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Abstract

The study of selected logs from the Central-Eastern Iran Microplate (CEIM; area of Arusan) and Sanandaj—
Sirjan Zone (SSZ; areas of Esfahan east and Tiran) constrains timing and evolution of the Cretaceous
successions, resting unconformably on older sediments or non-conformably on the metamorphic basement.
The Cretaceous marine transgression occurred almost synchronously on a levelled topography, documenting
a previous deep erosion. Above a basal siliciclastic unit, rudist- and orbitolinid-rich lower Aptian limestone
(“Orbitolina Limestone”, Shak Kuh Formation, Taft Formation) were deposited. Later, the stratigraphic
evolution of the three studied areas differentiates, documenting changes in the depositional environments,
reflecting different subsidence rates. In the Tiran area, marls and cherty limestones covering shallow-water
limestones record a deepening trend. A differentiation of depositional environment is observed at Arusan,
where conglomerates to the west pass to basinal sandstone and marls to the east. Here, a Coniacian-
Campanian reprise of the carbonate production (with skeletal limestones rich in rudists, ostreids, and
abundant orbitoidids) is covered by cherty marls. In the Esfahan north area, glauconitic hardground marls
covered by chert record important deepening during the early Cenomanian, followed by the reprise of
shallow-water carbonate production (middle Cenomanian). The synchronous deposition of Aptian carbonate
successions on large parts of the CEIM, SSZ and North-Iranian domains suggests a rapid regional transgression
controlled by a sea-level rise. Stratigraphic differentiation occurring in late Aptian—Cenomanian times,
recording the onset of tectonic events differently affecting the aforementioned domains, likely related to the

opening of oceanic seaways in the CEIM and the SSZ.
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Introduction

The Cretaceous is a “Greenhouse Period” (e.g., Rothman, 2002) characterized by high sea-level conditions
that favoured the development of large epicontinental seas, where transgressive marine Cretaceous
sediments were deposited (Schlanger and Jenkyns, 1976; Spicer and Corfield, 1992; Jarvis et al., 2002; Fluteau
et al., 2007; Hay, 2008; Hay and Floegel, 2012; Hu et al., 2012; Wagreich et al., 2014; Haq, 2014; Sames et al.,
2016; Niechwedowicz et al., 2021; Yao et al., 2022). The study of Cretaceous successions, covering large,
eroded areas, is critical to understand the timing and the significance of the Cretaceous transgressions and
to identify local, regional, or possibly global events able to create the accommodation space required for the
preservation of Cretaceous sediments. In Iran the rapid, widespread Cretaceous transgression is well
documented all over different domains (Fig. 1): almost ubiquitous shallow-water carbonates non-
conformably cover a low-relief surface recording the deep erosion of the Cimmerian Orogen that predates
the reprise of marine sedimentation after long-lasting non-depositional and/or erosional periods (Berra et
al., 2007; Wilmsen et al., 2009). The Cimmerian Orogeny produced during Late Triassic—Early Jurassic an
orogenic belt recording the collision of peri-Gondwanan plates along the Eurasia — margin after the
subduction of the Paleotethys ocean (Berberian and King ,1981; Alavi, 1991; Alavi et al.,1997; Boulin, 1991;
Ruttner, 1993; Wilmsen et al., 2009; Zanchi et al., 2009a). Early Jurassic metamorphism and deformations,
identified in several areas of NE and Central Iran (Agard et al., 2005; Rahmati-llkhchi et al., 2011; Zanchi et
al., 2015; Sheikholeslami and Kouhpeyma, 2012; Sheikholeslami et al., 2019; Gyomlai et al., 2022), point to
compressive deformations persisting also during Early and Middle Jurassic. Early Jurassic subduction of
continental crust has also been recognized along the Sanandaj—Sirjan active margin in Chadegan, where
eclogites provided “°Ar/*°Ar ages ranging from 184.3+0.9 to 172.5+0.8 Ma (transition between Early and
Middle Jurassic; Davoudian et al., 2016). After the closure of the Paleotethys and the Cimmerian events, the

Iranian microplate was characterized by a post-orogenic deep erosion, predating the Early to Late Cretaceous
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transgression. At a regional scale, the Late Cretaceous evolution is characterized by the opening of seaway
floored with oceanic crust (Sabzevar ophiolites in the north, Inner Zagros and Outer Zagros ophiolites in
south-southwest; Shojaat et al., 2003; Moghadam et al., 2014; Sistan to the east, Jentzer et al., 2022) before
the closure of the Neotethys Ocean (Agard et al., 2005). The Cretaceous successions were later affected by
severe shortening due to the closure of the Mesozoic oceanic basins and to the multiphase activation of
major strike-slip faults occurring during the Cenozoic up to the Quaternary (Farbod et al., 2011; Javadi et al.,
2013, 2015; Tadayon et al., 2019; Zanchi et al., 2021). Despite this complex setting, it is possible to reconstruct
the Cretaceous stratigraphic evolution in the different Iranian domains (Fig. 1). From the Kopeh Dagh area of
the NE Iran domain, to the Sanandaj-Sirjan Zone (SSZ), the Early Cretaceous transgression led to the
development of a large epicontinental sea, storing marine sediments unconformably resting on different
units, represented by deformed older sedimentary successions or crystalline basement.

