folded Belt, evidence for Neotethyan Permo-Triassic 
extensional structures are limited to poor quality subsurface data located in the 
Dezful Embayment (Sepehr and Cosgrove, 2004), west of the study area.
By the Late Triassic, the Neotethys Ocean had opened up between Arabia (which 
included the present Zagros region as its northeastern margin) and Iran resulting 
in two continental margin basins on either side of the ocean. During most of the 
Mesozoic, the north-eastern margin of the Arabian plate (which included the present 
Zagros region) was relatively stable tectonically, which combined with a nearly 
equatorial location resulted in the development of a wide shallow carbonate ramp 
on the western margin of the Neotethys Ocean. During the Jurassic expansion of the 
Neotethys, the Paleotethys Ocean commenced subducting under the Eurasian Plate 
until the collision with the Cimmera Plate (e.g., Agard et al., 2011). The closing 
stage of the Neotethys began during the latest Jurassic–Early Cretaceous (Alavi 
et al., 2007). During the latest Turonian, obduction of thrust-stacked ophiolites 
onto the northeastern Arabian passive continental margin took place (Alavi, 2007), 
during a period of fast convergence between Arabia and Eurasia (Agard et al., 
2011).
Obduction was located at the SW margin of the Neotethys Ocean, whereas Andean-
type subduction continued at the NE side of it. Obduction ages young from Oman 
to NW Iranian Zagros, from Coniacian-Santonian (88-84 Ma) to Maastrichtian 
(68 Ma), respectively (Searle et al., 2007; Agard et al., 2011; Searle et al., 2014). 
Proto-foreland basins related to obduction were locally developed (Alavi, 2004) 
and a foreland basin setting was progressively established on the Arabian margin 
(Ziegler, 2001; Piryaei 2010; Saura, et al., 2015; Orang et al., 2018).
The first observed contractional deformation is coeval with the sedimentation 
of the Campanian-Maastrichtian Gurpi Fm. and the development of a foredeep 
basin that runs in front of what is usually referred to as the Oman and Zagros 
frontal structures. In the eastern Fars, the deformation front and consequently 
the foredeep depocenter progressively migrated toward the west during the 
Paleocene and Eocene sedimentation of the Pabdeh Fm. In Central and Northen 
Iran, different authors (i.e., Stoneley, 1990; McQuarrie et al. 2003; Agard et al., 
2005; Mouthereau et al., 2012) propose that the final disappearance of the oceanic 
domain took place in the lower Oligocene and that collision must have taken place 
from late Oligocene to early Miocene. In Oman, compression was already finished 
by the early Miocene (Boote et al., 1990; Michaelis & Pauken, 1990; Searle et al., 
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2014) whereas shortening related with the Arabia and the Central Iranian plate 
convergence lasted until recent days with the development of the Zagros fold-and-
thrust belt and related Arabian foreland.

1.3.2  Stratigraphy

A synthetic review of the stratigraphic sequence along the eastern Fars areas has 
been compiled from bibliography and field observations (Fig. 6). The evaporitic 
Hormuz Fm. was deposited during the Precambrian to early Cambrian times but 
the lack of direct observations for most of the Hormuz basin and the mobilization 
of this evaporitic unit make challenging a proper evaluation of the depositional 
thickness. Different authors suggest a range between 1 to 4 km based on its lateral 
equivalents (e.g. Kent, 1970; Edgell, 1991) but the initial thickness of the Hormuz 
series remains highly speculative. It is composed by a sequence of massive halite, 
anhydrite, limestones, dark dolostones and some red sandstones and shales (Kent, 
1970). Most of the sedimentary sequence from Ordovician to Devonian is made up 
of epicontinental siliciclastic units deposited in an intracratonic setting (Ghavidel-
Syooki et al., 2014).
The Permian sequence starts with cycles of siliciclastics and dolomites of the 
Faraghan Fm., overlying by the bioclastic limestones, evaporites and dolostones of 
the Late Permian Dalan Fm. (Alavi, 2004; Zamanzadeh et al., 2009 and Kavoosi, 
2013).. The Triassic sequence consists of carbonate facies of the Kangan Fm., 
and overlying Dashtak Fm. evaporites and their time equivalent shallow-water 
carbonates of the Khaneh Kat Fm. The lowermost Jurassic to upper Turonian 
strata are accumulated on the north- to northeast-facing shallow continental shelf 
of the Neotethys Ocean. The Lower Jurassic Neyriz Fm. consists of 3 units: a 
lower one dominated by thin-bedded dolostones and green shales, a middle sandy 
silty unit overlaid by an argillaceous, thin-bedded limestones to mudstones upper 
unit (James and Wynd, 1965). The Middle to Upper Jurassic Surmeh Fm. is the 
oldest unit outcropping around the Darmadan salt diapir and consist of a regressive 
carbonate cycle made up of open marine micritic limestones, often chalky and 
pyritic (Bowe, 1976, Lasemi and Jalilian, 2010) that is extensively dolomitized 
close to the Darmadan salt diapir. The Jurassic sequence ends with the Hith Fm. 
which is constituted sabkha-type anhydrites. 
The base of the Lower Cretaceous succession consists of a transgressive deep-
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water chalky to argillaceous limestone referred to as the Fahliyan Fm. This unit 
is overlain by Barremian to lower Aptian light gray marls interbedded with 
cryptocrystalline limestones of the Gadvan Fm.. The overlying Aptian Dariyan 
Fm. is characterized by thick bedded orbitolinid-bearing carbonates interbedded 
with pelletal and oolithic beds. Basinal conditions persisted until Aptian times, 
when the regressive Dariyan Fm. was deposited. 
The Albian succession is a general shallowing-up cycle starting with the bituminous 
Kazhdumi shales and grading onwards to the thick carbonates of the late Albian 
to Cenomanian Sarvak Fm. The first stages of the foreland basin was infilled by 
a thick succession of marls represented by the Campanian to Maastrichtian Gurpi 
Fm. and the Paleocene to Eocene Pabdeh Fm., with its carbonate equivalent Tarbur 
Fm. The Pabdeh Fm. progressively grades NE-ward into the carbonate sequence 
of the Jahrum Fm. The presence of Dictyoconus coskinolina assemble zone shows 
a Middle Eocene age for the Jahrum Fm. in the Darmadan section. NE-ward the 
Jahrum Fm. grades in its lower part to the gypsiferous and terrestrial facies of the 
Paleocene to Eocene Sachun Fm. in a marginal restricted depositional setting. In 
the eastern Fars, the Jahrum Fm. is truncated by a regional unconformity during 
the Eocene-Oligocene boundary. This unconformity is equivalent to the AP10 and 
AP11 megasequences boundary in the Arabian Plate (Sharland et al., 2001). The 
Oligocene sequence is characterized by the marine carbonate unit of the Asmari Fm. 
overlied by the Upper Oligocene and Lower Miocene Gachsaran Fm., equivalent 
southward to the evaporitic Fars Group (i.e., the Saliferous beds and Massive Salt 
in Fig.6).
In the Darmadan area, the Gachsaran Fm. is represented by three distinct members 
(Mbs.): a basal massive gypsum or anhydrite (i.e., Chehel Mb.), an alternating 
sequence of bedded limestones and green anhydritic marls (i.e., Champeh Mb.); 
and finally, a unit of alternating red shales with thin limestones (i.e., Mol Mb.). The 
middle Miocene succession is characterized by a fast transition to the cliff-forming 
limestones of the Guri Mb, the lowermost unit of the Mishan Fm. It consists of hard, 
creamy and fossiliferous limestones interbedded with rubbly limestones and marls 
(Rahmani et al., 2010). The middle to upper Miocene Mishan Fm. which overlies 
the Guri Mb., is essentially a sequence of shallow-water marine marls interbedded 
with bioclastic limestones and occasionally, with thin bioclastic sandstones. It 
varies remarkably in thickness, reaching up to 2000m as recorded from field and 
well data; this thickness value is very local and controlled by the early folding 
stages, as observed in the frontal limb of the Darmadan anticline. The upper 
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Miocene to Pliocene sediments consist of gray to brown calcareous sandstones, 
siltstones, silty marls and occasional sandstone beds and shelly limestones of the 
Agha Jari Fm. (Bozorgnia and Agah, 1973), overlain by massive, thick bedded and 
coarsening upwards fluvial deposits of the Bakhtyari Fm.
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1.4   The Darmadan anticline

The Darmadan anticline is part of the southern sector of a prominent oblique E-W 
to NE-SW trend, composed of three major folds with three related outcropping 
diapirs, namely from west to east, Darmadan, Kahin and Muran (Fig. 4). The 
presented N-S regional cross sections (Fig. 5) passes thought the Darmadan 
anticline about 10 km NW-ward of the study area. Taking as a reference the bottom 
of the synclines as a regional elevation, the Darmadan anticline shows, along this 
cross section, up to 1.5km of higher structural elevation then the southern structures 
(Leturmy at al. (2010) assert a vertical throw of 750m crossing the Kahin diapir). 
This structural relief progressively disappears following the plunge of the structure 
toward the SW and, in correspondence of the outcropping Darmadan diapir, the 
northern back limb is even lowered compared to the southern frontal syncline of 
more than 1 km.
In the area of our study (Fig. 7), the trend of the Darmadan anticline is arcuate and
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progressively changes from east to west, being striking W-E around the Darmadan 
diapir, NE-SW in the central area and NW-SE in the westernmost part. The northern 
limb is gently to moderately dipping (i.e., 20º to 40º), whereas the southern limb 
presents significant dip variations along strike, from 30º S to overturned. The 
southern limb is almost completely covered by Quaternary sediments in the central 
part of the anticline, with outcrops occurring on either side of these deposits (Fig. 
7). In the following, these areas of the Darmadan structure are described in detailed 
along two N-S striking profiles, namely eastern and western sectors (Fig. 8).

1.4.1  Eastern sector 

On the eastern sector (Fig. 8a) the outcropping succession includes Hormuz Fm. and 
Upper Jurassic to Pliocene deposits (Figs. 6, 7). In this area, the Hormuz Fm. crops 
out in an iron ore mine where key relationships between the evaporitic formation 
and its sedimentary overburden are well exposed (Figs. 7 and 9). Its diapiric nature 
is revealed by the angular relationship with the different Mesozoic to Cenozoic 
stratigraphic units juxtaposed to it. The Hormuz Fm. describes an elliptical shape 
in map-view, defining the present-day geometry of the salt structure at surface as 
a salt stock (diapirs having a plan-form axial ratio < 2, Trusheim, 1960). Around 
the salt stock several extensional faults display different orientations. Most of them 
are oriented approximately N-S, with the exception of a prominent N-dipping, 
W-E-trending fault that runs along the northern edge of the eastern termination 
of the Darmadan salt stock, separating the northern and the southern limbs of 
the anticline (Fig. 7 and 8a). The contact across this fault is substractive with a 
maximum vertical throw of about 500m. 
In the southern limb, and directly in contact with this normal fault and the Hormuz 
Fm., a pile of extensively dolomitized whitish well-bedded micritic carbonates 
with sparse crystalline basement clasts, crops out. These carbonates belong to the 
Upper Jurassic Surmeh Fm. and constitute the oldest exposed stratigraphic unit of 
the diapir overburden (Figs. 6, 7 and 9). Overlaying this formation, a sequence of 
dark massive carbonates crops out, probably corresponding to the Lower Cretaceous 
Fahliyan, Gadvan and Dariyan Fms. On top of those, a 30m thick dark green marly 
unit interbedded with two limestone banks (Figs. 6, 7 and 9) belonging to the 
Albian Kazhdumi Fm. includes orbitolinids, ammonites, echinoderms and large 
amounts of bivalve fragments. Above and in gradational contact, a sequence
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of ridge-forming neritic to shallow water wackestone and packstone carbonates 
containing rudists, gastropods and microfauna, corresponds to the upper Albian to 
Santonian Sarvak and Ilam Fms. (Figs. 6, 7 and 9). The Sarvak Fm. is constituted 
by several thickening upwards sequences of metric to decametric-scale thickness; 
the basal part of each of these sequences shows resedimented crystalline basement 
clasts sourced from the Hormuz Fm. in the nearby diapir (Fig. 10a and 11). Bedding-
parallel chert bands within the lower parts of the Sarvak Fm. display soft-
deformation structures and a cryptocrystalline texture, in close association with 
metric to decametric-scale normal faults that dip towards the diapir (Fig. 10a and 
11). These features indicate early silicification close to the salt-sediment interface, 
coeval with syn-sedimentary 
extensional faulting. 
Resedimented components of 
the Hormuz Fm. occur in the 
higher stratigraphic levels of the 
Sarvak Fm. in the range of 
coarse sand to cobble sizes, and 
can be followed around the 
diapir. These components are 
fundamentally constituted by 
resedimented crystalline 
basement and Albian orbitolinid-
bearing limestones assigned to 
the Kazhdumi Fm. Moreover, 
the Sarvak Fm. is locally 
affected by tight decametric 
folds showing overturned limbs 
at the contact with the Hormuz 
Fm. (Fig. 10b and 11); these 
folded beds are unconformably 
overlain by younger sequences 
of the Sarvak Fm. and display 
Hormuz Fm. cusps at the edges 
of the diapir between the stacked 
Sarvak Fm. sequences. All these 
relationships, observed in the 

KIlSv

Hz

HSB

0m 10m

E-W

KIlSv

KKz

KDGF

Chert
bands

0m 50m

E-W

Cusp

KIlSv

a)

b)
Fig.7: Location of the field photographs in Fig.4 and Fig.5. a) Lower part of the Sarvak (KIlSv) sequence. Metric 
SW dipping normal faults are detached in the Kazdumi marls (KllSv). Notice the chert bands and the reddish 
colour of the Sarvak Fm. related with more abundant clasts sourced by the Hormuz Fm. (Hz) b) Detail of the hook 
geometry in Sarvak Fm. Notice how the carbonate beds below the hook sequence are not affected by the diapir 
growth, representing an halokinetic sequence boundary (HSB in the figure) with “cusp” like relationship with the 
overlying Hormuz salt.

Fig.10: Location of the field photographs in Fig.7 and Fig.8. 
a) Lower part of the Sarvak (KIlSv) sequence. Metric SW 
dipping normal faults are detached in the Kazdumi marls 
(KllSv). Notice the chert bands and the reddish colour of 
the Sarvak Fm. related with more abundant clasts sourced 
by the Hormuz Fm. (Hz) b) Detail of the hook geometry in 
Sarvak Fm. Notice how the carbonate beds below the hook 
sequence are not affected by the diapir growth, representing 
an halokinetic sequence boundary (HSB in the figure) with 
“cusp” like relationship with the overlying Hormuz salt.
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field, between the Hormuz Fm. 
and the Albian to Santonian 
Ilam-Sarvak Fms. suggest a 
series of stacked tabular 
halokinetic sequences up to 
253m thick, with the decametric 
folds being hooks (Fig. 11, Giles 
and Rowan, 2012). To the south, 
the Sarvak and Ilam Fms. are 
overlain by the pelagic, whitish 
marls of the Campanian to 
Maastrichtian Gurpi Fm. The 
carbonates of the Campanian to 
Maastrichtian Tarbur Fm. are up 
to 80m thick, and are 

unconformably overlying and truncating beds of the Gurpi Fm. Moreover, the 
Tarbur Fm. also presents internal unconformities; these being particularly well 
exposed at the northern limb of the Darmadan anticline (Fig. 12). The observed 
unconformities disappear few hundreds of meters away from the diapir along the 
anticline axis and are not present in the southern limb of the anticline, where the 
Tarbur Fm. outcrops 1 km apart from the salt stock. Hence, the Campanian to 

KIlSv

KGu

KTTb
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KTTbKGu
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0m 50m
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Hz HzHz

Fig.9: N-looking view of the eastern edge of the Darmadan diapir and the N-dipping main normal fault eastward, (location in Fig.6). The Sarvak Fm. (KIlSv) 
is tilted and unconformably overlaid by the Gurpi Fm. (KGu). Gurpi shows thickening toward the footwall of the fault and is truncated by the Tarbur Fm. 
(KTTb). Notice the intraformational angular unconformity in the Tarbur Fm. and the numerous overhangs of Hormuz Fm. (Hz), (dark patches) outcropping 
along different stratigraphic levels in the Gurpi Fm.
Fig.12: N-looking view of the eastern edge of the Darmadan diapir and the N-dipping main normal fault 
eastward, (location in Fig.9). The Sarvak Fm. (KIlSv) is tilted and unconformably overlaid by the Gurpi 
Fm. (KGu). Gurpi shows thickening toward the footwall of the fault and is truncated by the Tarbur Fm. 
(KTTb). Notice the intraformational angular unconformity in the Tarbur Fm. and the numerous overhangs 
of Hormuz Fm. (Hz), (dark patches) outcropping along different stratigraphic levels in the Gurpi Fm.
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 Fig.8: Synthetic sketch of the observed relationships between diapir and 
overburden. The figure, not in scale, illustrates examples of the main 
elements of the observed halokinetik sequences. HSB: Halokinetic 
sequence boundary. 
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Basament clasts 
sourced from
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 Fig.11: Synthetic sketch of the observed relationships be-
tween diapir and overburden. The figure, not in scale, illus-
trates examples of the main elements of the observed haloki-
netik sequences. HSB: Halokinetic sequence boundary. 
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Maastrichtian unconformities 
occur in close proximity to the 
Darmadan salt stock, and 
disappear away from it. 
In the southern limb of the 
Darmadan anticline, overlying 
these Upper Cretaceous units, 
white fine-grained and thin-
bedded carbonates of the 
lower Paleogene Sachun Fm. 
occurs. Differently along the 
northern limb and next to the 
salt stock, the Sachun Fm. 
shows thickening (from 200m 
to 450m) and locally, is made 
up by conglomerates and 
sandstones of resedimented 
material sourced from the salt 
stock (Fig. 13). These facies changes are clearly controlled by their distance to the 
diapir. In the northern flank, the Maastrichtian Tarbur Fm. and the lower Paleogene 
Sachun Fm. show drape folds in the immediate contact with the Darmadan salt 
stock, these being truncated at the top by angular unconformities (Fig. 9 and 11), 
in a similar fashion to the pattern observed for the Albian to Santonian Sarvak 
Fm. carbonates of the Eocene Jahrum Fm. conformably overlay the Sachun Fm. 
Above, the Asmari Fm. is in this area Rupelian in age, based on the presence of 
Austrotrillina and Nummulites intermedious fauna and overlied by the Oligocene 
to Miocene Gachsaran and Mishan Fms.. These three units display a total thickness 
of 700m on the southern limb of the Darmadan anticline, whereas on the northern 
limb these units are as much as 2km thick (Fig. 8a). Part of such thickening 
(~500m) is structural as some minor south-directed thrusts and related folds occur 
(Figs. 7 and 8); however, the significant change in thickness requires a differential 
accommodation space during the Oligocene to Miocene. The Neogene sequence 
ends with the upper Miocene Agha Jari Fm. and the unconformably overlaying 
Bakhtyari Fm. conglomerates (Figs. 6 and 7).
The N-dipping W-E trending subtractive fault running along the northern edge of 
the eastern termination of the Darmadan salt stock brings the Maastrichtian Tarbur 

Hz

KSa

) )
Fig.10: a) Sachun Fm. (KSa) is characterized by white thin bedded carbonates, probably accumulated in restrict-
ed shallow areas.  b) Detailed photo of the Sachun Fm. in the western part of the Darmadan mine zone (see Figs. 
4 and 6 for location). In that area Sachun Fm. is made up of conglomerates and sandstones with components 
derived from the erosion of  the diapir's Hormuz Fm. (Hz). This coarse grained facies disapperar away from the 
diapir. 