The Cretaceous successions of different Iranian domains have been the subject of many contributions during
the last years (e.g., Wilmsen et al., 2013; 2015; 2018a; 2018b; Babaahmadi et al., 2021; Gheiasvand et al.,
2021; Raisossadat et al., 2021; Sharafi et al., 2021; Yazdi-Moghadam et al., 2021), including its relationships
with magmatic activity (Monsef et al., 2022). However, the state of knowledge remains incomplete and more
data from different areas of the Iranian puzzle are needed. The present work is focused on outcrops
belonging to three Cretaceous successions: Arusan, Esfahan north area, and Tiran (Fig. 1). The study of the
Cretaceous successions and their evolution is expected to provide a contribution to the understanding of the
geological evolution of the CEIM and SSZ and to provide hints on the possible controlling factors driving the
timing and significance of the stratigraphic events recorded by the Cretaceous successions.

The study of the stratigraphic evolution of the transgressive Cretaceous units in different domains of the
complex Iranian jigsaw is expected to highlight possible similarities and differences in the considered domains
of Iran. Aim of this research is the identification of common and different patterns, as well as their
interpretation in terms of extrabasinal or regional controlling factors and dating through the biostratigraphic
constraints obtained from the study of the selected successions.

The selected areas (Fig. 1) are (i) Arusan (north of Khur), (ii) north-east of the city of Esfahan (iii) and in the
surroundings of the village of Tiran (Fig. 2). The three zones are part of different domains in Iran. The Arusan
area belongs to the Yazd Block of the CEIM, the area north of Esfahan is placed in a complex region at the
transition between the CEIM and SSZ (or “complexly deformed zone” of the Sanandaj—-Sirjan; Mohajjel et al.,
2003), whereas the Tiran outcrops likely belong to the SSZ. The uniform approach to the study of the three
areas may provide crucial information about the stratigraphic and environmental evolution, useful to identify
major events differentiating the Iranian domains during the Cretaceous, and to identify common

lithostratigraphic units in the studied successions.
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2. Geological setting and Cretaceous successions in Iran

Cretaceous successions in Iran have a wide distribution from the Alborz and Kopeh Dagh in the North to the
Zagros belt in the south (Fig. 1). They record a regional reprise of sedimentation after the deep erosion of the
Cimmerian orogeny, followed by the development of internal seaways floored with oceanic crusts,
documented by the present-day complex distribution of ophiolitic belts (Moghadam et al., 2021; Pirnia et al.,
2020). The extensional tectonics related to the opening of these oceanic basins is documented by rapid facies
and thickness changes of the Cretaceous successions (Zanchi et al., 2015, 2021; Moghadam and Stern, 2021;
Monsef et al., 2022).

The present-day Iranian plateau consists of a composite continental lithosphere made of blocks detached
from Gondwana during the Palaeozoic (Stocklin, 1974; Sengor, 1979, 1984, 1990; Dercourt et al., 2000;
Angiolini et al., 2007; Fig. 1). The CEIM, including the Yazd-Tabas-Lut blocks, represents the central part of
the Iranian microplate, bordered by the Alborz and Kopeh-Dagh to the north, SSZ and Zagros belt to the
south-west, and the Sistan Belt and Makran to the south and to the east (e.g., Dercourt et al., 2000). On the
basis of the present-day distribution of continental blocks, the CEIM was likely separated from the southern
Eurasian margin by narrow oceanic basins during Cretaceous times: the Sistan Ocean to the east, the
Sabzevar Ocean to the north, and the Naein—Baft Ocean to the west (Lindenberg et al., 1983; Tirrul et al.,
1983; Dercourt et al., 1986; Dercourt et al., 2000; Barrier and Vrielynck, 2008a, 2008b; Moghadam et al.,
2014; Gyomlai et al., 2022; Jentzer et al., 2022). The complex distribution of the ophiolites around CEIM is
still a matter of debate (e.g., the interpretation of the Naein ophiolite as part of the Sabzevar Ocean displaced
by the Great Kavir-Doruneh Fault System; Pirnia et al., 2020; Zanchi et al., 2021). The present-day position of
the Naein ophiolite (closer to the Baft than to the Sabzevar ophiolite) is ascribed to the two-stage
counterclockwise rotation of the CEIM (Mattei et al., 2015; Pirnia et al., 2020 ) along the Great Kavir-Doruneh
Fault System and its precursors, occurring before Pliocene, when the fault system was active with a dextral
sense of movement (Javadi et al., 2013; 2015; Zanchi et al., 2021). The first stage of rotation taking to an
average rotation of about 35° (Mattei et al., 2015) occurred during the Early Cretaceous and may have
influenced the opening of the coeval oceanic basins surrounding the CEIM (Wilmsen et al., 2021).

The various small oceanic basins around the CEIM (Fig. 1) began closing during the latest Cretaceous and
Paleogene, due to the subduction of the Neotethys ocean, predating the collision of the Arabian Plate with
the Eurasian margin in the late Cenozoic (e.g., Tirrul et al., 1983; Dercourt et al., 1986; Stampfli and Borel,
2002; Agard et al., 2005; Rossetti et al., 2010).

The Cretaceous succession in most of the Iranian domains (e.g., CEIM, Alborz, SSZ) unconformably covers
older successions or crystalline basement made of metamorphic and igneous rocks, postdating a deep
erosion that smoothed the Cimmerian topography. Postdating the Cimmerian orogeny, during Early
Cretaceous a general levelling of the relief occurred: palaeo-valleys were filled with clastics and highs were
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progressively denudated. Therefore, at the beginning of the Aptian, the Iranian microplate mostly was a low-
relief area facing the Neotethys, where deeply eroded older units alternate with depressions filled with
continental sediments (Wilmsen et al., 2015), generally referred to as Chah Palang Formation of the Yazd
Block or equivalent units (e.g., Sangestan Formation). This low-relief area was covered at a regional scale,
since the Aptian, by marine Cretaceous sediments (Early Cretaceous transgression; e.g., Wilmsen et al.,
2015). Some low-relief highs persisted until the Late Cretaceous, as documented by the age of the oldest
sediments covering them. Upper Cretaceous sediments unconformably and non-conformably cover older
units in the Neka Valley in the Alborz belt (Berra et al., 2007), the Triassic units of Nakhlak (Balini et al., 2009),
the Anarak Metamorphic Complex in the CEIM and large parts of the Shotori Mountains (Wilmsen et al.,
2005). This suggests a gradual onlap of the Cretaceous units above low-relief highs locally persisting after the
major erosional event predating the regional transgression.

The post-Cretaceous deformations caused a strong uplift of the Cretaceous units in some area followed by a
deep erosion s, or subsidence in others (where the Mesozoic units are covered by thick Cenozoic successions),
preventing their continuous exposure. In detail, the Cenozoic tectonics strongly affected the Iranian blocks,
further hampering the reconstruction of the original relationships among Cretaceous successions.
Consequently, uncertainties persist in the reconstruction of the Cretaceous evolution of the Central Iranian
domains and the significance of the Cretaceous ophiolitic belts that are preserved at the contact between
different blocks (e.g., Sabzevar Ophiolites). The integration of new stratigraphic data is expected to provide
constraints on the timing and mode of the reprise of sedimentation during the Cretaceous, resulting from
the interaction of global, climatic and geodynamic controls.

Considering this complex tectonic and stratigraphic evolution, the stratigraphy of the three areas (Arusan,
Tiran and Esfahan north) were studied by the measurement of stratigraphic logs (Fig. 2). As the three
successions are characterized by a different post-depositional evolution, reflecting the complex dynamics of
the Iranian blocks, stratigraphic analyses were accompanied by the reconstruction of the main geological

field relationships and structural features of the three zones, which are here summarized as follows.

2.1 Arusan area

The Arusan area, belonging to the Yazd block, is located to the north of Khur along the southern border of
the Great Kavir-Doruneh Fault System, about 50 km east of the town of Jandaq. Its structural setting is
dominated by the pre-Pliocene dextral strike-slip Arusan Fault System (AFS), including several different
strands, forming a possible precursor of the present-day active left-lateral Great Kavir-Doruneh Fault System
(zanchi et al., 2021). The AFS consists of several ENE-WSW dextral strike-slip faults which crop out a few

kilometres to the south of the active left-lateral Great Kavir Fault along the slopes of the Kuh-e-Kalateh,
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uplifting and exposing the Cretaceous to Paleogene successions (Fig. 3). Transtensional and transpressional
structures causing a local repetition of the Cretaceous succession occur in the area.

The Cretaceous succession is floored with a polymetamorphic basement showing an Early Jurassic imprint
and by the Arusan ophiolitic mélange of unknown age (Bagheri and Stampfli, 2008; Torabi, 2009). Granitoids
also occur along the AFS giving poorly constrained Late Jurassic K-Ar ages (158-147 Ma; Romanko, 1969).
The Chah Palang Formation, consisting of continental sandstone and conglomerate, non-conformably covers
the crystalline basement. According to recent works (Wilmsen et al., 2015), the unit was deposited between
the end of the Jurassic and the beginning of the Cretaceous postdating Jurassic deformation and

metamorphism (Rahmati-llkhchy, 2011; Zanchi et al., 2015).

2.2 Tiran Area

The Tiran area belongs to the non-metamorphic sector of the SSZ, which has been defined by several authors
as the westernmost portion of the Iranian microplate, sandwiched between the Zagros orogen and the
Urumieh—Doktar magmatic arc. The SSZ shows a marked Palaeozoic Gondwanan ancestry similarly to the
units composing Central Iran, followed by a Meso—Cenozoic evolution related to an active margin (Berberian
and King, 1981; Zanchi et al., 2009b; Hassanzadeh and Wernicke, 2016; Shakerardekani et al., 2021; Viaretti
et al., 2021).

The study area is located to the NW of Esfahan along the Dareh-Bid-Tiran Thrust close to the tectonic
boundary with the polymetamorphic units of the SSZ (Shakerardakani et al., 2021). West of this important
structure, low and very low-grade Triassic to Lower Jurassic metapelites (possibly corresponding to the
Shemshak Group) are coupled to eclogites recently dated to the Early Jurassic (Davoudian et al., 2016). The
structural grain of the Tiran region is characterized by largely spaced NW-SE-striking, SW-verging thrust
systems almost entirely developed within the Cretaceous succession, which is often severely folded and
tectonically repeated along the main structures. Structural observations performed along the main thrusts
suggest WNW-ESE to NW-SE-trending structures along the Daran and Dareh-Bid—Tiran Thrust, passing just
to the north of Tiran.