0m 50m SW-NE

Fig.13: a) Sachun Fm. (KSa) is characterized by white thin 
bedded carbonates, probably accumulated in restricted shal-
low areas.  b) Detailed photo of the Sachun Fm. in the west-
ern part of the Darmadan mine zone (see Figs. 7 and 9 for lo-
cation). In that area Sachun Fm. is made up of conglomerates 
and sandstones with components derived from the erosion 
of  the diapir’s Hormuz Fm. (Hz). This coarse grained facies 
disapperar away from the diapir.
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NW-SE

Hz

KIlSv

KGu

0m 200m

KKz

Fig.14: Detailed photo from the outcrop where folded Sarvak carbonates (KIlSv) detached over the Ka-
zdumi Fm. are observed. The Hormuz Fm. (Hz) forms a salt wing emplaced in the Sarvak unit  Location in 
Fig.8. and stratigraphic codes from Fig.7.

Fm. on the northern limb of the anticline, in contact with the Albian to Santonian 
Ilam-Sarvak Fms. on the southern one, defining an extensional offset (Figs. 7, 8a 
and 12). To the north of this subtractive contact, the Sarvak Fm. is tilted and 
truncated underneath the Campanian to Maastrichtian Gurpi Fm. In turn, the Gurpi 
Fm. shows a stratigraphic expansion towards the south (Fig. 12). Along this contact 
several remnants of the Hormuz Fm. rocks can be observed (Figs. 7 and 12). 
Towards the east, the extensional offset decreases sharply, and a thrust splays off 
toward the southern flank of the anticline, dying out into a sequence of tight folds 
detached over the Albian Kazhdumi Fm. and involving the Ilam-Sarvak Fm. and 
sediments above (Figs. 14 and 15). These auxiliary folds present a gently ENE-
dipping axial plane on the eastern side of the diapir. Eastward, the trend of these 
structures becomes almost E-W, affecting the forelimb of the Darmadan anticline 
that changes from moderately south-dipping to overturned (Figs. 7 and 15).
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Fig.12: Structural map of the eastern side of the Darmadan diapir. 
Colors and stratigraphic codes are indicated in Fig.2 and 4 respectively. 
The thrust and fold structures that splay from the N-dipping nomal fault 
develop during the middle Miocene, dating the age of the diapir second-
ary welding. 
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Fig.15: Structural map of the 
eastern side of the Darma-
dan diapir. Colors and strati-
graphic codes are indicated 
in Fig.5 and 7 respectively. 
The thrust and fold structures 
that splay from the N-dip-
ping nomal fault develop 
during the middle Miocene, 
dating the age of the diapir 
secondary welding. 
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1.4.2  Western sector 

In the western sector (Fig. 8b), facies wise, the observed stratigraphic sequence is 
markedly similar to the eastern one, but there are no field evidences for the existence 
of sediments sourced from Hormuz Fm. Besides, differences in thicknesses have 
been reported from stratigraphic logs (Fig. 16). In this sense, the Albian Sarvak 
Fm. is about 140m thick and hence thinner than in the eastern sector. The 
Maastrichtian Tarbur Fm. is as well displaying differences in thickness with respect 
to the eastern sector; in the western sector, the Tarbur Fm. is about 250m in thickness 
(Fig. 16). Overall, there is a shift in sedimentary thickness from east to west from 
Albian to Maastrichtian times. 
In addition, thickness 
variations are also observed for 
the Miocene Champeh Mbr. 
and Guri Mb., with thicker 
successions on the northern 
limb of the Darmadan anticline 
in the western sector (Figs. 7, 
and 8b). In the western sector 
the Darmadan anticline 
displays a strong asymmetry 
from a northern gently dipping 
backlimb to a steeper southern 
forelimb. The forelimb is 
affected by the presence of a 
stepply-dipping and north-
directed back-thrust system 
detached into the Kazhdumi 
Fm. marls (Figs. 7 and 8b). In 
the hanging wall of the main 
backthrust, a nice exposure of 
the Sarvak Fm. shows three 
stacked carbonate platforms 
with clinoforms prograding to 
the SW. At the bottom of these 
clinoforms metric blocks of 
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Fig.16: Stratigraphic correlation between logs representing the 
sedimentary succession of the Bangestan Group, Gurpi and 
Tarbur Fms along the two studied transects of the Darmadan 
anticline. The depocenter migration that happened during the 
Campanian is associated with the early stages of the compres-
sion affecting the Darmadan diapir.
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limestones have been resedimented (Fig. 17). This sedimentary sequence suggests 
the destabilization of a platform 
margin during Albian times. 
 To the south, a tight syncline 
with Miocene strata belonging to 
the Mishan and Agha Jari Fms. 
is present (Fig. 7 and 8b). In its 
northern limb, these units present 
internal angular unconformities 
while they thicken towards the 
southern limb, defining a growth 
sequence (Fig. 8b). Above, the 
alluvial deposits of the Bakthyari 
Fm. are folded in a syncline 
and unconformably overlie the 
complete sequence on top of an 
erosional surface. The Bakthyari 
Fm. conglomerates also thicken 
southwards and present internal 
angular unconformities to 
the north, suggesting again a 
growth sequence. It must be 
highlighted the shift of the axial 
surface of the syncline through 
the unconformity at the bottom 
of the Bakhtyari Fm. (Figs. 8b). 

Different sets of high angle normal faults, trending from N-S to NNE-SSW are 
crosscutting the outcropping succession (Fig.7). These faults are strictly confined 
to the flanks of the anticline and show an offset from decametric to hectometric-
scale in a similar fashion of the N-S faults observed in the eastern sector.

100m

KTSa

KSv

KGu

KTTb

KKz

N-S

N-S

KIl

a)

b)

1
2

3

Fig.17: a) E-looking panorama of the mid Cretaceous series 
of the Darmadan western sector (location in Fig 4 and 13). 
b) Schematic cross-section across the outcrop where the mid 
to Upper Cretaceous sediments are thrust to the north on top 
of the Paleocene sediments of the Sachun Fm. (KTSa). The 
Sarvak Fm. (KSv) shows three stacked carbonate platforms 
with clinoforms prograding to the SW (numbered from 1 to 
3). At its bottom several metric-sized resedimented blocks 
can be observed at the base of the platforms slope.
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a)

b)

c)

d)

e)

f)

N-S Paleozoic 
Downbuilding

Permo-Triassic
Extension

Mesozoic 
Downbuilding

Late Cretaceous 
Onset of the contractional
deformation. Diapir reactivation

Early Miocene
Downbuilding and squeezing

Middle Miocene-Present time
Main shortening and folding

Depocenter migration
toward the diapir

Fig.18: Evolutionary sketch of the Darmadan structure. a) Triggering of the salt structure and passive 
growth by sedimentary loading, during or just after the deposition of the Hormuz salt. b) Extension related 
with the Paleo-Tethyan rifting easied the diapir to remain emergent. The initial development of a wide ge-
ometry was followed by the emplacement of salt stock geometry by salt migration toward the Darmadan 
structure c) Touchdown of the minibasin and migration of the depocenter toward the diapir. d) Onset of 
the contractional deformation. The diapir remained emergent and the presence of numerous overhangs is 
related with diapir reactivation. e) Salt exhaustion on the southern flank of the diapir and thickening by 
dowbulding at the northern side. f) Squeezing of the diapir and formation of a secondary weld. Subsequent 
anticline folding and development of second order structures that accommodate the shortening. 
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1.5  Discussion: diapir evolution

As stated in the introduction, the main aim of our study is to characterize the 
stratigraphic and structural relationships between the Hormuz salt and its 
stratigraphic overburden around the Darmadan diapir, aiming at establishing the 
temporal evolution of this salt structure. For this purpose, we propose a sequential 
restoration of the Darmadan salt stock outcropping in the eastern sector (Fig. 18) 
and investigate the main structural differences along strike with the Darmadan 
anticline.
The described geometries and relationships between the Darmadan diapir and its 
overburden are restricted to the Upper Jurassic to Recent outcropping succession. 
Hence, for understanding the pre-Jurassic evolution of the Darmadan structure, 
information from previous works in the frontal, less-deformed, parts of the Zagros 
fold-and-thrust belt have been used.
Onset of Hormuz salt tectonics could have started as early as the late stages of 
Hormuz salt deposition during the Precambrian extensional stages of the Najad 
Rift System, or during the Cambrian extension related with the Paleotethyan 
rifting. In such context, different authors highlight the influence of pre-existing 
base-salt discontinuities on the triggering and location of salt structures in the Fars 
region, (Jahani et al., 2017; Hassanpour et al., 2018).
Evidence for the continuous Hormuz salt evacuation during the entire Paleozoic in 
the SE sector of the Persian Gulf have been recently described by Perotti et al. (2011, 
2016); these authors indicate that salt tectonics in the region probably started soon 
after the deposition of the Hormuz Fm., as suggested by seismic reflections with 
continuous and progressively downward increasing dips in the Permian and pre-
Permian successions. Analogously, Stewart (2018) ascertain early salt evacuation 
in the western margin of the Hormuz salt basin as recorded by changes in the 
Cambrian strata thickness. 
The significant structural relief observed between the back and frontal limb of the 
Darmadan, Kahin and Muran anticlines (Fig.5) suggests the presence of a deep-
seated structure. Leturmy at al. (2010), propose the existence of a NE-SW reverse 
basement fault that controlled the development of these structures during the 
shortening. In analogy with this trend, south dipping NE-SW normal basement-
involved faults controlled the initiation and orientation of salt structures in the 
off-shore of the southern Persian Gulf (Fig. 4a and Fig. 5) (Jahani et al. 2009). 
However, we have not evidences for the age of basement-involved fault that would 
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have triggered the Darmadan diapir (Fig. 18b).
Analogue models evidence how, especially in case of syn- to late- rift salt basins, 
pre-salt extensional faulting is one of the major factors controlling the initiationand 
orientation of salt structures (e.g. Jackson & Vendeville, 1994; Dooley et al., 2005).
Based on these observations, we tend to consider the triggering of the Darmadan 
salt structure related to a NE-SW extensional north dipping basement-involved 
fault (Fig. 18a). This fault, may have been partially inverted during the shortening, 
with the displacement of the reactivated fault during contractional deformation 
disappearing laterally (e.g. toward the studied Darmadan salt stock), where the 
extensional throw is preserved.
Subsequently the Darmadan diapir developed by downbuilding during the 
deposition of the Lower Paleozoic sediments (Fig.18a and b), in a similar fashion 
to the offshore structures as suggested by Perotti et al. (2011, 2016) and Stewart 
(2018). Passive diapirism driven by differential loading persisted through much of 
the Palaeozoic (Fig. 18b). 
The Hormuz Fm. clasts found in the Surmeh Fm. emphasize that the Darmadan 
diapir was at surface already during the Late Jurassic time. Hooks (Fig. 10) 
observed in the Upper Cretaceous Sarvak-Ilam Fms., as well as the clasts sourced 
from the Hormuz Fm. and the synsedimentary extensional faults dipping towards 
the salt contact demonstrate that the Darmadan diapir was active and exposed 
during late Albian to Santonian times (Fig. 18c). These observations suggest that 
the Darmadan diapir grew passively at least during that time gap with a equal or 
higher salt rise rate relative to the sedimentary rate as confirmed by the presence 
of stacked tabular halokinetic sequences and associated Hormuz salt cusps; this 
higher salt rise rate would also be confirmed by the presence of Hormuz-derived 
blocks and overhangs in the upper levels of the Sarvak Fm. that would suggest that 
the diapir flared up at the time of Sarvak Fm. deposition (e.g. in Figs. 12 and 18c). 
At that time, the Sarvak Fm. expanded towards the salt stock to form a peripheral 
sink basin, which could suggest the development of a turtle structure (Trusheim, 
1960) by primary welding away of the salt inflated area around the diapir. The 
platform margin observed in the Sarvak Fm. at the western part of the Darmadan 
anticline (Fig. 17) is synchronous with the development of this peripheral basin, 
suggesting the continuation of an inflated salt area (i.e., a salt wall) along strike of 
the diapir presently squeezed in the core of the anticline (Fig.19).
A significant increase of the salt supply/sedimentation rate is observed during the 
Campanian to Maastrichtian as revealed by the numerous decametric to hectometric-



40

scale blocks of the Hormuz Fm. rocks embedded into the marly succession of the 
Gurpi Fm. (Fig. 9 and 12). During the Maastrichtian, the depocenter migration of 
the Tarbur Fm. away from the diapir (Fig. 16) suggests a phase of salt inflation. 
This feature, together with the observed angular unconformities and the presence 
of interbedded breccias cropping out in the Gurpi Fm. in the anticlines located 
northward the Darmadan structure suggest that the Darmadan diapir was reactivated 
and squeezed at the early stages of contractional deformation during the transition 
from obduction to the onset of collision along the NE edge of the Arabian plate at 
Santonian to late Maastrichtian times (Fig. 18d). At that time, the Darmadan diapir 
was located in a foreland position, farther south and west of the main depocenters 
related to the thrust front; however, the weakness of the salt diapir favored its 
squeezing recording the early stages of the contraction related with the obduction 
phase. The observed halokinetic sequences in the lower Paleogene Sachun Fm., the 
differences in thickness and the presence of clasts derived from the Hormuz Fm. in 
the northern limb of the Darmadan anticline demonstrate that the Darmadan diapir 
was continuously exposed from the Late Jurassic until the early Eocene. However, 
there are no evidence preserved of contractional deformation in the Darmadan 
structure during the Paleogene or salt evacuation/diapirism from early Eocene to 
Rupelian times. So, a question arises if the diapir underwent burial during the 

N
Eastern sector

Western sector

Darmadan salt stockLegend
Weld

Thrust fault

Extensional fault

Anticline axis

Darmadan salt wall pedestal

Fig.19: 3D Sketch of the studied Darmadan salt structure rappresenting the top of the Hormuz salt and the 
main faults affecting the eastern and western sectors. The Darmadan salt structure initiated as a salt wall 
(or eventually salt anticline) and in any moment before the Albian, developed in the Darmadan salt stock 
outcropping in the eastern sector. The lateral changes of the salt structure geometry, resulted in different 
ammount of shortening accomodated by thrusting and folding.



41

deposition of the Eocene Jahrum and Rupelian Asmari Fms. to subsequently 
pierce the overburden during a rejuvenation phase related with the late Zagros 
contractional deformation. 
During the Miocene but previous to the onset of folding in the Darmadan anticline, 
the higher accommodation space in the northern part of the Darmadan salt wall and 
diapir represented by the thicker Champeh and Guri Mb. could be explained by 
the evacuation of any remnants of Hormuz salt at depth (Fig 18e). The differential 
subsidence rate between the northern and the southern limb represents evidence 
that the thickness and availability of the Hormuz salt may be controlled by a deep-
seated basement step, with an early primary welding along the southern flank. 
A second reason promoting the northern flank subsidence of the Darmadan salt 
structure is the extensional reactivation of the interpreted basement step, related to 
the foreland flexure ahead of the active frontal structures in the High Zagros.
The timing for the Darmadan anticline folding is constrained by the growth 
geometries described for the middle to upper Miocene Mishan Fm. south of the 
Darmadan structure. During this stage the diapir was squeezed until its stem was 
necked off forming a secondary weld, separating a diapir bulb from a deep-seated 
pedestal (Fig.18f). 
The map view of the Darmadan diapir suggests the present day salt distribution at 
depth and the geometry of the Darmadan salt structure in the subsurface (Figs. 7 
and 19). The diapir progressively welds eastward into the main E-W subtractive 
fault.  In between this fault and the secondary weld, a small teardrop diapir is 
pinched off from its source layer, pointing out that the contractional deformation 
has been partially accommodated by squeezing and upward extrusion of the 
Hormuz salt. A thrust detached into the Kazhdumi Fm. and related tight folds splay 
off from the thrust weld (Fig. 15). Most probably, the north-dipping normal fault 
developed laterally in the diapir overburden, associated with the subsidence of the 
early Miocene successions by salt evacuation at depth, to be partially reactivated 
during the development of the Darmadan anticline, once the salt wall and diapir 
were secondary welded. Eastward, the shortening was transferred to the southern 
limb of the structure. This abrupt change in geometry from a south dipping to a 
strongly overturned southern flank (Figs. 9 and 15) is clearly controlled by the 
diapir location and represents an important temporal constrain that relates the 
timing of the secondary welding with the early folding of the Darmadan anticline 
in the middle Miocene. 
The N-S trending normal faults observed in both, the eastern and western sectors 
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developed during this late stage. These faults crosscut at least up to the upper 
Miocene units and they are spatially confined to the Darmadan anticline fold. The 
fault pattern trend roughly parallel to the N-S shortening direction, similarly to the 
suggested distribution proposed by Withjack and Scheiner (1982) in analogue and 
analytical models on elliptical doming with regional compression. This observation 
is consistent with the presence of an elongated distribution of the salt structure in 
depth along eastern and western sectors, as depicted in Fig.19.

1.6  Conclusions

In this work we document for the first time halokinetic sequences involving the 
pre-collision Mesozoic succession in the Fars region of the Zagros fold-and-thrust 
belt. Our results emphasize the role played by preexisting passive diapirs in the 
structural development of the Zagros fold-and-thrust belt detached on the Hormuz 
salt layer, as already proposed by several authors (e.g., Koyi 1988, Letouzey et al. 
1995, Callot et al., 2012). Salt structures most probably initiated by downbuilding 
since Paleozoic times. The presence of basement-involved discontinuities in the 
base-salt can have a deep influence in the initial geometry and orientation of such 
structures.
Independently of the triggering mechanisms for the salt structures, these evolved 
as passive diapirs at least during Late Jurassic-Early Cretaceous times before the 
ophiolite obduction at the northern and eastern edges of the Arabian plate.
Tabular halokinetic sequences developed as a result of the relatively high salt rise of 
the Darmadan diapir with respect the sedimentation rate. Laterally, salt upwelling 
to form a salt wall controlled facies and thickness distribution of the Cretaceous 
platform successions.
The onset of contractional deformation in the internal part of the Zagros and Oman 
orogenic systems is recorded by the reactivation of the Darmadan salt stock during 
the Late Cretaceous, regardless of the fact that it was located in the foreland at 
significant distance from the thrust front. The Darmadan salt stock continued active 
during the Paleogene and to be squeezed and partially welded during the Neogene 
to recent Zagros deformation, when the prominent detachment folds of the Zagros 
fold-and-thrust belt developed.
The deduced structural evolution of the Darmadan salt structure suggests the 
existence of a very thick Hormuz salt layer at depth able to source the salt structure 
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for a long time. First evidence of local primary welding would be related with 
the peripheral sink development at Albian-Cenomanian times. A more extensive 
primary weld to the south of the structure accounts for differences in subsidence 
rate related to salt evacuation during Miocene before the final squeezing and 
secondary welding. The trend and the location of the Darmadan anticline was 
possibly controlled by a preexisting salt structure. In addition the geometry of the 
anticline and related second order contractional features have been also controlled 
by the geometry of the diapir and salt wall and their squeezing as the contractional 
deformation progressed (Fig.19). Contractional deformation related with the 
squeezing of the Darmadan diapir was laterally transferred to a backthrust to the 
west and to a thrust and related folds to the east (Fig. 19). Pre-existing structures 
in the crystalline basement may have played a role in the orientation and location 
of the salt ridges and can be invoked to explain different amount of subsidence 
between the northern and southern limbs of the Darmadan diapir.
 The explained structure emphasizes that the present structural features of the 
Zagros fold-and-thrust belt in the Fars region is the result of the reactivation of 
preexistent salt structures that developed in the Arabian passive margin before the 
onset of the collision.
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Chapter 2:  The Zagros-Oman deformation front in the 
eastern Persian Gulf: role of structural inheritance

This chapter is part of a manuscript that will be submitted to the  Journal of Structural 
Geology

Snidero, M., Tavani, S., Muñoz, J.A., Mencos, J.

2.1  Abstract

The eastern limit of the Fars structural salient is formed by the Bandar Abbas 
structural embayment, converging into the Hormuz strait. This tight re-entrant 
underlined by the arched shape of the Oman peninsula represents the transition 
between the Zagros collisional belt and the Makran subduction-related prism. 
Within the foreland part of the Zagros fold thrust belt and the Oman Ranges, the 
transition is marked by a sudden change in structural trends and style and a rapid 
decrease in salt diapirism from west to east. Based on 2D seismic data, we present 
a NW-SE structural cross-section along this transect, intersecting the frontal 
structures of the Oman Ranges, here formed by the off-shore continuation of the 
Musandam peninsula. A sequence of structural highs are interpreted as rooted into 
normal faults that produced the compartmentalization of the Hormuz Salt basin 
and subsequently inverted during the Upper-Cretaceous to Miocene contraction. 
Specifically, we suggest that the Hormuz Dastan and Farshid (HD) structure would 
be located close to the Hormuz salt basin margin whereas the Hormuz Barez and 
Sepid (HBS) structure would be located outside the salt basin boundary. We finally 
propose a series of evolutive steps that include: i) Triggering of the Hormuz salt 
diapirism to be Paleozoic in age, ii) thickness variations show thickening toward the 
HD structure where normal fault act as roll-over for the rejuvenation of asymmetric 
reactive diapirs ii) Evidences of the Permo-Jurassic Neo-Tethyan rifting related to 
the Triassic unit thickening toward the HD salt structure, iii) onset of the Oman 
Mesozoic nappes emplacement, development of the Upper Cretaceous foredeep 
and consequent Paleogene depocenters migration toward the external part of the 
orogenic belt, iv) Continental collision and progressive increase of the flexural 
loading of the margin producing the northward lithospheric flexure.
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2.2  Introduction

The Bandar Abbas syntaxis is located in the eastern sector of the Fars salient 
and constitutes a major structural feature within the Zagros orogen, marking the 
transition between the Zagros collision belt to the west and the Makran accretionary 
prism and Oman Mountains to the east (Fig. 20). It is marked by a sharp change 
in trend and style of the tectonic structures. The structures in this region describe 
a tight re-entrant underlined by the arched shape of the Oman peninsula jutting 
out into the Strait of Hormuz from the Arabian Peninsula (Molinaro et al. 2004; 
Piryaei et al. 2011). The onshore structures are characterized by a change in the 
structural trend of Zagros Thrust and Fold Belt front, from NW-SE to E-W (Fig. 
20). Offshore, the frontal structures of the Zagros Fold and Thrust Belt deform the 
Arabian foreland and meet the NE-SW trending frontal structures of the Oman 
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Range (Fig. 21).
The front of the Oman Ranges is characterized by a number of structural highs, 
which are often pierced by Hormuz Salt diapirs (Fig. 21). The most prominent of 
these structures are: (1) The Hormuz-Barez and Sepid high (HBS), (2) the Hormuz-
Dastan and Farshid high (HD), (3) the Hormuz-Aras high (HA) and (4), the Zirang-
Hulur anticline. The HBS high constitutes the most internal structure of the Oman 
front in the area and is interpreted as the northern prolongation of the Musandam 
high, exposed at the northern Oman mountains (Searle et al., 1983; Michaelis and 
Pauken, 1990). The HBS high is devoid of any Hormuz Salt structure. Conversely, 
the rest of the highs are pierced by salt diapirs, with the most important ones being 
the Larak and Hormuz diapirs in the HD highs and the Hengam diapir along the 
Zirang-Hulur/Taftan anticline (Fig. 22).
The timing of deformation of the Oman structures is marked by a southeasterly-
directed thickening of the Campanian-Maastrichtian Gurpi and the Paleogene 
Pabdeh Formation, toward the Oman thrust fault system. The thicker intervals are 
located right above and in front of the HD and HA highs, respectively (Fig. 22). 
These structural and stratigraphic relationships record the shifting of the Campanian 
to Oligocene depocenters south-eastward, revealing the migration of the Oman 
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foredeep toward the north-west (Fig. 22). At the eastern part of the Persian Gulf, the 
equivalent Upper Cretaceous, Paleogene, and Miocene successions are truncated 
by the Tortonian intra-Guri Member angular unconformity, and covered by a wedge 
of Neogene sediments (GU in Fig. 22). The overlying Neogene basin rapidly 
deepens from north-east to east directions (Ravaut et al., 1998) in response to the 
flexural loading related to the Zagros collision and the Makran prism (Molinaro et 
al., 2004). Using a regional 2D reflection seismic and well dataset, we depict the 
main structures along a NW-SE section, crossing the offshore Bandar Abbas and 
Hormuz strait re-entrant. This regional cross-section depict the structural style of 
the Hormuz salt basin margin on the structural style off the Zagros-Oman Fold and 
Thrust belt. A sequential restoration of the main structures is presented in order 
to unravel the evolution of the area and the deformation history of the proximal 
diapirs to the Zagros-Oman mountain front. 
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2.3  Stratigraphic framework

In the study area, deposition of up to 12 km thick Paleozoic to Cenozoic sedimentary 
succession is deposited above a Neoproterozoic to Cambrian salt layer, referred 
to as the Hormuz Salt (Fig. 23). The Hormuz Salt consists of halite, anhydrite, 
limestones, dark dolostones, red sandstones, and shales (Ghavidel-Syooki et al., 
2011 and 2014). During most of the Palaeozoic, a uniform clastic continental and 
shallow-marine sedimentation took place (e.g. Sharland et al., 2013; Ghavidel-
Syooki et al., 2014). These deposits were overlain by distal siliciclastic deposits and 
dolostones of a Permian clastic system (Konert et al., 2001). Above, the Permian to 
Turonian succession consists of carbonates, evaporites, and marly units, deposited 
in a shallow to deep marine environment (James and Wynd, 1965; Alavi 2004; 
Kavoosi, 2013; Lasemi and Jalilian, 2010); these units are pre-orogenic deposits, 
and predate both the Oman and Zagros orogenies. The initial development of the 
Oman-Zagros foreland basins is recorded by a thick succession of Campanian to 
Oligocene marls, referred to as the Gurpi and Pabdeh formations (Piryaei et al., 
2011). Above, the Oligocene-Miocene sequence is made up of the marine carbonate 
Asmari Formation. In the Qeshm Island (Fig. 21), the Asmari Formation is Chattian 
to early Aquitanian in age (Sajadi and Rashidi, 2019) and laterally equivalent to 
the upper part of the marly Pabdeh Formation basinward. The Pabdeh and Asmari 
formations are overlain by the Oligocene-Miocene Gachsaran Formation. The 
overlying middle Miocene succession is characterized by a fast transition into the 
limestones of the Guri Member, at the base of the Miocene to Pliocene Mishan 
Formation. These are characterized by shallow-water marine marls interbedded 
with bioclastic limestones (Pirouz et al., 2015).

2.4  Dataset

This study is based on a 2D seismic reflection survey covering ca. 34000 km2 
along the Hormuzgan coast, together with 16 exploration wells (Figs. 20 and 
21). The spacing of the seismic lines in the offshore surveys is of 2 km. Onshore 
surveys have irregular distribution, spacing, and orientation, following the main 
structural trends. The maximum recorded depth is 7 seconds (twt). Some of the 
wells have relevant downhole logs for synthetic seismogram generation, whereas 
others include sonic logs and/or formation tops only. Depositional sequence 
boundaries were defined based on well intersections and the interpretation of 
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regional unconformities, seismic package internal architecture, seismic reflector 
geometries and facies, and their relationships with the structures studied (Figs. 23). 
Additionally, timelines have been tracked within selected depositional sequences 
to constrain the migration of the depocenters through time.

2.5  Seismic interpretation

2.5.1  Hormuz-Barez and Sepid high (HBS)

This structure has been interpreted as the northern prolongation of the Musendam 
High, cropping out at Oman mountains. The seismic coverage of this structure in 
the study area is poor and partial, as it is located at its far eastern end. Nevertheless, 
it is clearly depicted by the carbonates of the Bangestan Group, which are cut by a 

top Gurpi

Figure 24: Seismic line 3112A along the eastern edge of the study area. HBS structure is shown 
(known as Hormuz-Barez high in this sector), well depicted by the Bangestan carbonates. Struc-
tural hight and displacement along the thrust is less in this area than further south (Fig. 22). See 
location in Fig. 21.
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steep thrust visible along the eastern section of the seismic line in Fig. 22. Further 
northeast, the top of the Bangestan Group is folded above the thrust suggesting the 
thrust is dying in that direction (Fig. 24). In front of this structure, the Gurpi 
succession shows the maximum thickness, and the internal reflections within this 
sequence are moderately inclined towards the NW and show clear downlap 
geometries on top of the Bangestan carbonates (Fig. 25). Despite the poor seismic 
coverage, no Hormuz salt inflation is recognizable at depth below the Hormuz 
Barez and Sepid highs. In addition, no Hormuz salt diapirs are present at surface 
along this structural trend (Fig. 20).

a

b

c

Figure 25: Seismic section across the HBS and HD structures. a) The HD structural high is very well im-
aged in this transect whereas the HBS structure has very low relief. Note that this seismic line is highly 
oblique with respect the trend of these structures. The by-passed extensional fault stands out. b) Detail of 
the folded geometry of the Gurpi reflectors (K ) and their onlap over the top of the Bangestan Group (K ). 
c) Detail of the HD high.

2.5.2  Hormuz-Dastan and Farshid (HD)

Northwestwards of the HBS structure there is an elongated NE-SW trending 
structural high drilled by the well HD-1 where two large Hormuz salt diapirs are 
located. These diapirs crop out at surface, at the Larak Island to the south and the 
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Figure 7: Approximately N-S seismic line across HD high and Larak island. Note the structure above the unconformity at the base of Guri
carbonates and the structural position of the diapir. See location in Fig. 2.Figure 26: Approximately N-S seismic line across HD high and Larak island. Note the structure above the 

unconformity at the base of Guri carbonates and the structural position of the diapir. See location in Fig. 21.

Hormuz Island to the north (Figs. 20 and 25). Despite the necessary salt availability 
in this area to create such huge diapirs, the presence of salt coring this structure 
along strike the diapirs is not evident (Figs. 22 and 25). In fact, the structural high 
that is very well defined by the Bangestan carbonates, shows a quite consistent 
4-way planar geometry close the the HD-1 well (Fig. 20). The HD high is bounded 
to the southeast by a SE-dipping normal fault, and to the northwest by a NW-

directed 

Figure 8: Approximately E-W seismic line across HD high close to the Hormuz island. This line reflexes the
lateral influence of the Hormuz island diapir. See location in Fig. 2.

Figure 27: Approximately E-W seismic line across HD high close to the Hormuz island. This line reflexes 
the lateral influence of the Hormuz island diapir. See location in Fig. 21.

high-angle thrust (Figs. 26 and 27). Locally, the extensional fault is by-
passed by a second-order NW-directed thrust, that forms a small-wavelength 
anticline depicted by the Gurpi and Pabdeh shales (Fig. 25b). The hangingwall of 
the NW-directed high-angle thrust, is characterized by a wide flat-lying panel as 
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very well depicted 

a

b

c

Figure 28: Seismic lines across the Zirang-Hulur anticline. This anticline is cored by Hormuz salt and 
bounded by a NW-directed thrust and a SE-directed second-order backthrust. The main thrust dies out 
within Pabdeh succession. Evidences of syntectonic deposition from Gurpi to Gachsaran deposits. See Fig. 
21 for location. 

by Bangestan reflections and the internal reflections of the 
Gurpi and Pabdeh sequences (Fig. 27), especially along the 8013L seismic profile 
(Fig. 22). A thick Gurpi sequence is present above this high and drilled also by the 
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HD-1 well, so it may be 

Figure 29: a)  Seismic line along the Gavarzin anticline and across the Zirang -Hulur anticline. This line 
crosses the Zirang-Hulur anticline close to its southwestern end (see Fig. 21). Any thrust is interpreted 
along this line, at leats affecting deposits younger than Middle to Upper Cretaceous Bangestan carbonates. 
See location in Fig. 21. b) Seismic line across the Sarkhun anticline. Note the extensional fault affecting 
Pabdeh and Gurpi sequences. This line also suggests the presence of a detachment level at the base of Guri 
Mb., similar to what is interpreted further east at Jallabi and Minab folds (Molinaro et al., 2004).

assumed that the thrust was developed at least during the 
sedimentation of the Pabdeh Fm., presumably at late Pabdeh times, as suggested 
by well data. This structure is eroded and unconformably oeverlied by the Guri 
carbonates, although in their turn are slightly folded above the structural high 
(Figs. 22  and 25). The relationships between the HD-Farshid high and the Larak 
and Hormuz Islands diapirs are not straightforward, providing that these diapirs 
pierce up to the surface and clearly deform the whole post-Guri package, while the 
HD structure mainly developed before the sedimentation of the Guri Mb. (Figs. 25 
to 27). The diapirs have developed in the footwall of the extensional faults that 
formed in the hangingwall of the thrust (Figs. 25 and 26). They have been 
subsequently squeezed after the unconformity at the bottom of the Guri Mb. This, 
together with the planar geometry of the HD-Farshid high and the very open fold 
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of the Guri Limestones and the succession above, synchronously with diapir 
squeezing, suggest the presence of the existence of two isolated preexinsting 
Hormuz salt diapirs that have been squeezed during the contractional deformation 
associated with the development of the Zagros fold and thrust belt (Figs. 21, 22, 
25, 27).

2.5.3  Zirang-Hulur anticline

The Zirang-Hulur and Sarkhun anticlines are interpreted to be cored by Hormuz 
salt, as suggested by typical semi- transparent seismic facies at their core, 
consistent with their rounded hinge and limbs, and supported by the presence 
of Hormuz salt diapirs nearby (Figs. 21 and 28). The Zirang-Hulur anticline is 
bounded by a northwestward- directed thrust cutting up to Pabdeh, and a smaller-
order backthrust that affects the base of the Gurpi sequence (Fig. 27). The Pabdeh 
Formation shows thickness changes across the main thrust. Asmari up to at least 
Gachsaran sediments show growth and pinch out geometries against the fold 
limbs. Less evident is the thickness change of the Gurpi Formation, although it 
is suggested to thin against the anticlinal crest. For this reason, this anticline is 
interpreted to start growing perhaps during Gurpi deposition but mainly during the 
deposition of Pabdeh, with thrust development and fold growth continuing during 
Asmari and Gachsaran deposition. Although the seismic quality is not optimal, 
Guri carbonates show no evidences of thickness changes across the structure, thus 
indicating that fold growth may have stopped at this time. Nevertheless, the folded 
geometry of the Guri Fm. up to recent deposits indicates recent reactivation. The 
faults bounding the Zirang-Hulur anticline die out westwards, where the periclinal 
closure of the NW-SE- trending Gavarzin anticline comes upon (Figs. 20 and 29a). 
The westward continuation of the Zirang-Hulur anticline links with the Hengam 
diapir and the Taftan anticline, that are extensively discussed in the Chapter 4.

2.5.4  Sarkhun anticline

The Sarkhun-1 well located at the anticline crest drilled a very thin succession 
of Pabdeh, and also a thin Gurpi compared to wells located southwards. On the 
contrary, the thickness of the Gurpi-Pabdeh succession is remarkably larger 
immediately south of this structure, with good seismic control. This, together 
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with the geometry of the reflectors above the unconformity at the base of Guri 
Mb., suggest the presence of a blind extensional fault dipping southeastwards that 
controls the thickness of the Gurpi- Pabdeh sequences (Fig. 29b). This configuration 
is similar to what is observed further north, for example at Kush-e- Kuh structure, 
and southwards at HD high (Figs. 27 and 25).