Structural observations carried out at a mesoscopic scale along the main faults suggest a dip-slip kinematics
with striations and growth fibres with almost pure reverse motions along both the Daran and the Dareh-Bid—
Tiran Thrust (Fig. 4). Oblique dextral and left-lateral reverse movements occur along the Daran Thrust Fault
with dextral motions, which seem to follow in time dip-slip thrusting. Folds measured along the Dareh-Bid —
Tiran Fault north of Tiran (sites T-Th1; Fig. 4) show NW-SE sub-horizontal hinges with a cylindrical geometry,
developing a marked axial plane disjunctive cleavage dipping to NE. West of Varposht (Site VP1), tight to
isoclinal folds with vertical cleavage and axial planes develop in the fine-grained shaly to marly facies of the
Lower Cretaceous succession. Fold geometry is given by thin limestone layers with reworked orbitolinid-
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limestones deposited within the deepest parts of the Early Cretaceous basin. We analysed the Dareh-Bid
thrust close to the homonymous village and at Gonahran (Fig. 4). Fault planes dip to the NE with a medium
angle and a layer of few meters with calc-mylonites occur along the thrust plane, indicating that deformation
partially occurred in plastic conditions (Badertscher and Burkhard, 2000). Similar data have been obtained
east of Ashin along a faulted anticline (Ash1) and along the contact between the Lower Cretaceous marly

layers and very low-grade Jurassic meta-sandstones.

2.3 Kalahrood and Morgh area (Esfahan north)

At Morgh, the Cretaceous succession covers with a regional angular unconformity tilted and folded Triassic
to Jurassic successions and it is extraordinarily evident in remote imagery in Goggle Earth. Despite the poor
deformation of most of the Cretaceous outcrops, which are flat or gently tilted to the south, thrust-related
folds locally occur along the ridge to the south of Morgh (Fig. 5)

The Kalahrood area consists of an ESE-SWNW synclinorium continuously exposed along its core, for about 20
kilometres, the Cretaceous successions, unconformably resting on thick, mostly terrigenous, Triassic to
Jurassic fine-grained successions at least partially deposited in a marine environment. Parasitic open to
closed folds with a few hundred meters of wavelength characterize the internal structure of the synclinorium,
showing characteristic w—shaped parasitic folds with both chevron and concentric hinge zones (Fig. 5). Here,
about 150 measurements including bedding, cleavage, fold axial planes and hinges in the Lower Cretaceous
units (Fig. 5; site Kalahrood) are consistent with the regional trends of the main folds, showing subvertical
disjunctive cleavage and axial planes, as well as sub-horizontal E-SE plunging hinges. Flexural-slip along

bedding has been locally observed with dip-slip striations.

Methods

Stratigraphic logs (Fig. 2) have been measured in the three studied areas, north of Khur (Arusan area), Esfahan
north (Kalahrood and Morg), and close to Tiran (Fig. 1). Logs were selected according to the exposure
conditions, absence of important tectonic overprint, continuity and accessibility. Samples have been
collected along the stratigraphic logs for thin-section analysis. About 180 thin sections were analysed. The
integration of field and thin section observations led to the identification of 11 facies types (Tab. 1), defined
according to texture, structures and components. The thin sections are stored at the Dipartimento di Scienze
della Terra “A. Desio” of the University of Milan. On carbonate microfacies, the classifications by Dunham
(1962) and Embry and Klovan (1971) have been applied for textural features, and by Fliigel (2004) for grain
characterization. Original biostratigraphic data from planktonic and benthic foraminifera were obtained from

thin-section analysis.

7
https://doi.org/10.1016/j.jseaes.2023.105736



Published in “Journal of Asian Earth Sciences”, Volume 254, 15 September 2023, 105736

4. Stratigraphy

The successions from the three studied areas are characterized by a comparable initiation and evolution,
marked by a basal thin mixed carbonate-siliciclastic unit (from a few to a few tens of meters) rapidly evolving
into shallow-water orbitolina-rich limestones. This succession commonly rests non-conformably on eroded
metamorphic units involved in the Cimmerian orogeny or unconformably on underlying sediments. The
stratigraphic evolution is characterized by the deposition of a basal carbonate unit, similar in the three
studied areas, followed by a marked stratigraphic differentiation. The detailed comparison of the successions
highlighted analogies and differences in the depositional, environmental and stratigraphic evolution. The
stratigraphic organization of the three successions, the distribution (Tab. 1), and associations (Tab. 2) of the

facies types is discussed separately and then compared.

4.1 Arusan area

The Cretaceous marine succession in the Arusan area (north of Khur; Fig. 6, 7) rests upon a Cimmerian-related
metamorphic basement (Bagheri and Stampfli, 2008; Zanchi et al., 2021) or upon sandy coastal deposits.
These siliciclastic deposits (e.g., Wilmsen, 2015) consist of up to 1000 m-thick conglomerates and sandstones
(Chah Palang Formation) south of Khur (Wilmsen, 2015), covered by up to 500 m of mixed transitional facies
(Nogreh Formation). In the study area, the Chah Palang Formation is discontinuous and fills depressions
carved in the metamorphic rocks, whereas a possible equivalent of the Nogreh Formation is represented by
a few meters of coastal sandstone with carbonate cements. Above the low-relief area represented by eroded
basement rocks, the presence of a non-conformity (above basement rocks) is documented by a thin (up to
1-2 m) layer of conglomerates with calcareous cement characterized by abundant well-rounded quartz
pebbles (CSS; Fig. 6A and B; 8A), denoting a high textural and mineralogical maturity. The deposition of the
Cretaceous successions starts with these quartz-rich fine-grained conglomerate and sandstone with
carbonate cements (CSS), making transition to orbitolinid- and rudist-bearing mixed carbonate-siliciclastic
facies (HYB; Fig. 6D). The rapid transition to marine conditions is documented by carbonate facies belonging
to the Shah Kuh Formation (Wilmsen et al., 2013; 2015), characterized by the abundance of orbitolinids and
small rudists also in life position (RLM; Fig. 6E) from the base of the Cretaceous succession. The thickness of
the Shah Kuh Formation is reduced to the west (about 35 m), whereas it ranges between 100 and 120 m
toward the west.