2.5.5  Eastern Offshore Cross-Section

This cross-section, located offshore, runs SE-NW from the eastern end of the 
described area to the Hormuzgan coast (Fig. 30). It shows the Oman- related 
structures in the study area, that from SE to NW correspond to the Hormuz Barez 
High (HBS), the Hormuz Dastan high (HD) and ends at the Suru Anticline. In 
this cross-section, the eastern margin of the Precambrian to Cambrian Hormuz 
salt basin is illustrated. Deep-seated basement faults are interpreted to produce 
the compartmentalization of the Hormuz Salt basin and the control of the Hormuz 
salt sedimentary thickness. The HBS structure is located outside the basin and the 
relate thrust developed during the deposition of the Gurpi Fm. as evidenced by the 
thickening of this unit against the HBS structure and its onlap onto the Bangestan 
Group. 
The HD structure, located at the Hormuz Salt basin margin is interpreted to be 
related to basement faults, despite the possibility of minor decoupling above a 
reduced sequence of the Hormuz salt. The existence or not of an efficient detachment 
at the Hormuz Fm. results in different detachment levels. The HD structure is 
developed at the hangingwall of an NW-directed thrust developed during the 
deposition of the Pabdeh Formation. This thrust is in its turn inverting a previous 
Triassic extensional fault. North of this structure an extensional fault has been 
interpreted cutting down the whole stratigraphic package. This normal fault has 
been developed during Upper Cretaceous, related with the forebulge of the Oman 
Orogen. This extensional fault is by-passed by a secondary thrust rooted at the 
Kazhdumi marls. Thinning of the Triassic sequence is related with the extension 
occurred during the opening of the Neo-Tethys ocean that could have rejuvenated 
the Hormuz salt diapirism in the area.
To the NW, the Suru anticline is developed above a Hormuz salt wall from Paleozoic 
until recent, when it has been squeezed. Close to the location of this cross-section 
the Hormuz salt pierce the surface and forms the Gachin diapir.
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Figure 31: Schematic restoration of the eastern Persian gulf structures, rapresenting the transition above the Hormuz salt margin. The 
strata geometries are inspired in the seismic line in Fig. 25. The distances between the structures are not in scale. 
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2.6  Evolution of the Zagros-Oman related structures

We propose an evolution for the Hormuz Barez and Sepid (HBS), Hormuz Dastan 
and Farshid (HD), Hormuz Aras (HA) and Hulur structures that are consistent 
with the available data and fits within the regional tectonic framework. The W-E 
schematic sequential restoration presented in Fig. 31 shows the main evolutive 
steps and structural relationships between the pre-existing structures and their 
control during the Zagros-Oman Front:

a) We consider the triggering of the Hormuz salt diapirism to be Paleozoic in age. 
Despite there is no direct information on the Paleozoic sequence in this area, the 
onset of Hormuz salt movement could have started as early as the late stages of 
Hormuz salt deposition during the Precambrian extensional stages of the Najad 
Rift System, or during the Cambrian extension related with the Paleotethyan 
rifting. In such context, different authors highlight the influence of pre-existing 
base-salt discontinuities on the triggering and location of salt structures in the 
Fars region, (e.g. Jahani et al., 2017). Evidence for the continuous Hormuz salt 
evacuation during the entire Paleozoic in the SE sector of the Persian Gulf have 
been recently described by Perotti et al. (2016), Snidero et al. (2020), see Chapter 
4; these authors indicate that salt tectonics in the region probably started soon 
after the deposition of the Hormuz Fm., as suggested by seismic reflections with 
continuous and progressively downward increasing dips in the Permian and pre-
Permian successions. Analogously, Stewart (2018) ascertain early salt evacuation 
in the western margin of the Hormuz salt basin as recorded by changes in the 
Cambrian strata thickness. Salt structures positioned close to the salt basin margin 
(e.g. HD high) are characterized by a minor salt availability and, on the other 
side an increased sedimentation rate with respect to the salt structures located 
basinward, forward to the west.

b) The Permo-Jurassic Neo-Tethyan rifting is recorded in the studied structures by 
the Triassic sequence. Minor thickness variations show thickening toward the HD 
structure where normal fault act as roll-over for the rejuvenation of asymmetric 
reactive diapirs. Laterally to this fault the Hormuz and Larak salt diapirs crop out 
at surface, where the HD structure is buried by the Jurassic isopach unit.

c) The Upper Cretaceous obduction of Tethys on the Arabian margin produces the
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 onset of the Oman Mesozoic nappes emplacement and consequent lithospheric 
flexure. The most internal structures of the Oman Ranges, (e.g. HBS and HB) 
propagate in a thick-skin fashion resulting in the development of the Gurpi foredeep. 
Extensional structures forms in the more external portion of the mountain range 
westward. The transition to the Hormuz salt basin is characterized by a certain 
degree of decoupling with the sedimentary cover, where normal fault Upper 
Cretaceous in age are observed (e.g. HD structure).
 
d) The Oman structures propagate northwestward, with the further uplift of the HD 
and Hulur thrusts. The foredeep migrated progressively toward the external part 
of the orogenic belt and consequent deposition of the Pabdeh Fm. The shortening 
resulted in the inversion of the previous upper Cretaceous extensional faults and 
squeezing of the developed salt structures.

f) The climax of the NE-SW Oman related thrust system is reached during the lower 
Miocene, where the Zagros orogeny continued developing toward the North. The 
Oligocene-Miocene continental collision and progressive increase of the flexural 
loading of the margin produced the northward lithospheric flexure associated with 
the Middle Miocene Guri unconformity. This Neogene basin, represents the actual 
foreland of the Zagros Fold and Thrust Belt and produced the burial of the Oman 
related structures in this area.

2.7  Conclusions

a) Constraints on the Hormuz salt basin margin:
The geometry of the HBS and HD structures and the distribution of Hormuz diapirs 
at surface suggest that the HD structure would be located close to the Hormuz 
salt basin margin whereas the HBS structure would be located outside the basin 
boundary (Figs. 22, 25, and 27). From NW to SE, the HD structure is the last 
involving Hormuz salt in its core. Consequently, we do not expect salt available 
southeastwards (e.g. Fig. 31). 

b) Diapir initiation and decoupling with the basement structures:
Different evidences for the diapirism initiation in the eastern Persian Gulf are 
presented in Chapter 3. We consider the triggering of the Hormuz salt diapirism 
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to be Paleozoic in age. The onset of Hormuz salt movement could have started 
as early as the late stages of Hormuz salt deposition during the Precambrian 
extensional stages of the Najad Rift System. A consequence of synrift salt 
deposition is that the overburden immediately above synrift salt is not prekinematic 
but is synkinematic, unless rifting ends with salt deposition. Thus, reactive diapirs 
start growing immediately after salt deposition ends as the overburden stretches 
by thick-skinned extension. Finally, the base of synrift salt is offset by basement 
faults. An uneven base of salt is less effective as a décollement and, this limitation 
intensifies as basement offset increases. Unless synrift salt is especially thick, it 
provides a stepped, discontinuous detachment. Most of the Hormuz salt basin was 
characterized by a minimum stratigraphic thickness of two kilometers, probably 
associated to a certain degree of decoupling during the initial extension. Indeed, 
the relationship between the basement fault throw versus salt thickness is especially 
important along the margin of the salt basin, where thinning and pinch-out of the Hormuz 
salt is expected. This relationship is especially evident during the Permian to Triassic time 
where thickness variations suggests that the extension was partially accommodated along 
the margin of the Hormuz salt basin, subsequently inverted during the Oman-Zagros related 
shortening.

c) Effects of the onset of the Zagros-Oman Orogeny:
Southeastward thickening of the Gurpi Formation, together with onlap of the 
Gurpi reflectors on top of the Bangestan carbonates suggest the development of a 
foredeep in this sector (Figs. 22, 24 and 25). Age and orientation of this foredeep 
is related with the onset of the Oman-Zagros orogeny southeastwards. Extensional 
faults interpreted in this area, together with thickness variations within Gurpi Fm. 
are interpreted as to be related with a forebulge related with the Oman orogen (Fig. 
31c). As suggested by the distribution of the Pabdeh Formation, Oman structures 
propagated forward into the basin causing inversion of extensional features during 
Eocene (Pabdeh Fm.). This can be observed also in other locations (i.e. in the 
Sarkhun and Kush-e-Kuh anticlines). As evidenced by the geometries observed 
along the HD structure, compression against pre-existent Hormuz salt wall and 
diapir would have caused diapir reactivation and secondary welding.

d) Late reactivation:
The whole system was covered during the deposition of Guri carbonates, but these 
materials are locally folded, suggesting the late reactivation of this system (Fig. 22 
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and 24). Diapirs would have continued growing at certain locations (Hormuz and 
Larak islands, Figs. 26 and 27).
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Chapter 3: Diapir kinematics in a multi-layer salt 
system from the eastern Persian Gulf

This chapter is presented in the form of a manuscript, published in Marine and Pertoleum 
Geology  (2020).

Snidero M., Carrera N., Mencos J., Butillé M., Granado P.,
Tavani S., Sàbat F., Muñoz J.A.

3.1  Abstract

The eastern Persian Gulf hosts several salt structures sourced from two different 
evaporite layers, the Neoproterozoic-Cambrian Hormuz Salt and the Oligocene-
Miocene Fars Salt. Based on seismic interpretation, we discuss the kinematics and 
dynamics of this autochthonous multi-layer salt system for three case studies: the 
Tunb and Hengam diapirs, and the Taftan salt anticline. Halokinetic sequences 
related to Hormuz salt evacuation suggest three main stages of evolution: i) onset 
of Hormuz Salt diapirism (Paleozoic), ii) diapir squeezing, and emplacement of 
allochthonous Hormuz Salt (Late Cretaceous to Oligocene-Miocene), and iii) 
development of secondary and tertiary salt welds (Upper Miocene). Since Fars Salt 
structures are absent in areas devoid of allochthonous Hormuz Salt, our structural 
model interprets that the driving mechanism for Fars Salt diapirism is directly 
related to the emplacement of allochthonous Hormuz Salt during the Zagros-
Oman contractional event. The related halokinetic sequences suggest that the Fars 
Salt diapir kinematic style depends on to the timing of Hormuz Salt extrusion with 
regards to Fars Salt deposition. Our results provide new insight into the interaction 
between salt structures sourced from two distinct autochthonous salt layers.
 
Keywords: Hormuz Salt; Fars Salt; Zagros-Oman Orogeny; Allochthonous salt; 
Diapir mechanics.

3.2  Introduction

Salt sheets are allochthonous salt bodies developed by salt extrusion from a source 
layer to a new stratigraphic position, resulting on complex salt-sediment systems. 
During salt sheet evolution, relocation of salt into new stratigraphic levels can 
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modify intermediate deformational stages, obscuring the original salt tectonic 
framework. Thanks to their economic importance to the hydrocarbon industry, 
recent advances on reflection seismic data (e.g. Leville et al., 2011), structural 
restorations (e.g. Rowan, 1993; Hossack, 1995; López-Mir et al., 2014), analogue 
modelling (e.g. Vendeville and Jackson, 1992a, b; Dooley, 2007, 2015), and field 
studies (e.g. Lawton et al., 2001; Giles and Lawton, 2002; Rowan et al., 2003b; 
Lopez-Mir et al. 2018, Callot et al., 2014; Caliteux, et al., 2018) have improved 
our understanding on salt sheet kinematics and dynamics, yet uncertainties remain. 
One of these uncertainties is the deformational mechanisms controlling the 
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emplacement, advance and collision of salt sheets with other salt bodies. To this 
end, investigating the overburden spatial distribution, the nature of the diapir-
strata contacts and the regional stratigraphic framework by means of time-stepped 
structural restorations is fundamental [e.g. the offshore Gulf of Mexico and Santos 
Basin (e.g. Rowan et al., 1999; Rowan, 2014; Garcia et al., 2012; Jackson et al., 
2015a) )]. Moreover, several seismic and experimental examples of overriding salt 
sheets reveal that the differential loading introduced by extruded allochthonous 
salt can trigger subsidence and salt expulsion of underlying salt units (Jackson and 
Talbot, 1991; Dooley et al., 2012). Similar processes are observed in allochthonous 
salt sheets overriding diapirs that did not yet extrude, which deform the overridden 
diapir roof (Jackson and Hudec, 2017). However, research on the interaction 
between diapirs and salt extrusions sourced from two distinct autochthonous salt 
layers is scant.
 In this paper, we present a case study for a multi-layer salt system located at the 
south eastern edge of the Persian Gulf, at the transition zone between the Arabian 
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foreland and the Zagros Fold and Thrust Belt to the north and the Oman Ranges 
to the east (Fig. 32). The salt structures consist of salt pillows and diapirs sourced 
from two autochthonous evaporitic units: the Neoproterozoic-Cambrian Hormuz 
Salt and the Late Oligocene-Early Miocene Fars Salt (Kashfi, 1980; Bahroudi and 
Koyi, 2004; Sajadi et al., 2016). These evaporitic units have very similar seismic 
facies and are difficult to distinguish once salt has been mobilized and is not in its 
original stratigraphic position. In these cases, the detailed interpretation of growth 
structures and salt migration pathways has been key for understanding the salt 
system evolution.
There is general agreement that diapirs sourced from the Hormuz Salt experienced 
a long-lasting phase of passive diapirism throughout Paleozoic and Mesozoic 
times (e.g. Perotti et al, 2016; Stewart, 2018; Snidero et al 2019). Hormuz Salt 
diapirs were squeezed by shortening related to the Late Cretaceous to Cenozoic 
Zagros-Oman contractional deformation, and some of them formed allochthonous 
salt bodies (Wenkert 1979; Talbot and Jarvis, 1984). The upper evaporite unit 
(Fars Salt) was deposited during Oligocene-Miocene times. Subsequently, in areas 
adjacent to several Hormuz Salt diapirs, it was mobilized during the Cenozoic 
contractional event, synchronously to the extrusion of Hormuz Salt allochthonous. 
However, there are very few detailed studies on the Fars Salt diapirs (Jahani et al., 
2009; Alsouki et al., 2011; Orang et al., 2018; Faghih et al., 2019) and neither the 
timing and nature of Fars Salt diapirism nor their interaction with Hormuz Salt 
structures is well understood.
Using a regional 2D reflection seismic and well dataset, this paper investigates 
three salt structures where both the Hormuz and Fars salt units are present: Tunb, 
Hengam, and Taftan (Fig. 33). The Tunb and Hengam diapirs are characterized 
by diachronous phases of Hormuz Salt extrusion, as recorded by two distinct 
stratigraphic levels, which pre-date and post-date the Fars Salt deposition, 
respectively. In both cases, emplacement of Hormuz allochthonous salt sheets 
led to the development of subsidiary Fars Salt structures. Conversely, the Taftan 
structure is an anticline cored by Hormuz Salt, where neither piercement nor 
significant movement of the overlying Fars Salt occurred. 
Our main objective is to characterize the salt tectonic style of the Hormuz and Fars 

Figure 34: Stratigraphic chart of the eastern Fars region. The main tectonics event and the interpreted seis-
mic horizons are showed. (Modified from James & Wynd, 1965; Ghavidel-syooki et al., 2011; Searle and 
Ali, 2014; Pirouz et al., 2015; Snidero et al., 2019).
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salt levels for the three end-members (Tunb, Hengam, and Taftan). To this end, 
structural restorations were used to constrain the structural evolution of each end-
member to ultimately hypothesize a triggering mechanism for the mobilization of 
the Fars Salt. Our results provide new insight into the interaction of salt structures 
sourced from different autochthonous salt layers. The examples provided provide 
excellent structural analogues for the salt-related hydrocarbon systems in the 
Zagros onshore, where the pre-Zagros salt tectonic framework was more severely 
overprinted by contractional deformation related to the Zagros Orogeny.

3.3  Dataset

This study is based on a 2D seismic reflection survey covering ca. 34000 km2 
along the Hormuzgan coast, together with 16 exploration wells (Figs. 32 and 
33). The spacing of the seismic lines in the offshore surveys is of 2 km. Onshore 
surveys have irregular distribution, spacing, and orientation, following the main 
structural trends. The maximum recorded depth is 7 seconds (twt). Some of the 
wells have relevant downhole logs for synthetic seismogram generation, whereas 
others include sonic logs and/or formation tops only. Depositional sequence 
boundaries were defined based on well intersections and the interpretation of 
regional unconformities, seismic package internal architecture, seismic reflector 
geometries and facies, and their relationships with the structures studied (Figs. 33). 
Additionally, timelines have been tracked within selected depositional sequences 
to constrain the migration of the depocenters through time.

3.4  Geological Setting

3.4.1  Geodynamic setting

The study area is located in the eastern corner of the Persian Gulf, at the Bandar 
Abbas embayment of the Arabian foreland. This major embayment is bounded 
northward by the eastern edge of the Zagros Fold and Thrust belt and eastward by 
the NE-SW striking structures of the Oman Ranges (Fig. 32). In the study area, 
these oblique contractional systems interfere.
The basement consists of a pre-Cambrian Gondwana terrain, which was and 
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dismembered during the break-up of Gondwana at the end of the Proterozoic (c. 
570-530 Ma) (Stoeser and Camp, 1985; Beydoun, 1991; Husseini, 2000). In the 
study area, the Gondwana break-up led to the development of NW-trending left-
lateral strike slip faults and NE-trending breakaway faults, referred to as the Njad 
Rift System (Husseini, 2000), and culminated with the deposition of the Hormuz 
Salt. These Neoproterozoic fault systems form the eastern boundary of the Hormuz 
Salt basin (Fig. 32).
The break-up of Gondwana was followed by a relatively stable passive margin 
during the early Paleozoic (Fig. 34). This was followed by diffuse extensional 
deformation during the Late Devonian, accompanied by an important uplift, related 
either to thermal effects (Tavakoli-Shirazi et al., 2013) or to the far effect of the 
Hercynian Orogeny (Faqira et al 2009), and resulted on erosion, and peneplanation 
(Frizon de Lamotte et al., 2013). By the end of the Devonian, general subsidence 
led to the development of a Carboniferous/Permian sag basin (Frizon de Lamotte 
et al., 2013). During the Late Permian-Early Jurassic, rifting between the newly-
formed Arabian and Cimmerian tectonic blocks led to the opening of the Neo-
Tethys Ocean (Barberian and King, 1981; Koop and Stoneley, 1982; Tavani et 
al., 2018a). Subsequently, during the Upper Jurassic-Lower Cretaceous, the north-
eastern margin of the Arabian plate (including the current Zagros region) was 
tectonically quiescent and located near the equator, at the western passive margin 
of the Neo-Tethys Ocean (Fig. 34 and Fig. 35a). During the Late Cretaceous to 
Cenozoic, convergence between the Arabian and Eurasian plates led to the closure 
of the Neo-Tethys Ocean, and the subsequent continental collision that formed 
the Oman and Zagros belts (e.g. Stöcklin, 1968; Ricou et al., 1977; Berberian and 
King, 1981; Alavi, 2007; Agard et al., 2005, 2011; Vergés et al., 2011; Mouthereau 
et al., 2012). This culminated with the obduction of ophiolite thrust sheets in the 
north-eastern Arabian continental margin (Coleman, 1981; Alavi, 2007; Searle 
2014). The timing of obduction is diachronous, being Coniacian-Santonian (88-
84 Ma) in Oman and Maastrichtian (68 Ma) in the north-western Iranian Zagros 
(Agard et al., 2011). Locally, Campanian-Maastrichtian proto foreland basins 
developed on the Arabian margin (Ziegler, 2001; Alavi, 2004; Saura et al., 2011). 
Subsequently during the Paleocene to the middle Oligocene, the foredeep deposits 
migrated progressively toward the external parts of the northern Oman and Zagros 
ranges (Orang et al., 2018) (Fig. 34 and Fig. 35c). The onset of continental collision 
between the Arabia and Central Iranian plates took place from the late Oligocene 
to the early Miocene (Stoneley, 1981; McQuarrie et al., 2003; Agard et al., 2005; 
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Mouthereau et al., 2012; Khadivi 
et al., 2012; McQuarrie and van 
Hinsbergen, 2013) (Fig. 34 and Fig. 
35d). Such convergence lasted until 
Recent times with the development 
of the Zagros Fold and Thrust 
Belt, and related Arabian foreland 
basin (Mouthereau et al., 2007). 
Deformation in the northern Oman 
belt finished by the middle Miocene 
with the development of the out of 
sequence NE-SW trending Hagab 
thrust (Fig. 32) (Searle et al., 2014).

3.4.2  Tectono-
stratigraphic framework

In the study area, the above-
described geodynamic evolution 
led to the deposition of up to 14 
km thick Paleozoic to Cenozoic 
sedimentary succession above a 
Neoproterozoic to Cambrian salt 
layer, referred to as the Hormuz 
Salt (Fig. 34). The Hormuz Salt 
consists of halite, anhydrite, 

limestones, dark dolostones, red sandstones, and shales (Ghavidel-Syooki et al., 
2011 and 2014). During most of the Palaeozoic, a uniform clastic continental and 
shallow-marine sedimentation took place (e.g. Sharland et al., 2013; Ghavidel-
Syooki et al., 2014). These deposits were overlain by distal siliciclastic deposits and 
dolostones of a Permian clastic system (Konert et al., 2001). Above, the Permian to 
Turonian succession consists of carbonates, evaporites, and marly units, deposited 
in a shallow to deep marine environment (James and Wynd, 1965; Alavi 2004; 
Kavoosi, 2013; Lasemi and Jalilian, 2010); these units are pre-orogenic deposits, 
and predate both the Oman and Zagros orogenies.
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The initial development of the Oman-Zagros foreland basins is recorded by a thick 
succession of Campanian to Oligocene marls, referred to as the Gurpi and Pabdeh 
formations (Piryaei et al., 2011). Above, the Oligocene-Miocene sequence is made 
up of the marine carbonate Asmari Formation. In the Qeshm Island (Fig. 33), the 
Asmari Formation is Chattian to early Aquitanian in age (Sajadi and Rashidi, 
2019) and laterally equivalent to the upper part of the marly Pabdeh Formation 
basinward. The Pabdeh and Asmari formations are overlain by the Oligocene-
Miocene Gachsaran Formation, which in turn in sub-divided into three distinct 
members (Kashfi, 1980): a basal member made up of gypsum and anhydrite (i.e. 
Chehel Member), a middle member made up of marly limestone and dolostone 
succession interbedded with thin evaporite layers (i.e. Champeh Member) and an 
upper member made up of red shales alternated with thin limestones (i.e. Mol 
Member). These three members are only present in the south-eastern Fars region. 
The thickness of the Chehel Member decreases southward, toward the study area, 
due to a lateral transition into the Champeh Member and the evaporitic facies of 
the Fars Salt. In the literature, the Fars Salt is described as an Oligocene-Miocene 
evaporitic unit, made up of halite, sand, and subordinate anhydrite with thin 
interbedded marl layers (Kashfi, 1980). It has also been referred to as the Qeshm 
Formation (Kashfi, 1980; Bahroudi and Koyi, 2004) from the lower Fars Group 
(Harrison, 1924; Lees, 1950). Based on well data, we sub-divide the Fars Salt 
unit into two sub-units with characteristic GR and Dt signals. The upper sub-unit, 
referred here as Saliferous Beds is present throughout the entire Fars Salt basin and 
consists of an interlayered succession of evaporites and carbonates. These exhibits 
a characteristic jagged pattern for the GR and Dt logs (Fig. 36). The lower sub-unit, 
referred here simply referred as the Fars Salt, is only present in the Ashkan-1, Siri 
F-1, Taftan-1, and Tusan-2 wells, located in the central parts of the basin, where it 
shows a maximum stratigraphic thickness of 500 m (Fig. 37a). This is recognized 
by a drop on the Dt log and a distinctive straighter pattern , thus indicating a more 
homogeneous evaporitic composition. Toward the north and the east (proximal 
parts of the Fars Salt basin), the Fars Salt pinches out and the Saliferous Beds 
directly overlay the Pabdeh Formation or their lateral equivalent; the Oligocene-
Miocene Asmari Formation (Fig. 37b). The overlying middle Miocene succession 
is characterized by a fast transition into the limestones of the Guri Member, at the 
base of the Miocene to Pliocene Mishan Formation. These are characterized by 
shallow-water marine marls interbedded with bioclastic limestones (Pirouz et al., 
2015).
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3.5  Salt structures

The salt structures studied are located offshore, along the front of the Oman Ranges 
(Figs. 33 and 37). Here, the Hengam diapir pierces the Zirang-Hulur/Taftan anticline 
and constitutes the western end of the Zirang-Hulur anticline (Chapter 3), along 
the Fars Salt basin margin. To the west, the Hengam and the Taftan salt structures 
meet, so that they will be described together. To the south-west of Taftan, the Tunb 
salt structure constitutes an isolated salt diapir exposed in the homonymous Tunb 
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island, which is unrelated to the Oman structural highs (Fig. 33). Immediately to 
the north-west, another isolated but smaller salt diapir pierces the surface at the 
Lesser Tunb island. Several km south-west, the Abu Musa salt structure crops-out 
in an island (Fig. 33 and 37). However, the available seismic data do not cover 
the Abu Musa structure fully and, consequently, it is not describe throughout this 
work. Nevertheless, the few seismic geometries observed in Abu Musa diapir 
are comparable to those described for the Tunb salt structure, suggesting that the 
deformation history was similar. 

3.5.1  Tunb salt structure

The Tunb salt structure consists of a central diapir made up of Hormuz Salt (i.e. 
the Central Tunb diapir, Tcd), which is surrounded by a ring of shallow Fars 
Salt structures referred here to as the Circular Belt (cb) (Figs. 38 and 39). The 
neighboring Lesser Tunb diapir is a minor Hormuz Salt diapir. It does not form 
any allochthonous salt sheet, and is not surrounded by Fars Salt structures (Figs. 
33 and 39).
The Central Tunb diapir forms a relatively shallow salt sheet emplaced within 
the Oligocene-Miocene succession (referred hereafter as Tunb Salt sheet or Tss), 
which is recognizable by the seismic profiles 32, 33, and 35 as a 1250 ms to 500 
ms nearly reflection-less zone (Figs. 38a,38b,38d, and 39). The top of the salt sheet 
is defined by strong reflectors that, based on well data and seismic interpretation, 
are considered Miocene. The base of the salt sheet is defined by weaker reflectors 
that cut through different levels of the Miocene sequence. These weaker reflectors 
define lateral salt ramps above several Miocene stratigraphic units, indicative of 
different periods of salt extrusion (Fig. 38b). For instance, in the eastern side, the 
Tunb Salt sheet overlies the Fars Salt unit to the south but the Champeh Member 
to the north, younging in a southerly direction (Fig. 38b).
Underneath the Tunb Salt sheet, the Central Tunb diapir feeder delineates a N-S 
trending elliptical map-view pattern, defined by the lowest points of the Tunb Salt 
sheet (Fig. 39). However, the geometry of the feeder at depth is uncertain due to the 
seismic wipeout zone so that the interpretation is largely based on the overburden 
geometries. The Tunb Salt Sheet around the Central Tunb diapir is interpreted to be 
fed from the emergent central dome, as observed in other diapirs onshore (Jahani 
et al., 2009). To the south, the diapir feeder is overlain by a secondary minibasin, 
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imaged in the seismic profile 4 
(Tsm in Fig. 38c). The minibasin is 
sub-divided into a lower symmetric 
sedimentary package made up 
of approximately isopach strata, 
and an upper asymmetric package 
made up of sediment wedges that 
thicken toward the north-east. This 
change on the thickening trend is 
marked by a prominent Hormuz 
Salt wing, imaged at the south-west 
flank of the minibasin (Fig. 38c). 
Such geometry resembles those 
described for box type minibasins 
(sensu Pratson and Ryan, 1994)
The flanks of the Central Tunb diapir 
provide a good quality image until 
6s (twt) (Fig. 38). The lowermost 
reflectors exhibit lenticular 
geometries, characterized by a 
flat-lying base and convex-upward 
tops (depocenters PrD 1 and PrD 
2 in Fig. 38c). These are overlain 

by strata that thicken toward the Hormuz Tunb diapir (depocenter PrD 3 in Fig. 
38c). Such features are indicative of the migration of the depocenter toward the 
diapir, and their geometry resembles that of a turtle structure (Trusheim, 1960). 
The specific age of the deep-seated Paleozoic overburden is unknown and their age 
is inferred based on their stratigraphic position. 
Based on the correlated tops from the onshore Namak-1 and Finu-1 wells, the 
overlying reflectors are interpreted as the Lower Triassic Kangan Formation 
(reflector Tr in Fig. 38). However, the base of this unit cannot be clearly identified. 
This Lower Triassic unit forms a relatively thin isopach succession. Above, the 
Middle Triassic to Lower Cretaceous stratigraphic sequence thickens toward the 
diapir sides (e.g. depocenter MrD 1 in Fig. 38a). The overlying Upper Cretaceous 
to Oligocene sequence forms an almost 3 km thick relatively isopach succession, 
which is topped by the Pabdeh Formation, and pierced by the Central Tunb diapir 
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(Fig. 38).
The Circular Belt of Fars Salt structures, is located above this isopachous sequence 
that ends with the top of the Pabdeh Formation. It consists of a connected sequence 

 In terpreted seismic lines across the NW section of the Fars Circular Belt around the 
Central Tunb diapir. Location The location of the seismic lines is indicated in Fig.2 and 9. 
See Fig. 3 for color legendColors of the interpreted formations tops are indicated in Fig.3. 
a) Orthogonal profile of a salt wall. b) Oblique profile to the same salt wall and longitudinal 
to a Fars salt anticline. Hz: Hormuz; Tr: Kangan; Apt: Daryan; Sa: Ilam-Sarvak; Ma: Gurpi; 
Ol: Pabdeh; Mfs: Fars Salt; Msb: Saliferous Beds; Mch: Champeh; Mml: Mol; Mtu: Guri; 
Mmi: Mishan.
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of salt anticlines and salt walls forming an approximately regular ring around the 
Tunb Salt sheet (Fig. 39). The Saliferous Beds and Champeh members overlie the 
Fars Salt and display minor thickness variations. Above, halokinetic sequences 
adjacent to the Fars Salt structure exhibit significant thickness variations on the 
Miocene Mol Member and the lower section of the Guri Member. These record 
the peak of Fars Salt evacuation. They display distinctive growth geometries, such 
as the salt wall in the north-west sector of the Circular Belt (Figs. 38 and 40), that 
resemble those described for expulsion rollovers (Ge et al., 1997) . 
The eastern and western flanks of the Fars Salt diapir constitute the internal and 
external flanks of the Hormuz Salt diapir, respectively (Fig. 40a). Along the internal 
flank, the Fars Salt is completely depleted and an extended weld surface is present 
between both diapir flanks. The Saliferous Beds and Champeh Members rotate 
downward toward the Fars Salt diapir, and exhibit an apparent downlap above 
the Pabdeh Formation (Fig. 40a). This is indicative of salt inflation during the 
deposition of the Saliferous Beds followed by welding. Above, the sequence of the 
Champeh Member is also different between the two diapir flanks. In the external 
flank, the Champeh Member is isopach, concordant with the steep flank of the Fars 
Salt diapir and truncated by younger sediments of the Mol Member. Conversely, 
in the internal flank, the Champeh Member is truncated by the Fars Salt diapir and 
thickens toward the Hormuz Salt diapir (Fig. 41a). These observations suggest that 
the first depocenters associated to the evacuation of Fars Salt generally develop 
next to the Hormuz Salt diapir. Above, the Mol Member and the lower section of 
the Guri Member display of growth sequences characterized by a progressive shift 
of the depocenters toward the Fars Salt diapir.
The upper sequence of the Guri Member marks the burial of the Fars Salt diapir. The 
strata overlying the Guri unconformity onlap and thin toward the diapir, forming 
an arched roof above the diapir crest. The upper part of the sequence exhibits 
minor thickness changes and is affected by extensional faults above the diapir 
crest. Laterally, the Fars Salt does not pierce the overburden and the structure 
consists of salt anticlines on both sides of the diapir (Fig. 39, 40b, and 38c). These 
anticlines are affected by normal faults, which display a circular trend dipping 
toward the Hormuz Salt diapir. These faults accommodate different amounts of 
extension during the Middle to Upper Miocene. The Circular Belt of Fars Salt 
structures is usually located 5 to 10 km away from the Tunb Salt sheet, except 
at the eastern side of the Tunb diapir where the Fars Salt structure trend turns 
N-S, immediately before meeting the Hormuz Salt sheet (Fig. 39). As a result, the 



79

Fars Salt structure and the Tunb Salt sheet in the seismic profile 5 (Fig. 40d) are 
clearly disconnected, whilst in the seismic profile 4 to the south, these structures 
merge. At shallower levels, they are separated by a small minibasin bounded by an 
extensional fault (Fig. 38c).

3.5.2  Taftan and Hengam salt structures

The Taftan and Hengam salt structures are located to the north-east of the Tunb 
structure (Fig. 33). The Taftan structure consists of a curved anticline cored by 
Hormuz Salt, that trends N20º in the south-east and N60º in the north-east (Fig. 
41b and 41c). The western part of the Taftan anticline involves a thick Paleozoic 
to Oligocene isopach succession (Fig. 41b). However, it exhibits minor thickness 
variations at the anticline crest, revealing minor Fars Salt inflation. This Paleozoic 
to Oligocene succession is covered by an isopach succession made up of the 
Saliferous Beds and Champeh Member. The overlying Miocene Mol and Guri 
Members, and the post-Mishan sequence exhibit growth strata geometries, thinning 
toward the anticline crest (Fig. 41b), which care related to syn-sedimentary salt 
inflation. 
To the east, the Taftan anticline links with the Hengam diapir and the Zirang-
Hulur anticline (Fig. 32). At this sector, the Paleozoic to Oligocene sequence from 
the south-eastern limb of the Taftan anticline thickens and deepens toward a NE-
SW trending depocenter, forming a synclinal trough along the anticline flank (Fig. 
41a and 41c). At the junction with the Hengam diapir, the oldest layers identified 
correspond to the Ilam Formation (Fig. 41d and 41e). Toward the stem, they dip 
away from the diapir and reach lower depths in south-eastern flank than the north-
western one (Fig. 41e). This resembles the asymmetric geometry described for the 
Taftan anticline. The Ilam horizons are eventually truncated by the diapir and form 
a salt keel, which is interpreted as a remainder of the upper part of the pinched-
off salt feeder. Above, the diapir body forms a 10 km wide bulb, clearly imaged 
by the seismic lines. The diapir walls exhibit repeated episodes of salt extrusion 
within the Pabdeh and the overlying Miocene succession. In the seismic profile 
10 (Fig. 41d), a larger extrusive salt wing is present above the Guri unconformity, 
indicating that salt extrusion occurred during the Tortonian, previous to the diapir 
burial.
In the seismic profile 10 (Fig. 41d), however, salt expulsion seems to have been 



80

0

2.
5 5

TWT (s)

0

2.
5 5

TWT (s)

H
al

Te
rt

ia
ry

 H
z

w
el

d
Te

rt
ia

ry
 H

z
w

el
d

Pr
im

ar
y

Fa
rs

 s
al

t w
el

d

H
ss

re
m

an
en

t

0
10

km

10
11

N a
9

Fi
gu

re
 4

1:
 a

) T
im

e 
st

ru
ct

ur
al

 m
ap

 o
f t

he
 T

op
 C

ha
m

pe
 M

em
be

r. 
b)

 In
te

rp
re

te
d 

se
is

m
ic

 li
ne

 a
cr

os
s t

he
 w

es
te

rn
 se

ct
or

 o
f t

he
 T

af
ta

n 
sa

lt 
an

tic
lin

e.
 N

ot
ic

e 
th

e 
w

ed
gi

ng
 g

eo
m

et
rie

s o
f t

he
 M

ol
 a

nd
 G

ur
i M

bs
. 

an
d 

th
e 

po
st

-M
is

ha
n 

re
fle

ct
or

s t
ow

ar
d 

th
e 

an
tic

lin
e 

cr
es

t, 
w

he
re

 m
in

or
 in

fla
tio

n 
of

 th
e 

Fa
rs

 S
al

t o
cc

ur
s. 

Lo
ca

tio
n 

is
 in

di
ca

te
d 

in
 F

ig
. 3

3.
 c

) I
nt

er
pr

et
ed

 se
is

m
ic

 li
ne

 a
cr

os
s t

he
 e

as
te

rn
 se

ct
or

 o
f t

he
 T

af
ta

n 
sa

lt 
an

tic
lin

e.
 d

) a
nd

 e
) I

nt
er

pr
et

ed
 se

is
m

ic
 li

ne
s a

cr
os

s t
he

 H
en

ga
m

 d
ia

pi
r. 

Se
e 

Fi
g.

 3
3 

an
d 

43
c 

fo
r l

oc
at

io
n.

 S
ee

 F
ig

. 3
4 

fo
r c

ol
or

 le
ge

nd
. H

al
: H

en
ga

m
 A

llo
ch

th
on

ou
s;

 H
ss

: H
en

ga
m

 S
al

t S
he

et
. D

as
he

d 
bl

ac
k 

lin
es

 a
re

 u
se

d 
to

 h
ig

hl
ig

ht
 th

ic
kn

es
s 

ch
an

ge
s. 

H
z:

 H
or

m
uz

; T
r: 

K
an

ga
n;

 A
pt

: D
ar

ya
n;

 S
a:

 Il
am

-S
ar

va
k;

 M
a:

 G
ur

pi
; O

l: 
Pa

bd
eh

; M
fs

: F
ar

s 
Sa

lt;
 M

sb
: S

al
ife

ro
us

 B
ed

s;
 M

ch
: C

ha
m

pe
h;

 M
m

l: 
M

ol
; 

M
tu

: G
ur

i; 
G

U
:G

ur
i U

nc
on

fo
rm

ity
; M

m
i: 

M
is

ha
n.

Ta
ft

an

H
en

ga
m

Zira
ng-H

ulur

H
or

m
uz

 d
ia

pi
r

H
or

m
uz

 S
al

t s
he

et
Pa

le
og

en
e 

H
or

m
uz

 
Sa

lt 
sh

ee
t f

ro
nt

Sy
nc

lin
e

An
tic

lin
e

N
or

m
al

 fa
ul

t

-4
00

-2
00

0

-1
20

0

-2
50

0

Le
ge

nd
 (m

s)

H
al

PTr

Ap
tSaO

l
M

fs
M

sbM
tu

M
m

i

G
U

M
ch

M
m

l
M

tu

Te
rt

ia
ry

 H
z

w
el

d

0

2.
5 5

TWT (s)

0

2.
5 5

TWT (s)

PTrAp
t

SaO
l

M
fsM
sb

M
tu

M
m

i
G

U
M

ch
M

m
l

Cr
es

ta
l F

ar
s 

sa
lt 

in
�a

tio
n

In
te

rp
re

te
d 

H
z 

in
�a

tio
n 

at
 d

ep
th

M
ol

 +
 G

ur
i

Po
st

 M
is

ha
n

Sa
lt 

w
in

gs

PTrAp
t

SaO
l

M
fsM
sb

M
tu

M
m

i

G
U

M
ch

M
m

l

SaO
l

M
m

i

G
ro

w
th

-s
tra

ta

Gro
wth

 sy
ncli

ne

2.
5

5 
Km

0

2.
5

5 
Km

0

2.
5

5 
Km

02.
5

5 
Km

0
b d

e

c
SW

-N
E 

Se
is

m
ic

 p
ro

�l
e 

 1
0

SW
-N

E 
Se

is
m

ic
 p

ro
�l

e 
 8

N
W

-S
E 

Se
is

m
ic

 p
ro

�l
e 

 9

N
W

-S
E 

Se
is

m
ic

 p
ro

�l
e 

 1
1

11
10



81

more significant. A triangular area with a transparent facies within the Pabdeh 
Formation is interpreted as a remnant salt body, which is laterally equivalent to a 
larger Hormuz Salt sheet that is now welded. The salt weld forms a tertiary weld, 
climbing up-section within the Pabdeh Tertiary Formation toward the south-east, 
away from the diapir (Fig. 41d). The Miocene strata above the toe of this welded 
salt sheet form an anticline, affected by a syn-sedimentary normal fault, across 
which strata thicken (Figs. 41d and 41e). This fault is semi-circular in map-view, 
dips toward the Hengam diapir, and is interpreted to detach on the Fars Salt (Fig. 
40a). Finally, the Mol and Guri Members thicken progressively toward the Hormuz 
diapir, indicating a shift of the depocenters (Fig. 41d and 41e). This coincides with 
the progressive welding of the Fars Salt unit. The overlying Mishan Formation 
thins and onlaps the inflated Hormuz Salt diapir, suggesting residual salt inflation.