Above the Shak Kuh Formation, the stratigraphic evolution of the eastern and western part of the study area
differs. In the western sector, immediately above the Shah Kuh Formation, a sharp fine-grained silicilastic
input, represented by about 4 m of bedded limestone with quartz grains and fenestral texture (OBL) is
recorded: the siliciclastic input is also documented by the abundance of orbitolinids incorporating quartz

micrograins in the shells (OBL; Fig. 8H), extremely abundant in this stratigraphic interval. This interval is

8
https://doi.org/10.1016/j.jseaes.2023.105736



Published in “Journal of Asian Earth Sciences”, Volume 254, 15 September 2023, 105736

rapidly covered by about 50 meters of massive red conglomerates with alignment of abundant quartz (up to
5 cm in size) and limestone pebbles (Fig. 6F; CGL). Conglomerates are massive to faintly bedded and reflect
different events of deposition, possibly represented by two major cycles. The colour is red.

Moving eastward, of Arusan, the stratigraphic evolution is different: conglomerates are absent, substituted
by sandstone rich in quartz grains (QTZ; Fig. 8D), developed within a marly/silty succession (MRL) rich in
echinoid, resting above massive limestone of the Shah Kuh Formation.

Above the conglomerates, a renewed carbonate deposition is recorded across the studied area, with a rapid
transition, marked by a few meters of bedded, fine-grained limestone, to another massive carbonate unit,
consisting of bioclastic limestone rich in rudists, ostreids and abundant orbitoidids (ODL; Fig. 9E), thus
documenting its Late Cretaceous age. This carbonate unit is referred to as Haftoman Formation (Wilmsen et
al.,, 2015, 2018a) and represents an extended carbonate platform. The Haftoman Formation, ranging in
thickness from about 50 m to 150 m, is dominated by bioclastic packstones rich in rudists (RLM; Fig. ),
reworked and in life position. Well-rounded quartz pebbles from a few millimetres to about 1 cm are locally
present.

The massive Haftoman Formation is covered by about 20 to 30 m of alternating limestone (RLM and ODL;
mostly bioclastic packstone) and marls that are interpreted as the topmost part of the unit. The decrease in
carbonate production and the abundance of marls (60 to 65 m ), locally bioturbated, with disperse echinoids
(MRL), marks the transition to the Farrokhi Formation (Fig. 7A). The reprise of carbonate production,
postdating the deposition of marls, is sharp (Fig. 7C) and represented by bedded, bioturbated limestones,
locally with quartz grains, with rare chert nodules (CHL; Fig. 7E). The microfacies typically consists of
wackestone to packstone with abundant planktonic foraminifera, radiolarians and calcispheres (CHL; Fig. 8G;
9H). The upper boundary of this unit is represented by a hardground with glauconitic crusts, poorly preserved
ammonites, belemnites, gastropods, echinoids, and bivalves (HGL; Fig. 7F, G; 9F and G). Above this
hardground, the succession is dominated by a marly unit containing rare calcareous beds and characterized
by abundant bioturbations (CHL; Thalassinoides and Zoophycus). The youngest part of the succession (Fig.

7A, 1) is represented by bedded cherty limestone (CHL; Fig. 9H), with a thickness of more than 200m.

Stratigraphic evolution

The transition from a deeply eroded basement to shallow-water marine conditions is represented by the
deposition of quartz-rich fine-grained conglomerate and sandstone with carbonate cements (CSS) and a thin
hybrid limestone unit (HYB) at the base. This unit rapidly evolves to a massive limestone unit with rudists and
orbitolinids (RLM and OBL) that can be traced across the studied area, denoting a rapid marine transgression

and environmental change. This carbonate unit, the Shah Kuh Formation, documents the development of an
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epeiric sea in tropical climate, characterised by uniform facies distribution. The tabular geometry of the unit
describes a stable geodynamic setting, with a shallow-water sea expanding across the studied area.

The presence of conglomerates (CGL) above the Shah Kuh Formation, which is characterized in its upper part
by bedded bioclastic limestone (OBL) alternating with marly interlayers (MRL), can be continuously traced in
the studied area, documenting the erosion of carbonate facies and the availability of quartz deriving from
basement highs. This interval is characterized by faint laminations and alignment of clasts and red colour,
suggesting the transition to continental conditions in the western part of the studied area. Marine conditions
persisted to the east, where the siliciclastic input is still recognizable, but it is represented by a sandstone
layer embedded within a marine marly/silty succession characterized by abundant echinoids and
bioturbations. The presence of conglomerate with carbonate and quartz clasts (CGL) documents the erosion
of nearby carbonate highs up to the underlying basement, previously not exposed during the deposition of
the Shah Kuh Formation. The abundance of quartz indicates that erosion probably reworked basal
conglomerates rather than the underlying basement, suggesting a limited depth of the erosional surface.
The siliciclastic facies are rapidly covered, in the west, by a carbonate unit, which marks the return to shallow
marine conditions, with abundant rudists (RLM, ODL). This unit (Haftoman Formation) is covered by
alternating bedded limestone and marls, recording a drowning of the carbonate platform followed by the
deposition of marls, marking the transition to the Farrokhi Formation, consisting of intervals dominated by
marls (MRL) alternating with bedded cherty limestone (CHL; Fig. 7A, 1). These facies mark a complete change
in the depositional conditions: since the lower marly unit (M1), the succession is characterized by deep-water
fossil associations (foraminifera, ammonites, belemnites, radiolarians). The reprise of carbonate
sedimentation (CHL) is represented by bedded cherty limestone with bioturbations. This deep-water
limestone unit is characterized at its top by a hardground with glauconite and characterised by intense
bioturbation and concentration of ammonites, belemnites and echinoids (HGL). Open marine conditions
persist after the development of this hardground, as documented by the deposition of marls with rare cherty
limestone beds (MRL, CHL) that rapidly pass to of a second unit of well-bedded cherty limestone (CHL).