3.6  Discussion 

3.6.1  Tunb Deformation history

The geometries discussed throughout this paper indicate that salt flow in the 
Tunb structure started soon after the deposition of the Hormuz Salt. The strata 
architecture described underneath the Permian Dalan Formation indicates that 
shifting of depocenters related to wide salt structures already occurred in the 
Paleozoic. Furthermore, the identification of turtle anticlines in deep-seated 
Paleozoic strata around the Central Tunb diapir indicates that the Hormuz Salt 
approached the touchdown already before the Permian, forming partial welding, 
probably located in patches around the diapir (Fig. 42a). The continuous salt 
rise during the Paleozoic has also been interpreted in other salt structures from 
the Persian Gulf, based on the presence of rim basins and onlap surfaces, which 
progressively rotated and verticalized at depth (Carruba et al., 2007; Chiariotti et 
al., 2011). The growth geometries described for the Aptian Dariyan Formation and 
underlying strata, thickening toward the diapir stem, are indicative of ongoing salt 
expulsion, resulting in the lateral withdrawal of the Hormuz Salt (Fig. 42b). The 
constant thickness of the overlying Cretaceous to Oligocene units suggests that no 
lateral salt movement occurred during this time interval. Additionally, the Hormuz 
Salt overburden does not show any further subsidence in the external flanks of the 
Tunb diapir, supporting the development of primary welds, and the exhaustion of 
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the Hormuz Salt source. 
In spite of the interruption of Hormuz Salt supply, the Cretaceous to Oligocene 
units do not cover the Central Tunb diapir. A likely explanation is that the sink 
of secondary minibasins over the diapir feeder mobilized Hormuz Salt away 
from the Central Tunb diapir, and this evacuated salt formed a circular external 
stem (Fig. 42c). In such scenario, secondary minibasin initiation is interpreted to 
be marked by the basal strata corresponding to the Lower Cretaceous Dariyan 
Formation. Alternatively, the ongoing salt rise may have been enabled by the onset 
of contractional deformation at the Late Cretaceous. Here, salt would be sourced 
from the diapir stem.
This configuration continued during the Oligocene-Miocene, with the sedimentation 
of the Fars Salt unit, the Anhydrite Beds and the Champeh Member. Locally, this 
was coeval to minor Fars Salt inflation during or immediately after the Fars Salt 
deposition, as indicated by the onlapping relationship of the Saliferous Beds above 
the Fars Salt (Fig. 42d). Since the Oligocene, the increase of the salt-supply rate 
with regards to the sediment-accumulation rate led to the gradual flaring of Hormuz 
Salt on the eastern flank of the Tunb diapir, and the formation of a salt wing within 
the secondary minibasin. The estimated sedimentation rate during the Oligocene 

a) Cambrian

b) Aptian

e) Early Miocene II

f) Mid Miocene

Tss
inflationg) Present day

c) Early Oligocene

d) Early Miocene I

Seismic profile 2 Seismic profile 4 NESWSeismic profile 2 Seismic profile 4 NESW

Tr

Ol
Mfs MsbMch Mtu
Mmi

Sa

Mol

Unrestricted salt
supply

Unknown initial 
Hz Thickness

?

Hz

Circular external stem 

Secondary
minibasin

Depocenter
migration

Depocenter
migration

Exp.rollover

Cb Allosuture

Tss Hz flaring up

Minibasin 
rotation

Rim 
syncline Rim syncline

Hz wing

Fars massive salt 
primary weld

Hz salt 
secondary weld

Arching

Figure 42: Schematic restoration of the Tumb salt structures. The strata geometries are inspired in the seis-
mic line 2 and 4. Hz: Hormuz; Tr: Kangan; Sa: Ilam-Sarvak; Ol: Pabdeh; Mfs: Fars Salt; Msb: Saliferous 
Beds;  Mch: Champeh; Mml: Mol; Mtu: Guri; Mmi: Mishan.



83

is approximately three times higher (65 m/Ma) than during the Paleogene (20 m/
Ma), as indicated by Perotti et al., (2016). This suggests a significative increase on 
the Hormuz Salt-supply, which may have led to the development of allochthonous 
salt sheets. In turn, this is interpreted to be triggered by shortening related to the 
onset of the Zagros deformation (Fig. 42d). Such shortening also influenced the 
minibasin-subsidence mechanism, resulting in a differential salt uplift that led to 
the development of an asymmetric syncline (Hudec et al., 2009). The minibasin 
bathymetric low is offset toward the less uplifted side, resulting in the depocenter 
shift toward the south-west (Fig. 42d). Furthermore, salt wing extrusions in the 
western side of the minibasin produced an asymmetric load, enhancing the oblique 
sinking above salt. 
During the deposition of the Miocene Mol and Guri members, the squeezing of 
the Central Tunb diapir and profuse supply of Hormuz Salt was coeval to the 
withdrawal of the younger Fars Salt. Fars Salt evacuation is indicated by growth 
strata geometries and the development of a shallow post-Oligocene rim syncline 
around the central Hormuz Salt diapir (Fig. 42e). The shift of the depocenters 
toward the external Circular Belt suggests that the evacuation of Fars Salt outward 
(away from the Central Tunb diapir) was related to the sedimentary loading 
produced by the extruding Hormuz Salt. The advance of the Hormuz Salt sheet and 
the progressive evacuation of Fars Salt produced the interpreted salt weld between 
the Saliferous Beds and the Pabdeh Formation (Fig. 42f). 
At the middle Miocene, the Tunb diapir was almost totally buried, before the 
development of the Guri unconformity. During this period, the Guri Member was 
regionally deposited with an estimated sedimentation rate of 13 m/Ma (Perotti 
et al., 2016). This is significantly lower compared with the Oligocene to lower 
Miocene sedimentation rate. Consequently, the burial of Hormuz Salt structures 
implied a decrease on the Hormuz Salt supply, endorsing the interpretation of 
the progressive closure of the Central Tunb diapir by secondary welding, and 
the consequent end of the salt extrusion (Fig. 42f). With the drop of Fars Salt 
availability from the rim syncline, also the growth of the Circular Belt structures 
decreased. As a result, all the diapirs were buried (Fig. 42f). Further deformation 
related to ongoing shortening produced a switch to an active rise of both Fars and 
Hormuz Salt structures, as described for the strata above the Guri unconformity 
(Fig. 42g). Subsequently, the squeezing of the central Tunb steam promoted folding 
of the thinned Neogene overburden and the arching of the Hormuz Salt sheet by 
salt inflation. Salt was imported laterally along strike, as described in similar salt 
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allochthonous structures (Jackson et al., 2008). 
Along the Circular Belt, the connection between the Fars Salt structures enhanced 
the migration of the Fars Salt away from the salt anticlines, which collapsed by 
normal faulting, toward the salt walls. The latter underwent squeezing and roof 
arching. Wider salt walls experienced little arching because the displaced salt spread 
beneath a wide roof. Conversely, narrow salt walls experienced severe arching 
because the displaced salt was concentrated beneath a narrow roof, promoting 
crestal grabens.

3.6.2  Taftan and Hengam deformation history

The Paleozoic to Oligocene growth geometries described for the Taftan Hormuz 
Salt anticline record differential subsidence between the northern and southern 
flanks. The observed NE-SW growth syncline, previous to the Zagros continental 
collision, indicates that Hormuz Salt withdrawal predominantly occurred along the 
Taftan southeastern flank. The greater availability of Hormuz Salt along the Taftan 
southeastern flank is likely related to the depositional thickness of the Hormuz Salt, 
in turned controlled by the structural framework of the Neoproterozoic extensional 
system. In such way, the Hormuz Salt migrated laterally from the hanging wall 
of a basement-involved south-easterly dipping normal fault toward the Hengam 
salt structure, located in the footwall. We interpret that the differential subsidence 
described for the overlying Paleozoic to Oligocene depocenters was also controlled 
by salt evacuation related to these deep-seated basement normal faults (Fig. 43a 
and 43b).
In this area, the first Hormuz Salt sheet was extruded in the eastern and southern 
flanks of the Hengam Diapir, during the deposition of the Pabdeh Formation (Fig. 
43b). Considering the increasing depositional rate of the Pabdeh foreland deposits, 
salt extrusion was probably related to the onset of the Zagros contractional event 
and consequent squeezing of the Hengam diapir. Differently to the Tunb diapir, the 
emplacement of the first salt sheet happened before the deposition of the Fars Salt 
unit, suggesting that salt structures closer to the Oman thrust front were squeezed 
earlier (Fig. 33).
Subsequently, the Hormuz salt sheet was buried by the upper portion of the Pabdeh 
Formation (Fig. 43b). Following the deposition of the Fars Salt unit, a semi-circular 
normal fault associated to a rollover anticline was developed above this buried salt 
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sheet. The development of this extensional fault is interpreted to be related to the 
evacuation of salt from the underlaying Hormuz salt sheet during the deposition of 
the Fars Salt unit, creating a slope gradient toward the central diapir. In this case, 
a suture should have formed between the extruding Hormuz Salt and the Fars salt 
(Fig. 43b). The lower Miocene Champeh Member growth strata record the onset of 
Fars Salt evacuation from the above-mentioned rollover toward the Hormuz Salt 
diapir (Fig. 43c). 
Following the development of a Hormuz salt sheet tertiary weld, the shift of 
depocenters toward the Hormuz Salt diapir described for Miocene Mol and 
Guri members, indicates a major phase of Fars Salt expulsion (Fig. 43d). The 
development of salt wings above the Guri unconformity supports the continued 
availability of Hormuz Salt and ongoing squeezing of the Hengam diapir during 
the middle Miocene (Fig. 43e). The salt wings and most of the Taftan diapir bulb 
were subsequently buried by the Upper Miocene Mishan Formation. However, the 
arching of the overburden indicates that shortening continued until Recent times. 
Burial occurred during a period of relatively low sedimentation rate, as described 
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for the Tunb salt structure, suggesting a decrease on the salt supply. This decrease 
on salt supply suggests that the feeder may have pinched-off, forming a secondary 
weld (Fig. 43e).
Above, ongoing shortening is recorded by thinning and tapering of Guri Member 
growth strata and younger units toward the Taftan salt anticline. Minor thickness 
variations on the Miocene units indicate a shallow inflation of the Fars Salt 
along the anticline axis. However, no secondary Fars Salt structures developed. 
Thesefeatures suggest that the Taftan structure underwent rejuvenation after the 
Guri Member deposition, with the major growth phase recorded by Recent deposits 
(Fig. 43e).

3.7  Triggering mechanisms

The described salt structures provide new insight into the triggering mechanisms 
for diapirism in multi-layer salt systems, where deeply-rooted overriding 
allochthonous salt sheets interact with a shallower salt layer. The Fars Salt structures 
in the eastern Persian Gulf are always developed next to pre-existing Hormuz Salt 
structures. Furthermore, in areas devoid of allochthonous Hormuz Salt sheets, the 
overburden of the Fars Salt has a near-constant thickness, indicating that quiescent 
Fars Salt was coeval to the passive growth of Hormuz Salt diapirs (e.g. Lesser Tunb 
diapir) and to their rejuvenation (e.g. Taftan anticline). In areas where Hormuz 
Salt sheets occurred (e.g. Central Tunb and Hengam diapirs), the distribution of 
the salt diapirs sourced from the Fars Salt resembles the shape of the adjacent 
Hormuz Salt sheet (e.g. Fars Circular Belt and Fars Salt structures surrounding 
Hengam). Accordingly, it can be argued that the driving mechanism for the Fars 
Salt mobilization is directly related to the emplacement of allochthonous Hormuz 
Salt, and not just the simple presence of a pre-existing Hormuz Salt diapir.
Starting from this major assumption, we examine the two possible scenarios that 
could have triggered Fars Salt diapirism (Fig. 44). The first scenario assumes that 
the allochthonous Hormuz Salt is emplaced after, or eventually during the Fars 
Salt deposition. The second scenario assumes that the allochthonous Hormuz Salt 
is emplaced before Fars Salt deposition. These represent end-members for the 
development of Fars Salt diapirs.
In the first scenario, flaring and extrusion of Hormuz Salt above a thickened Fars 
Salt overburden produced an increased gravitational loading, which resulted in 
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evacuation of the Fars Salt outward (Fig. 44a). Next to the Hormuz Salt diapir, a 
synformal minibasin sank above the Fars Salt by downbuilding, which was back fed 
by the Hormuz Salt source. Away from the diapir, instead, the syncline passed into 
an anticline, the wavelength of which is proportional to the overburden thickness 
(Fig. 44b). The migration of Fars Salt into the Hormuz feeder was unlikely, due 
to ongoing Hormuz Salt flow away from the diapir and increased salt pressure. 
Minibasin subsidence finished once primary welds were created. Afterward, the 
structure evolved as an expulsion rollover (Ge et al., 1997) with a progressive 
migration of the sedimentary depocenters toward the Fars Salt anticline by limb 
rotation. In the anticline, differential loading promoted salt migration upward, and 
the thinning of the overburden by faulting. This triggered the initiation of reactive 
diapirism. Subsequently, the Fars Salt actively pierced the anticline crest, forming 
a salt wall (Fig. 44c).
Conversely, assuming that the allochthonous Hormuz Salt sheet was emplaced just 
after the Fars Salt deposition above a thinned or nearly-unexisting overburden (i.e. 
above the Fars Salt), a different configuration was reached (Fig. 43d). In this case, 
the emplacement of Hormuz Salt above the Fars Salt resulted in the interaction 
between the two salt units, and the development of a wider salt inflation. Considering 
the Hormuz Salt flaring upward and the weight of the overriding Hormuz salt 
sheet, the suture between the Fars and Hormuz salt layers sank, forming a concave-
upward geometry (Fig. 44e) (Dooley et al., 2012). However, a mixing between 
the two salt layers should not be excluded, especially if the Hormuz extrusion 
was synchronous to Fars Salt deposition. The younger halokinetic sequences 
onlap both the Hormuz salt sheet plus the Fars Salt diapir (Fig. 44e). This process 
explains the observed thinning, and apparent downlap above the Saliferous Beds 
unit (e.g. Fig. 38c). Diapirism of the combined Hormuz and Fars salt ended due 
to the development of primary welds. Then, subsequent withdrawal of Fars Salt 
occurred externally toward a second Fars Salt inflation (Fig. 44f).
In both cases, we hypothesize that the differential loading produced by the Hormuz 
Salt sheet was enough to displace the Fars Salt laterally. Then, Fars Salt structures 
were developed at different distances from the Hormuz Salt sheet, and folds with 
major wavelength formed in areas with a thicker overburden. This indicates that 
the Hormuz salt was extruded diachronically, as described in the eastern sector of 
the Tunb diapir, where the Fars Salt wall progressively merges the Hormuz Salt, 
forming an allosuture (Fig. 39). Here, the Hormuz Salt sheet was extruded earlier 
at the south-eastern diapir flank than the north-eastern one (Fig. 38b). We interpret 
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Figure 44: Sketches representing the triggering mechanism of the studied multi-layer salt system. For a), b) 
and c) a salt extrusion is emplaced after the deposition of the shallow salt unit, above a thick shallow salt 
overburden and for d), e), and f) above a thin/unexisting overburden. The g) to l) sketches, represent the 
triggering mechanism for a salt extrusion emplaced previously to the deposition of the shallow salt unit.

the diachronous emplacement of the Hormuz Salt was related to the development 
of the secondary minibasin in the Central Tunb diapir. In such way, the squeezing 
of the Central Tunb diapir led to the rotation of the secondary minibasin toward the 
south-west, as consequence of the increased Hormuz Salt upwelling rate on its 
eastern flank. This local increase in salt supply produced the extrusion of Hormuz 
salt on the eastern side of the minibasin alredy during the deposition of Fars Salt. 
In the western sector of the Tunb diapir, the emplacement of the Hormuz Salt Sheet 
expanded progressively during the deposition of the Champeh and Guri Members 
In the second scenario (Hormuz Salt sheet emplaced before the Fars Salt unit 
deposition), we assume that the first lobe of Hormuz Salt was extruded and buried 
by a thin roof of pre-Fars overburden, corresponding to the Pabdeh Fm (Fig. 44g). 
A subsequent Hormuz Salt extrusion overrode the suprasalt sediments, forming an 
autosuture and promoting the salt expulsion from beneath the overriding lobe (Fig. 
44h). Moreover, the Fars Salt may have collided with the Hormuz Salt, forming 
an allosuture or eventually mixing together. The top of the Pabdeh Formation and 
the overlaying Fars Salt, progressively acquired a slope gradient toward the diapir, 
due to the extrusion of Hormuz salt away from the diapir (Fig. 44h). The initial 
mobilization of the Fars Salt toward the central Hormuz Salt diapir was produced 
by this downslope gradient, and was followed by extensional faulting up-dip. This 
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controlled the depocenter location of the Miocene Champeh Member (Fig. 44i). 
However, only a small amount of Fars Salt was evacuated and the Fars Salt did not 
undertake diapirism. The expulsion of the first Hormuz Salt sheet continued until 
tertiary welding occurred. Subsequent Hormuz Salt flaring and diapirism triggered 
the instability and the maximum evacuation of Fars Salt, resulting of the inward 
shift of the depocenters (Fig. 44l).

3.8  Conclusions

The structural model presented throughout this paper demonstrates that the driving 
mechanism for the evacuation of Oligocene-Miocene Fars Salt in the eastern 
Persian Gulf is directly related to the emplacement of salt sheets sourced from the 
Neoproterozoic-Cambrian Hormuz Salt during the Zagros-Oman contraction event. 
We infer that the triggering mechanism for Fars Salt withdrawal was determined 
by the timing of emplacement of Hormuz Salt sheets with regards to the Fars Salt 
deposition.
In the Hengam diapir, Hormuz Salt extrusion started at the Paleogene, synchronously 
to the development of the more external thrusts of the Oman Ranges, and pre-dates 
the Fars Salt deposition. The initiation of Fars Salt movement is interpreted to 
have been triggered by the downslope gradient produced by the emplacement of a 
Hormuz Salt sheet and the subsequent development of a tertiary weld. In the Tunb 
diapir, Hormuz Salt extrusion started in the early Miocene, after the onset of the 
Zagros continental collision, and post-dates or is coeval to the deposition of the 
Fars Salt. Here, Fars Salt diapirism is interpreted to have been triggered by the 
gravitational loading produced by an overriding allochthonous Hormuz Salt sheet, 
which pushed the Fars Salt outward forming a Circular Belt of Fars Salt structures. 
Around the Tunb diapir, the Hormuz Salt extruded diachronically over the Fars 
Salt overburden. This led to the development of folds with major wavelength in 
areas with a thicker overburden, explaining the development of Fars Salt structures 
at different distances from the Hormuz Salt sheet. Conversely, Fars Salt structures 
are absent around the Taftan salt anticline and the Lesser Tunb diapir, suggesting 
that Fars Salt diapirism did not occur in areas devoid of allochthonous Hormuz 
Salt structures. 
Shortening during Miocene times led to the development of secondary welds 
and the burial of both the Hormuz and Fars salt diapirs. Prolonged contraction 
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reactivated the buried diapirs, which underwent active diapirism, bulb expansion, 
diapir roof arching and finally crestal normal faulting. Preexisting Hormuz salt 
structures that did not developed into piercing diapirs also underwent rejuvenation, 
but this did not trigger significant Fars Salt movement.
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Chapter 4: The Mountain Front Flexure in the Lurestan region of the 
Zagros belt: crustal architecture and role of structural inheritance

This chapter is presented in the form of a manuscript, published in Journal of Structural 
Geology (2020)

Tavani, S., Camanni, G., Nappo, M., Snidero, M., Ascione, A., Valente, E., Gholamreza, 
G., Davoud, M., Mazzoli.

4.1  Abstract

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.
 

4.2  Introduction

The Mountain Front Flexure (MFF) is a major structure of the Zagros folded belt, 
consisting of a topographic and structural step that divides the belt from its foreland 
basin (Falcon, 1961). The MFF runs for more than 1000 km, from Kurdistan to Fars, 
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to eventually disappear further to 
the SE, and is the surface expression 
of the active and deeply rooted 
Mountain Front Fault system (Fig. 
45a). 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. 45a). 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 embayments 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 sinusoidal shape of the 
Mountain Front Flexure and the 
Mountain Front Fault system 
is controlled by geological 
inheritances, their exact nature 
is controversial and the origin of 
the flexure is still uncertain. For 
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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 sedimentary pile. Reactivation of steeply dipping 
N-S and E-W striking inherited basement faults, oriented obliquely to the NE-SW 
shortening direction, has been instead proposed by several authors (e.g. Hessami 
et al., 2001; Sepehr and Cosgrove 2004; Lawa et al., 2013), in accordance 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 12 November 2017, along 
with its aftershocks have illuminated the geometry at depth of one of the N-S 
striking oblique portions of the Mountain Front Fault system (Fig. 45b), 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., 2019). 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 Mountain Front Fault 
system in the Lurestan arc, by integrating seismic reflection sections interpretation, 
cross section balancing, geomorphic analysis, 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 constraints 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 Mountain 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 footwall of an inverting basement fault system; (iii) the 
Mountain Front Flexure is, in essence, the frontal limb of a slightly transported 
fault-propagation fold developing above the tip of the Mountain Front Fault 
system; (iv) the distribution of pre-existing faults is a primary factor in controlling 
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the development and the shape of the frontal structural features of the Zagros belt 
in the Lurestan area.

4.3  Geological setting

The Zagros belt extends from Turkey to SE Iran (Fig. 45a), 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; Berberian 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 separates the Arabian plate from the Sanandaj-Sirjan Zone on the Eurasia plate 
to the NE (Fig. 45a) (e.g. Berberian and King, 1981; Ziegler, 2001; Blanc et al., 
2003; Ghasemi and Talbot, 2006). The collisional 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 Zagros belt is about 5–10 mm/yr 
(Vernant et al., 2004), and it is accommodated 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 (Berberian and King, 1981; Blanc et al., 2003; 
Sepehr and Cosgrove, 2004; Vergés et al., 2011a; Wrobel-Daveau et al., 2010). 
The Zagros belt is made up of terrains that originally belonged to the SW passive 
margin of the Neo-Tethys (NE Gondwana), i.e. the Arabian continental 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 particular, the distal portion of the margin included a deep-water radiolarite 
basin (Kermanshah Radiolarite basin), and an isolated carbonate platform (Bisotun 
Platform) interposed between the radiolarite basin and the oceanic domain (e.g. 
Ricou et al., 1977; Braud, 1987; Wrobel-Daveau et al., 2010). These extensional 
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domains developed during 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 Arabian 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. 45), a fault that has 
been active since the Late Cretaceous (Karim et al., 2011; Saura et al., 2015). The 
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restriction. Data are from the USGS and Iranian Seismological Centre (http://irsc.ut.ac.ir) catalogues.
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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 trending folds 
with up to 10 km wavelengths occur in a 200 km wide area, delimited to the SW 
by the Zagros Deformation Front (Fig. 45a).
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 topographic 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 portion 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. 45b, 46). 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 footwall of the High Zagros Fault can be further 
divided into an outer and an inner folded belt (Fig. 45b), 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. 46).
The sedimentary sequence of the Arabian margin exposed in the footwall of the 
High Zagros Fault, includes a pile of clastics and carbonates more than 10 km 
thick (James and Wynd, 1965; Stöcklin, 1968; Koop and Stoneley, 1982). In 
the south-eastern portion of the Zagros belt, i.e. in the Fars arc and in the Izeh 
domain (located immediately to the NE of the Dezful embayment), the base of 
the sedimentary sequence is represented by the late Proterozoic to early Cambrian 
Hormuz Salt, which does not occur in the Lurestan arc (e.g. Bahroudi and Koy, 
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 
Garzie et al., 2019), overlain by nearly 1 km of shallow-water carbonates of the 
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Chia Zairi Formation, capped by the Triassic shales of the Bedu Shales and Mirga 
Mir formations (Fig. 46) (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 Triassic thick-bedded dolostones and limestones of the Kurra Chine 
Formation; the 30 to 100 m thick Late Triassic shales and thinly bedded dolostones 
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 rifting 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 evaporites (Sargelu, 
Naokelekan, and Barsarin formations, Toarcian to Tithonian), followed by 400 
to 1000 m of Cretaceous basinal limestones, shales and marls (Garau, Sarvak 
and Ilam Fms). To the SE of the study area, the upper portion of the Cretaceous 
sequence gradually passes from pelagic to neritic facies (Casciello et al., 2009). 
Further to the SW of the Mountain Front Flexure, the drowning of the carbonate 
platform 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 Maastrichtian to Eocene sediments (e.g. Homke et al, 
2009; Vergés et al., 2011a; Saura et al., 2015). These are overlain by nearly 300 
to 500 m of Oligocene-lower Miocene shallow-water carbonates (Shahbazan and 
Asmari formations), passing upward into lower to middle Miocene evaporites of 
the Gachsaran Formation. Renewed shortening affected this portion 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, dating 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 proposed for the 
lower part of the Agha Jari by Pirouz et al. (2015).
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4.4  Data and methods

For determining the structure of the Mountain Front Flexure and of the underlying 
Mountain Front Fault system, we used a multidisciplinary 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 construct 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. 46). Nine and sixteen of the profiles are oriented, respectively, 
parallel (strike lines) and perpendicular (cross lines) to the traces of the folds that 
form the structural 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. Furthermore, calibration 
of the seismic sections with surface geology data and the incorporation of seven 
wells (Fig. 46) 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 construct geological cross-sections 
across the study area. In particular, bedding 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, publically 
available 0.5 m orthophotos draped onto 30 m resolution ASTER GDEM were 
used (e.g. Fernández, 2005; Snidero et al., 2011). This operation 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. 46), 
consistently with the trend of the fold traces as shown in the geological map of the 
area (Fig. 46). Notably, remotely sensed data tend to overestimate gently dipping 
bedding (Fig. 46), as the digital extraction of traces needs non col-linear traces, 
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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, associated 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 
represent evidence of changes in flow orientations, which take place in response 
to local short-lived surface changes and/or regional long-term external processes 
driven by the differential influence of erosional or tectonic processes and, among 
the latter ones, fold growth (e.g. Lavé and Avouac, 2001; Miller and Slingerland, 
2006; Prince et al., 2011; 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 constrain the 
geometry of the fault systems at depth within the study area. These data are from 
the publically available USGS earthquake catalogue (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 12 november 2017 
and 9 June 2019, all of them 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, 12 
November 2017 earthquake that appeared to have activated a crustal shallowly-
dipping fault within the study area of particular significance for this study. In 
addition, in the area of figure 46 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 figure 46). This serves to place a rough 
limit between the brittle and ductile crust.
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4.5  Results

4.5.1  Seismic reflection profiles

In this section, the interpretation of four representative seismic reflection sections 
is presented (Fig. 47): sections 1 and 2 are complementary and cross the whole 
study area largely overlapping with the trace of the balanced cross section (Fig. 
46); sections 3 and 4 allow further constraining structures at the NE and SW 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. 47). 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. 47). 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 reflectors of the Agha Jari, Gachsaran, and Asmari formations 
are nearly parallel to one another. More in detail, folds with wavelengths of 1-2 
km affect the Asmari Formation and they are apparently sealed by the Gachsaran 
Formation (Fig. 47). This apparent growth stratal geometry is arising 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 easily traced and 
correlated across the section. Particularly, the Paleozoic to Early Jurassic (i.e. Top 
Sehkaniyan) stratigraphic package is characterised by nearly parallel reflectors. 
Nevertheless, some thickness variations do exist between the Paleozoic 1 and 
Paleozoic 2 reflectors, which could be related with growth structures, previously 
described in the Zagros, developed during the Permo-Triassic rifting (e.g. Sepehr 
and Cosgrove 2004). However, besides these variations and the local folding 
occurring at the Pataq Anticline, the Paleozoic to Early Jurassic sequence forms 
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a gently NE-dipping regional monocline which is particularly 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 
always parallel to the underlying Top Sehkaniyan reflector. This can be due to: (i) 
the partial decoupling between the Ilam and Sehkaniyan formations taking place 
at the Garau marls and shales, and which resulted in the development of diffuse 
disharmonic folding of the Ilam Fm (e.g. to the NE of the Kerend Anticline), and (ii) 
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the occurrence 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 reflectors, 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 underlying Ilam Formation (e.g. the small anticline to the SW 
of the Pataq Anticline) and with significant stratal thickness variations. The latter 
developed along with the local occurrence of growth geometries (e.g., to the NE 
of the Kerend Anticline), which suggests the existence of normal faults developed 
in the foredeep due to flexuring (e.g. Bradley and Kidd, 1991; Ranero et al., 2003; 
Tavani et al., 2015). Despite the low quality of the seismic line permits to place 
both low- and high-angle NE-dipping faults below the Kerend anticline, the above 
described extensional growth geometry indicates that the step across the Kerend 
Anticline can be the result of the positive inversion of a pre-existing normal fault.
The two other sections here illustrated (i.e., sections 3 and 4) display features 
which are key for determining the structural style of the study area. Section 3 
shows in detail the relationship between the Asmari and Gachsaran formations. 
The 20 to 30 km-wide gently SW-dipping monocline seen in section 1 projects to 
the location of three open anticlines occurring in the SW, central, and NE portions 
of the section. 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 decoupling taking place within the evaporites of the Gachsaran 
Formation.
Section 4 (Fig. 47), 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 Formation. The top of the Sehkanyian and Ilam formations 
are well marked in the seismic profile and are also well constrained from surface 
geology data. Reflectors ascribable to the Triassic and Paleozoic sedimentary 
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 
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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 syncline 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.
 

4.5.2  Geological cross section

The geological cross section is shown in figure 48. It traverses the whole study 
area and is oriented nearly perpendicular to the main structural features of this 
part of the Zagros belt. In detail, starting from the lower stratigraphic levels, the 
stratigraphic package including the Cretaceous 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. 47, Section 2), in the geological cross section the thickness 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 thickness ranges from 400 to 2000 m, partly due to the 
variable accommodation 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 geological 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. 47), a local remarkable thickening 
of the formation occurs (Fig. 47). Also, to the south of the Vizehnan Anticline, the 
exposed short-wavelength anticlines affecting the Asmari Formation are assumed 
to be confined to within the Gurpi to Asmari package and to develop above the 
roughly SW-dipping top of the Ilam Formation. The stratigraphic package 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 
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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 Asmari Formation, 
the evaporites of the Gachsaran Formation are partially decoupled from the 
underlying formation, mimicking syn-kinematic geometries, as already seen in the 
seismic reflection profiles 1 and 4 (Fig. 47), and as previously described in the 
literature for the Lurestan arc (Emami et al., 2010; Vergés et al., 2011b). There 
is also a tendency for the Gachsaran Fm 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 
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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 thinning of 
the Gachsaran Fm 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 figure 47).
There is no available seismic section allowing to evaluate in detail the geometric 
relationship between the Agha Jari and the Bakhtiari formations, although at outcrops 
these formations are generally almost parallel to one another. Locallys, however, 
growth geometries can be observed. An example of this is shown in figure 49, 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 Fm itself. 
This evidence indicates that the 
folding 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 geological cross 
section (of which this exposure 
form par), which also involves the 
uppermost portion of the Bakhtiari 
Formation (Figs. 48, 49). Finally, 
similarly to what can be seen in the 
seismic reflection section 2 (Fig. 
47), the geological cross section 
indicates that: (i) with the exception 
of the High Zagros Fault, there is 
no remarkable exposed thrust in the 
area; (ii) the envelope of synclines 
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indicates the occurrence of two structural steps located across the Kerend and the 
Takhtgah anticlines.

4.5.3  Geomorphic features

The studied area is elevated relative to adjacent sectors of the region (Fig. 45b), 
and underlines the regional water divide (Fig. 50a). Topography of the investigated 
area is influenced by the variable resistance to erosion of the outcropping rocks 
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(e.g. Oberlander, 1985; Burberry et al., 2007; 2010; Zebari et al., 2019). 
The large-scale topographic features of the study area are synthesised in the 
swaprofile of Fig. 48, and in the Mean elevation map of Fig. 50b. The swath profile 
of Figure 48 condenses elevation data from a 30 km wide belt centred on the trace 
of cross section A’-A’’ (location in Fig. 46) to a single profile. Comparison of the 
swath profile with the geological cross section (Fig. 48) 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 Zimakan River area (Fig. 48). When examined in map view (Fig. 50b), the 
spatial distribution of the mean elevation shows that values tend to increase from 
the boundary of the MFF towards the NE to attain the highest 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 investigated area is drained by 
mainly SW-flowing, transverse rivers (Fig. 50a). 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. 50a). 
In this region, the presence of wind gaps that incise the ridge crests, and river bends 
(Fig. 50a), are suggestive of drainage reorganization 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 bottoms 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 landforms allow reconstruction of a multi-stage evolution of the 
land surface. The geomorphic elements that are significant to the reconstruction 
are river bends and a relic drainage net, which dissect the Kerend anticline and the 
elevated area to NE of it, and an incised pediment, which is identified in the Zimakan 
River area (Fig. 50a). The present-day drainage of the Kerend anticline and the 
elevated area to the NE of it is currently oriented towards both the NW (Zimakan 
River) and SE. However, that area is incised by a relic drainage net that consists 
of a series of abandoned transverse valleys originally draining towards the SW, 
irrespective of the underlying folds (Fig. 50a). These wind gaps are characterised 
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by incised meanders (the highest one located at around 1700 m a.s.l. and at about 
50 m deep) that suggests 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. In this area, an incised pediment gently dipping towards the NE, eroded on 
the soft foredeep sediments (mostly shales and marls) does occur (Fig. 46; Fig. 
a). The pediment, which is marked on top by a light-coloured duricrust, ranges in 
elevation from about 1600 m, in the SW, to c. 1380-1400 m towards the valley axis 
and stands at about 100-150 m higher than the main longitudinal rivers.
 

4.5.4  Earthquake data

In the Lurestan region, the Mw 7.3 12 November 2017 Ezgeleh earthquake was 
followed by more than 200 aftershocks with Mw> 4, which appear to be clustered 
in two main areas (Fig. 45b). The first area is located immediately to the west of 
the mainshock, and defines 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 kinematics for the faulting 
occurring within the study area, both characterised by nodal planes consistent 
with a shortening direction oriented NE-SW (Fig. 46). In particular, seven Mw>5 
earthquakes have occurred along the Mountain Front Fault system at a distance < 25 
km from the geological cross section (Fig. 46). 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 figure 48, using the strike of the NE-dipping 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 between 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 system.
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4.6  Balanced cross section

The geological cross section shown in figure 48 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 figure 48, 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 sequence as observed in the seismic reflection sections 
presented in this article (Fig. 47). Finally, in agreement with the occurrence of a 
seismic gap between 20 and 30 km depth (Fig. 46), we estimated a thickness of 11 
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km for the basement comprised between the base of the sedimentary sequence and 
the top of the ductile middle crust level. Such an inference 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 figure 51. 
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 package 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 unfolded 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 decoupling between competent and 
mobile packages, with folds having wavelengths of less than 5 km being confined 
to different portions of the sedimentary cover. Furthermore, the integration of 
surface geology, borehole 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, we confined them to within Mesozoic 
structural levels. Some low displacement thrusts are also assumed to occur within 
the Paleozoic sequence. The occurrence of deeply located thrusts are a geometric 
requirement for maintaining the length of the Paleozoic layers equal to that of the 
Meso-Cenozoic ones. In agreement with the geometries observed in the seismic 
reflection sections (Fig. 47), the two basement steps observed in the seismic section 
2 of figure 47 and inferred in the geological cross section of figure 48, 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 
footwall 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 sequence. In our reconstruction, 
structures affecting the Paleozoic to Cenozoic sedimentary succession between 
the Vizehnan and Takhtgah anticlines accommodated shortening transferred to 
the cover by the Sheykh Saleh and Miringeh inverted faults (Fig. 51). No major 
structures affecting the cover occurs to the SW of the Vizehnan Anticline, where 
shortening in the Asmari Formation is nearly 1 km.
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Scaling relationships between downdip rupture and earthquake magnitude (e.g. 
Wells and Coppersmith, 1994) indicate that the Mw>5 events projected onto the 
section should have occurred along faults having 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 anticlinorium 
that starts from the Kerend Anticlines and ends in the foredeep region.
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 section. The High Zagros Fault, which 
occurs in the NE portion of the section (Fig. 48), is not included in the balanced 
cross section for the sake of simplicity.
 