The overall evolution of the succession of Arusan records a rapid and widespread marine transgression on a
previously continental area, with the homogeneous deposition of rudists and orbitolinids bearing limestone
(Shah Kuh Formation). A return to continental conditions is observed westward, with deposition of
conglomerates, whereas to the east marine conditions persist, with deposition of marls and siltstones, but
with a quartzarenites layer probably recording the same regression responsible for the deposition of
conglomerates toward the east. Differentiation of depositional conditions at a local scale suggests tectonic
control on sedimentation. After a return to carbonate platform conditions (Haftoman Formation) a drowning
is documented by the deposition of marls and cherty limestone, reflecting a rapid subsidence, with the

deposition of the different facies of the Farrokhi Formation. The presence of poorly preserved dinosaur
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footprints (Wilmsen et al., 2022) discovered south of the study area suggests a regression at the top of a
calcareous unit (Middle Limestone Member of the Farrokhi Formation). The intertidal-supratidal conditions

suggested by the possible dinosaur footprints are not documented in the study area.

4.2 Tiran area

The studied outcrops (Fig. 10) are located close to the village of Tiran, in an area involved in a Cenozoic fold-
and-thrust belt. Despite the occurrence of intense deformations, a continuous log cropping out east of the
village was measured. The succession belongs to the “complexly deformed zone” of the Sanandaj—Sirjan zone
(Mohajjel et al., 2003), where Triassic and Jurassic siliciclastic units (quartz-rich, reddish siltstone and
sandstone) are sharply unconformably covered by transgressive, thick marine Cretaceous carbonate and
marly units. The recrystallization, folding and intense cleavage suggest a significant burial and heating of the
succession, recording erosional and/or exhumation events postdating the deformation. The Cretaceous
succession unconformably rests upon poorly constrained Triassic or possibly Jurassic sandstone and siltstone,
documenting an important stratigraphic gap. The base of the Cretaceous succession is characterized by a few
meters of quartzarenite, conglomeratic sandstone and siltstone (CSS, about 20 m). These facies are rapidly
covered, with a sharp contact (Fig. 10B), by hybrid carbonates containing quartz grains (HYB). The decrease
of siliciclastic grains occurs rapidly, and about 5 m above the contact with the underlying sandstone,
extrabasinal clasts disappear. The basal carbonate facies mostly consist of poorly bedded dolomitized
packstone and wackestone with orbitolinids (OBL, Fig. 8E). The onset of carbonate production documents a
rapid marine transgression, producing up to about 270 m of a monotonous succession of limestone,
frequently irregularly dolomitized (dolomitized patches are marked by a brown colour in alteration; Fig. 10D),
with bivalves, rudists and orbitolinids (RLM and OBL); bioturbations are locally present. Above this massive
limestone, it is possible to observe the transition to alternating marls and siltstones (MRL) and limestone
with silicified fossils (mostly bivalves, e.g., cf. Rastellum carinatum (Lamarck), Fig. 10E) and chert nodules
(CHL, Fig. 10G). Lenticular carbonate lenses (from 1 to 5 m thick on average) interfinger with the marly, marly
limestone and siltstone facies (MRL, Fig. 10H). Carbonate lenses consist of packstone/wakestone; among
skeletal grains crinoids are common, orbitolinids are often abundant (OBL). Reworked rudists are rare;

ostreids are locally present (RLM). The measured thickness of this unit reaches more than 200 m.

Stratigraphic evolution of the Tiran succession

In the Tiran Area, after a long period of erosion of the Triassic and Jurassic units, the base of the Cretaceous
succession documents the creation of accommodation space with the reprise of sedimentation, with the
deposition of a basal siliciclastic unit characterized by high mineralogical maturity, being characterized by

abundant quartz grains and pebbles (CSS and HYB). The transition to bioclastic limestones (OBL and RLM)
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reflects a rapid marine transgression, with the transition to shallow-marine depositional environments,
documented by the onset of carbonate deposition and a rapid decrease in the siliciclastic content. This
evolution confirms that carbonate sedimentation occurred on a flattened, deeply eroded surface: after the
basal transgression, no significant sources of siliciclastic sediments is preserved. After a period of persisting
shallow-water depositional conditions (recorded by the massive carbonate unit), a rapid deepening is
documented by the alternating marls and siltstone (MRL) and cherty limestone (CHL), with resedimented
skeletal grains (ODL). The lenticular geometry of the limestone beds is interpreted as the evidence of
carbonate resedimentation from shallower nearby areas.

The age of this succession is poorly constrained, but the presence of orbitolinids documents in all the
carbonate facies (from the lowermost to the uppermost preserved horizons) an Aptian to, at most,
Cenomanian age (Veli¢, 2007; Chiocchini et al., 2008). The presence of reworked, silicified ostreids (Rastellum
carinatum; Fig. 10G) provides environmental indications, as it is considered to not tolerate salinity variations

(Carter, 1968; Jablonsky and Lutz, 1980; Freneix and Viaud, 1986).

4.3 Kalahrood and Morgh area (Esfahan north)

North of Esfahan (Morgh, Fig. 11; and Kalahrood, Fig. 12), the Cretaceous succession rests with an angular
unconformity upon deformed sedimentary successions. Consequently, the Cretaceous succession
unconformably covers different stratigraphic units: in the studied area, the Cretaceous units cover marine
mixed sediments of Triassic and Jurassic age at Morgh and quartzarenites and conglomerates with quartz
pebbles possibly of Triassic and Jurassic age, at Kalahrood. Above a deeply eroded and levelled, flat surface,
the Triassic to Jurassic deformed sediments are covered by red sandstone and fine-grained conglomerate
(CSS) that are characterized by intercalations of bioclastic sandy limestone beds (HYB, Fig. 11B, C, D), marking
the onset of the Early Cretaceous sedimentation. This unit can be traced across the studied area with the
same thickness and facies association, independently from the nature of the underlying bedrock (Fig. 11A,
10B). The carbonate content rapidly increases in the upper part of the basal unit, leading to the development
of a massive carbonate unit characterised by the abundance of rudists. Facies are mostly represented by
skeletal packstones rich in orbitolinids and bivalves, mostly ostreids and rudists (RLM and OBL; Fig. 12D; 8F).
These facies can be traced across the studied area, recording homogeneous depositional conditions, followed
by a relative differentiation. Carbonate facies persist to the north (Kalahrood), whereas in the south (Morgh)
a rapid transgression is documented by a glauconitic hardground (HGL, Fig. 9A; 12E) at the top of the
carbonates and by the deposition of a marly unit containing ammonites and planktonic foraminifera (CHL
and MRL, Fig. 9C and D).
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A return to shallow-water carbonate deposition is recorded by a prograding unit mostly made of skeletal
packstones rich in rudists, gastropods (including nerineids), corals, possibly stromatoporoids, large benthic
foraminifera (abundant orbitolinids), and planktonic foraminifera (RLM, OBE, Fig. 9B; Fig. 12 C, F, G, H) that

represents the youngest unit cropping out in the studied area.

Stratigraphic evolution

The Cretaceous succession rests, along a regional angular unconformity, upon a flat erosional surface
developed at the top of Triassic and Jurassic deformed sediments mostly consisting of quartz-rich sandstone,
conglomerates and limestone. The Cretaceous succession documents a very rapid transgression with the
deposition of a few meters of mixed siliciclastic and carbonate facies (CSS and HYB), passing to a massive to
bedded carbonate unit rich in orbitolinids and bivalves (mostly ostreids and rudists; RLM and OBL) showing
a rapidly decreasing siliciclastic content. In the lower part of the carbonate unit, a continuous interval, up to
5-7 m thick, of marly limestone is present. This evolution is observed both at Morgh and Kalahrood, but the
overlying evolution is partly different and the succession at Morgh is best preserved.

Whereas at Morgh the massive bioclastic carbonate evolves to bedded and darker bioclastic limestones (up
to the top of the studied succession), at Kalahrood, the top of the bioclastic carbonate unit is characterized
by a hardground (HGL). This hardground marks the demise of the carbonate production and a rapid
deepening, with transition first to hybrid limestone (with quartz grains) and later to marl and siltstone (MRL)
with a gradual increase in the limestone content, and up to limestone with incipient chert nodules containing
poorly-preserved ammonites and planktonic foraminifera (CHL). The overlying thick marly interval (MRL) still
records low-energy subtidal water conditions. The top of this unit records a return to carbonate
sedimentation, with the progradation of a low-angle downlapping of massive limestone rich in corals,
nerineid gastropods and orbitolinds (OBE) that marks the onset of a carbonate platform and the return to

shallower bathymetric conditions, with the reprise of shallow-water, high-energy carbonate sedimentation.

Paleontological associations and age constraints

The three studied successions cover stratigraphic intervals characterized by a coeval base but extending
differently in age at the top: the Arusan succession preserves the lowermost faunal associations, followed by
the Kalahrood and Morgh (Esfahan north), and Tiran. The distribution of the foraminifera in the stratigraphic
logs defines different associations (Fig. 13) that provide constraints on the age of the studied succession. The

abundance of foraminifera changes in the three sections that are here described separately.
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5.1. Microfossils from the Arusan area

The stratigraphic sections from the Arusan area are characterized by the presence of two well-diversified
foraminifera assemblages (Fig. 13, 14). The first assemblage (assemblage A) is composed by orbitolinids such
as Praeorbitolina cormiy Schroeder (Fig. 14A), Palaeodictyoconus cf. actinostoma Arnaud-Vanneau and
Schroeder (Fig. 14B), orbitolinid indet. (Fig. 14C), Praeorbitolina aff. claveli Schlagintweit et al. (Fig. 14D),
Dictyoconus pachymarginalis Schroeder (Fig. 14E), which are among the main constituents at stratigraphic
logs KO (lower part), K1, and K3 (Fig. 2). The taxa Quinqueloculina sp., Nezzazata sp., Nezzazata isabellae
Arnaud-Vanneau and Sliter (Fig. 14F), Akcaya minuta (Hofker) (Fig. 14G), Cuneolina sp., Cuneolina cf. hensoni
Dalbiez (Fig. 14H) complete the A assemblage. Furthermore, calcareous algae and bacinellid textures are
occasionally present. Planktonic foraminifera Globigerinelloides sp., Whiteinella sp., Whiteinella baltica,
Whiteinella brittonensis, Muricohedbergella delrioensis, Praeglobotruncana stephani and calcispheres mainly
occur in the easternmost sector (Log K4) of the Arusan area and define “assemblage B”. Samples from KO
(upper part), K2, and K9 do not contain orbitolinids and the other taxa occurring in assemblage A, but they
yield abundant Siderolites calcitrapoides Lamarck (Fig. 141), Orbitoides sp., and Orbitoides media (D’Archiac)
(Fig. 14J, K) that are often associated with the red algae Paraphyllum amphiroaeformae (Rothpletz) (Fig. 14L).
The association of these taxa allows the identification of assemblage C. Gastropods, ostracods, rudists,