4.7  Discussion

4.7.1  Tectonic style and comparison with previous studies

The balanced cross section illustrated in figure 51 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, respectively.
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, 12 November 2017, earthquake that hit the 
Zagros belt in the Lurestan region (Figs. 45b, 48). These hypocentres, indeed, are 
located a few km to the NE of the trailing syncline of the crustal-scale anticline 
(Fig. 48), 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 central and NE portions of the section is consistent 
with the structures imaged in the seismic reflection profiles (Fig. 47), and it is also a 
geometric requirement minimising the amount of shortening within the basement. 
This, in turn, serves as a mechanism for producing significant uplift in the interior 
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of the folded belt without transferring an excessive amount of shortening to its 
foreland. In our section, the shortening transferred to the foreland is < 5 km, in line 
or below the values adopted by other authors in the same area (Fig. 52). This value 
is compatible with the scarce shortening observed in the foreland region (Fig. 52f) 
and it 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). However, 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 sedimentary cover of the folded belt of 
nearly 15-20 km (Fig. 52). 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. 52c) and from the Kirkuk embayment 
(8 km of shortening, Le Garzic et al., 2019; Fig. 52b. 5% of shortening according 
to Obaid and Allen, 2017).
 In agreement with the seismic gap observed between 20 and 30 km depth (Fig. 46) 
(already illuminated by Niessen et al., 2011) and consistently 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. 48) indicates that 
the NE portion of the section uplifted earlier than the SW one, probably already 
during the late Miocene. Consistent with such a chronology of deformation, 
elevation profiles and river network analysis allow identifying the area spanning 
from the Pataq anticline to the HZF as an uplifted area relative to the region to the 
SW of it. . In addition, the relic landforms in the area spanning from the Kerend 
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anticline to the Zimakan River area (i.e. immediately to the south of the Takhtgah 
Anticline) (Fig. 50) suggest that topographic growth has continued coeval with 
erosion. In particular, topographic growth can be inferred from the occurrence 
of an elevated land surface gently dipping towards the SW eroded in the Asmari 
Formation carbonates, which predates a first stage of deepening of the Zimakan 
River, and from the further deepening of the latter valley postdating formation of 
the pediment. Sucha second stage of uplift could be related with the more recent 
actvity 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 in agreement with the reduced thickness 
of the Gachsaran Formation observed in the northern portion of the geological 
cross section (Fig. 48), which suggest post-depositional uplift and erosion of the 
Gachsaran Formation. However, tilting of a fold-sealing unconformity in the 
Bakhtiari Formation during the flexure development (Fig. 49), indicates that folding 
within the cover sequence and the onset of the Mountain Front Flexuring were not 
coeval. In particular, such a feature shows that the development of the Mountain 
Front flexuring, and thus the development of the Mountain Front Fault system in 
the study area, can be traced back to approximately after 3 Ma (i.e. the age of the 
base of the Bakhtiari Formation; 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 an hybrid style of deformation, 
in which folding of the cover sequence and inversion tectonics in the basement 
occurred together, in a piggy back propagation sequence. Later, during the final 
stages of shortening, the basement involving low-dipping Mountain Front Fault 
developed at the toe of the belt.
 

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

The structural architecture of a number of mountain belts worldwide, 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 (Williams 
et al., 1989; Cooper et al., 1989; Coward et al., 1991; Camanni et al., 2016; Brown 
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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., 2014 a,b), and that the structural complexity of the fault systems in the 
basement can locally forces the development of bends in the structural trend of an 
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Figure 53: 3D scheme and map view showing the evolution of the Lurestan arc-Kirkuk embayment bound-
ary region. (A) End of Early Jurassic rifting. (D) Development of the Mountain Front Fault during the 
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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). 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 leading edge of an array of steeply 
dipping positively inverted extensional faults. Inheritances associated with the rift 
architecture could be, therefore, suitable candidates for explaining both structure 
and sinuosities of the Mountain Front Fault system also in the Zagros belt.
As already briefly mentioned, the Lurestan region underwent a major extensional 
pulse during the Early Jurassic, which resulted in the development 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 Mountain Front Flexure (Fig. 52a), suggesting 
that the development of the Mountain Front Flexure is somewhat linked to the re-
use of pre-existing fault systems that controlled the deposition of Early Cretaceous 
deep water facies. On the other hand, the relatively sudden NW-ward termination 
of Jurassic and Cretaceous deep water facies across the boundary between the 
Lurestan arc and the Kirkuk embayment, along with the NW-ward thinning of 
the Tithonian-Turonian sequence (Fig. 52a), can be attributed to the Jurassic rift 
segmentation, and in particular to the occurrence of NE-SW oriented faults or to 
inherited crustal scale N-S striking faults, which are widely documented in the 
Arabian Plate (e.g. Falcon, 1974; Talbot and Alavi, 1996; Hessami et al., 2001).
Consistently with the lateral rift segmentation, despite the strong compressional 
overprint which has altered the original crustal thickness, 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 Jurassic rift domains. The sections across the Kirkuk embayment 
and the NW portion of the Lurestan arc (Fig. 52 b 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. 52 d and e) are characterised by a 
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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. 52 a), which could correspond to 
regional graben structures. 
All the above described features suggest a key role of the Early Jurassic rift 
structure in shaping the Mountain Front Flexure and in determining its sinuosity in 
the western portion of the Lurestan arc. In detail, according to our interpretation, 
the pre-orogenic architecture of the Arabian margin in the NW portion of the 
Lurestan arc was largely 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. 53a). The Mountain Front Fault system, and thus the flexure, 
developed with a sinusoidal shape that follows the boundary between the Jurassic 
thinned (and drowned) crust and the area that did not experienced remarkable 
thinning and dronwnig. In essence, the Mountain Front Flexure follows the trend 
of the laterally segmented boundary between the Jurassic proximan and necking 
domains of the margin (Fig. 53b).
As the Mountain Front Fault system is not an inherited faut but, instead, it is a 
newly generated fault rooted in the middle to lower crust, the reason of the 
parallelism between Mountain Front Fault system and extensional domains should 
be found in the inherited rehology of the passive margin. In particular, as pointed 
out by several authors (e.g. Cloething et al., 2005; Sutra et al., 2013; Lacombe 
and Bellahsen, 2016; Lescoutre, 2019), thinning of the crust during rifting and 
its subsequent cooling significantly reduces the rock volumes that can undergo 
deformation 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 becomes coupled with the 
mantle (Sutra et al., 2013). We speculate that in the distal portions of the Arabina 
margin, the mid-crustal ductile layer is not well developed and cannot, therefore, 
provide a suitable level of weakness for the activation of a large and interconnected 
basal detachment. Instead, in the innermost portion of the necking domain and in 
the proximal domain, the ductile middle crust layer is thick and well developed 
and can therefore provide a significant mechanical weakness for the development 
of detachment levels. Accordingly, in the Lurestan arc of the Zagros belt, when 
this area became involved in the deformation, such basal decollement rapidly 
developed and allowed for the development of a the fontal thrust that mimics the 
trend of the basin boundary.
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4.8  Conclusions

 In this work, we have integrated information from near-vertical seismic 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 exceed 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 propagation 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 
Mountain 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 differential advancement of the necking domain between 
the Kirkuk embayment and the Lurestan arc, which resulted in the sinusoidal shape 
or of the Mountain Front Fault and in its different position in the two regions.
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Final remarks

In this work we analyzed different structures along the Zagros fold-and-thrust belt 
in order to stress the role of structural inheritances. We specially focused on two 
areas of study: (i) the Lurestan, where basement faults previously formed within 
the Arabian plate controlled the segmentation of the Triassic to Early Jurassic rift 
and the subsequent shape of the deformation front during the ZFTB development; 
(ii) the Fars Arc, where the evaporitic sequence of the Hormuz Fm. represents 
a significant décollement horizons and, together with the extensive diapirism, 
markedly change ZFTB structural style.

From our study in Lurestan we could reconstruct the Mountain Front Flexure as 
the frontal limb of a crustal-scale, slightly transported, fault propagation anticline 
related 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.
We interpret the Mountain Front Fault to 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. The resulting rift architecture explains 
the observed segmentation of the belt structure. Besides, the lateral segmentation 
of the Jurassic rift, accommodated by transfer faults, promoted a differential 
advancement of the necking domain between the Kirkuk embayment and the 
Lurestan arc, which resulted in the sinusoidal shape of the Mountain Front Fault 
and in its different position in the two regions.

Differently, in the Fars Arc there are no clear evidences of the Mountain Front 
Flexure presence. Off-shore, along the Arabian foreland the deformation is mainly 
localized around salt structures. Onshore, the stratigraphic package is folded, 
maintaining the same regional level until the more internal structures in proximity 
of the Main Zagros Thrust (e.g. the Darmadan anticline). 

The change in structural style from faults reactivation, controlled by frictional 
processes, and, a subhorizontal decoupling above the Hormus Salt is well depicted 
along ENE-WSW transect across the Oman-Zagros deformation front in the eastern 
Persian Gulf. Here, the inherited basement normal fault of the pre-Cambrian rifting 



120

controlled the boundary of the Hormuz basin and consequently the pinch-out of 
the salt. 
To the east of the pinch-out, thrusting develops during the deposition of the Upper 
Cretaceous Gurpi Fm. and the onset of the Oman-Zagros contraction related 
to the obduction phase. Structures located at the Hormuz Salt basin margin are 
interpreted to be related to basement faults, despite the possibility of minor 
decoupling above a reduced sequence of the Hormuz salt. Besides, variations 
in the Triassic sedimentary sequence thickness suggest activity of these normal 
faults, also during the Triassic rifting. The subsequent inversion occurs during the 
deposition of the Paleocene Pabdeh Fm. as a consequence of the northwestward 
migration of the foredeep. Further to the west, along the Arabian foreland and 
above a ticker Hormuz sequence, diapirism records the compressive events where 
the adjacent country rocks show little or no deformation. We conclude that, the 
salt pinch-out and the inherited basement discontinuities along the eastern Persian 
Gulf worked as a strain-lock, enucleating most of the shortening during the Oman-
Zagros Upper Cretaceous to Paleocene contractional event.

In eastern Fars, the onset of the continental collision occurred along the NW-SE 
Zagros trend approximately at Oligocene time. Many preexisting diapirs encased 
into the sedimentary package were reactivated as deformation progressed from the 
internal parts of the fold and thrust belt to the undeformed foreland. Pre-existing 
diapirs modified the expected fold and thrust pattern resulting into changes of the 
trend and wavelength of the structures, as observed in the transition from central 
Fars to Eastern Fars. 
Strong supporting evidence for presence of pre-orogenic diapirism are the Paleozoic 
and Mesozoic halokinetic processes described from seismic data in the Tunb diapir 
and the field observations in the Darmadan diapir. The shortening and squeezing 
of the eastern Fars diapirs resulted in a strong variability of the folds geometry and 
orientation. Buckle folds tend to curve around pre-existing salt bodies. Thrusts 
can jump forward to join a pre-existing diapir, which act as nucleating point for 
faulting. Salt stocks and country rocks absorb shortening in different ways but 
always maintaining kinematic compatibility. To maintain it, thrusts and folds, 
which trend nearly perpendicular to the shortening direction, curve and merge into 
the salt stock and its secondary welded equivalent as observed in the Darmadan 
diapir. Moreover, the Darmadan anticline geometry, and the presence several salt 
stocks along the structure, pointed out that nearly circular evolved from initially 
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continuous salt ridges during the Mesozoic and Cenozoic. This implies that buried 
and currently extruding salt stocks are connected through a framework of salt 
ridges or salt walls at depth.
Diapirs located in the undeformed foreland recorded the compression since the 
Paleocene, showing (i) diachronous extrusions and emplacements of Hormuz salt 
sheets, (ii) development and squeezing of second order salt structures formed by 
the upper Fars Salt evaporitic level, and (iii) rotation of secondary minibasins, and 
(iv) active diapirism, bulb expansion, diapir roof arching and finally crestal normal 
faulting.
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Glossary

The terminology related to the salt tectonic world is relatively young and in some 
cases still under debate or eventually very specific for a certain context. Several 
terms included in this manuscript have been listed in this glossary in order to avoid 
misconceptions. The definitions reported here are attributed to various authors and 
in particular to the work of synthesis carried out by Jackson and Hudec (2017). 

active diapirism. Diapir rise by arching, uplifting, or shouldering aside its roof 
(Nelson 1989). Active diapirism occurs in two ways. Halokinetic active diapirism 
is driven by overburden load on the source layer. When the average density of 
this overburden exceeds the average density of the diapir and its roof, diapiric 
salt is pressurized and pushes upward against the roof. If this buoyancy force is 
greater than the strength and weight of the roof, then the roof is pushed up and the 
diapir rises actively. Halokinetic active diapirism occurs in relatively tall diapirs 
overlain by relatively thin roofs. Compressional active diapirism is driven by 
regional shortening, which squeezes the diapir, forcing salt upward to uplift, arch, 
or intrude into the roof. Because regional tectonic forces are typically much greater 
than buoyancy forces, compressional active diapirism can deform a much thicker 
roof than can halokinetic active diapirism.

allochthonous salt. Subhorizontal or moderately dipping, sheetlike salt 
diapir emplaced at stratigraphic levels above the autochthonous source layer. 
Allochthonous salt overlies stratigraphically younger strata. The term can be 
applied even if the salt sheet remains attached to its source layer. Compare with 
autochthonous salt and parautochthonous salt (Naumann 1858; Wilckens 1912; 
Van de Fliert 1953).

allosuture. Suture between salt sheets having separate feeders.

autosuture. Suture between two lobes of the same salt sheet.

bulb. Swollen, crestal part of a salt diapir. Its enlarged periphery is an overhang. 
Extremely broad bulbs grade into salt sheets (Jackson and Talbot 1986).

crestal graben. Dominantly planar normal faults that dip toward one another and 
root into the crest of a salt structure.

differential loading. Application of a variable load on a salt body from any 
direction. All salt flow is produced by some combination of three types of differential 
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loading: displacement loading, gravitational loading, and thermal loading. Which 
combination ismost important depends on the depth of salt burial, geometry of the

salt body, geologic setting, and thermal conditions of the salt (Hudec and Jackson, 
2007).

downbuilding. see passive diapirism.

drape fold. (a) Fold produced in layered rocks by an underlying block rising at 
high angles to the layering; a type of forced fold. (b) as used in this manuscript 
(Chapter 1), a zone of upturned strata adjacent to a diapir. Upturning results from 
arching of the diapir roof above flanking strata and is an important process forming 
halokinetic sequences (Rowan et al. 2003). halokinesis. Type of salt tectonics in 
which salt flow is powered entirely by gravitational forces (release of gravitational 
potential energy) in the absence of significant lateral tectonic forces (Trusheim 
1957).

halokinetic sequence. Relatively conformable succession of drapefolded growth 
strata genetically influenced by near-surface or extrusive salt flow and equivalent in 
scale to a parasequence. Halokinetic sequences are locally bounded at the top and 
base by angular unconformities that become disconformable to conformable with 
increasing distance from the diapir (Giles and Lawton 2002). Hook halokinetic 
sequences have narrow zones of deformation (50–200 m), >70 degrees of angular 
discordance, common mass-wasting deposits, and abrupt facies changes. Hook 
sequences stack into a tabular composite halokinetic sequence, which has 
subparallel boundaries, thin roofs, and local deformation (Giles and Rowan 2012).

minibasin. Small intrasalt basin largely surrounded by and subsiding into relatively 
thick allochthonous or autochthonous salt. Such basins can merge over time into 
larger, composite basins. Salt expelled from beneath a minibasin wells up around 
the minibasin margin, forming a network of salt walls, massifs, or welds that 
surround the minibasin.

overburden. Strata younger than the salt source layer. “Overburden” is generally 
used as a stratigraphic rather than structural term; for example, allochthonous salt 
overlies part of its overburden.

overhang. See bulb.

passive diapirism (downbuilding). Syndepositional growth of a diapir whose 
exposed crest rises as sediments accumulate around it. The diapir’s crest can be 
periodically buried, but the diapir repeatedly breaks through this thin, ephemeral 
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roof. The diapir’s base subsides, together with encasing strata, as the basin fills 
with sediment (Barton 1933; Nelson 1989).

pedestal. Triangular base of a diapir, where the diapir widens downward to merge 
with the source layer (Vendeville and Nilsen 1995).

peripheral sink. Locally thickened, synkinematic strata accumulating in a rim 
syncline as a result of salt withdrawal.

piercement. Emplacement of a salt diapir to create a discordant salt contact, in 
which the diapiric margin crosscuts surrounding strata.

reactive diapirism. Emplacement of an elongated, sharp-crested diapir of salt 
or shale into the space created by regional extensional thinning during rifting or 
gravity spreading (Jackson and Vendeville 1990; Vendeville and Jackson 1992a).

rollover. Stratal interval that thickens and bends downward toward a normal fault, 
diapir, or salt weld. An extension rollover results from rotation of hanging-wall 
strata as they slide down a listric fault surface (Hamblin 1965). An expulsion 
rollover results from expulsion of underlying salt by prograding strata (Ge et al. 
1997).

roof. That part of a diapir’s overburden that overlies the widest part of the diapir 
and has structure or stratigraphy affected by diapirism (Hudec and Jackson 2006).

salt anticline. Elongated (planform axial ratio of 2 or more) mound of salt having 
concordant overburden. Compare with salt pillow.

salt diapir. Mass of salt that has flowed in a ductile manner and has discordant 
contacts with the encasing overburden. In its broadest sense, a diapir includes 
intrusions or extrusions of any shape, upwelling of either buoyant or nonbuoyant 
rock, or emplacement by downbuilding, upbuilding, or faulting of overburden 
(Mrazec

1907).

salt expulsion. See salt withdrawal.

salt feeder (canopy feeder, feeder diapir). Diapir supplying salt to an overlying 
salt sheet or salt canopy (Sumner et al. 1990).

salt sheet. Allochthonous salt sourced from a single feeder whose breadth is several 
times greater than its maximum thickness; a broad, nongenetic term that includes 
salt glacier, namakier, salt sill, and salt nappe (Hudec and Jackson 2006).
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salt stock (salt plug). Pluglike salt diapir having subcircular planform (axial ratio 
of less than 2) (Trusheim 1960).

salt structure. Map-scale body of salt that has changed shape by salt flow from 
its depositional configuration. Salt structures include salt diapirs, salt pillows, salt 
anticlines, salt sheets, and salt canopies.

salt tectonics. Strictly defined as large-scale deformation involving salt or other 
evaporites as a source layer, but in its loosest sense, any deformation involving 
evaporites. Salt tectonics includes halokinesis (Jackson and Talbot 1986).

salt wall. Broad ridge of diapiric (discordant) salt having a planform axial ratio of 
2 or more. Walls can form sinuous, parallel rows (Trusheim 1960).

salt wing. Subhorizontal wedge of allochthonous salt protruding from the steep 
flanks of a salt diapir. Most salt wings record episodes of salt extrusion over 
underlying strata. Repeated extrusions create stacked salt wings, forming a serrated 
salt contact or Christmas-tree structure (Ladzekpo, et al. 1988).

salt withdrawal. (or, more accurately, salt expulsion). Evacuation of salt due to 
the weight of its overburden. Salt withdrawal creates accommodation space for an 
overlying withdrawal basin. Salt is expelled from regions of salt withdrawal into 
salt structures. This flow is typically three-dimensional, so the cross-sectional area 
of salt can increase or decrease over time. Expulsion eventually forms salt

welds or fault welds. See salt deflation.

secondary minibasin. Minibasin whose base rests on allochthonous salt or an 
equivalent salt weld. See also minibasin, primary minibasin, and encased minibasin.

source layer. Layer of autochthonous or allochthonous salt supplying salt for the 
growth of salt structures.

stem. Comparatively slender part of a salt diapir below the bulb.

suprasalt. Lying above autochthonous or allochthonous salt.

turtle-structure anticline (turtle structure). Mounded strata between salt diapirs, 
typically having a flat base and rounded crest. The sedimentary sequence is thick 
in its core and thins laterally. The anticline may or may not be cored by a low salt 
pillow. The turtle structure forms between diapirs whose flanks subside because 
of regional extension (see diapir fall) or between salt structures whose withdrawal 
basins migrate and widen through time (Trusheim 1960). Compare with mock-
turtle anticline. 
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upbuilding. See active diapirism.

weld. Surface or zone joining strata originally separated by autochthonous or 
allochthonous salt (Jackson and Cramez 1989). The weld is a negative salt structure 
resulting from complete or nearly complete removal of intervening salt.

withdrawal basin. See salt withdrawal.
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