bryozoans, echinoderms, and brachiopods are abundant in both assemblages A and C.

5.2. Microfossils from the Esfahan north area

As in the Arusan area, two main assemblages can be distinguished in the Esfahan north area (Fig. 15).
Orbitolinids dominate the lower part of the studied logs and Iragia cf. simplex (Fig. 15A) and several
orbitolinid (Fig. 15B) have been observed. Other benthic foraminifera are Balkhania balkhanica Mamontova
(Fig. 15C), Torremiroella hispanica Brun and Canérot (Fig. 15D), that together with the calcareous algae
Permocalculus sp., Neomeris sp. Bakalovaella elitzae (Bakalova) (Fig. 15E) and bryozoans allow identification
of the Al assemblage. In the Esfahan north area, planktonic foraminifera (i.e., Whiteinella sp.; Whiteinella
brittonensis (Loeblich and Tappan), Fig. 15F, G; Whiteinella baltica Douglas and Rankin, Fig. 15H, I;
Helvetoglobotruncana praehelvetica (Trujillo), Fig. 15J; Muricohedbergella sp., Muricohedbergella delrioensis
(Carsey), Fig. 15K, L; Muricohedbergella planispira (Tappan), Fig. 15M, N) characterize the B1 assemblage that

has been observed in the upper part of the considered logs (Fig. 2).

5.3. Microfossils from the Tiran area
A single assemblage characterizes the only considered stratigraphic section of the Tiran area. Abundant

specimens of the family Orbitolinidae, smaller benthic foraminifera, bryozoans, echinoid spines, and
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gastropods occur. Although no specific biomarkers have been identified, the assemblage of the Tiran area is

comparable to the A and Al assemblages observed in the Arusan and Esfahan north areas, respectively.

. Discussion

6.1 Fossil distribution and age

In the Arusan area, the benthic foraminiferal assemblage A (Fig. 2, 13) characterizes the basal Cretaceous
carbonate unit (Shah Kuh Formation and equivalent units) and is characterized by abundant orbitolinids,
leading to the identification of a well-defined, restricted stratigraphic distribution. According to the data from
the literature, Praeorbitolina cormyi is reported to occur in the upper part of the lower Aptian (late Bedoulian
sensu Breistroffer, 1947) of the Arabian Plate (Masse, 2003; Schroeder et al., 2010; Schlagintweit et al.,
2013a; Schlagintweit and Rashidi, 2022). Paleodictyoconus actinostoma has been reported from the lower
Aptian of Central Iran (Arnaud-Vanneau and Schroeder, 1976; Wilmsen et al., 2020; Schlagintweit and
Rashidi, 2022) and the upper part of the lower Aptian (southern France; Schlagintweit et al., 2013a). Iragia
simplex shows a similar stratigraphic distribution (late Bedoulian Auct. of the European and Arabo-African
Tethyan margins; Masse, 2003); Praeorbitolina claveli was described from the lower-middle Aptian (upper
Bedoulian—lower Gargasian sensu Breistroffer, 1947) of Central Iran (Schlagintweit et al., 2013a).
Dictyoconus? pachymarginalis is frequently mentioned to occur in the lower-middle Aptian interval of the
northern and southern Tethyan margins, as in the Alborz (Schroeder, 1965), in the Central Apennines
(Mancinelli and Chiocchini, 2006), and in Central Iran (Schlagintweit et al. 2013a, 2013b). Therefore, the
stratigraphic distributions of the marker species composing assemblage A allow inferring an early Aptian (late
Bedoulian Auct.) age for logs KO lower part, K1, and K3 from the Arusan area (Fig. 2). The benthic foraminiferal
assemblage observed at the base of the Shah Kuh Formation in the Esfahan north area (assemblage A1) yield
Iragia simplex, Balkhania balkhanica, and Torremiroella hispanica, thus suggesting an early Aptian age. The
species B. balkhanica, and T. hispanica are commonly recorded from Barremian to lower Aptian (Late
Bedoulian—Gargasian Auct.) successions and characterize the Carpatho-Cimmerian bioprovince (Eurasian
margin of the Neo-Tethys, Abad et al., 2013; Schlagintweit et al., 2013b; Wilmsen et al., 2020). In summary,
the biostratigraphic data suggest an early Aptian age for the regional transgressive phase observed in the
Arusan and Esfahan north areas.

Planktonic foraminifera are observed in the overlying samples of both the two areas (e.g., M50, M60, M74bis:
see Fig. 15), recording a low diversity assemblage mainly composed by long-ranging species (assemblages B
and B1; Fig. 13). However, the occurrence of Whiteinella brittonensis, W. baltica, Muricohedbergella
planispira, M. delrioensis, and Helvetoglobotruncana praehelvetica poorly constrains the sampled units to a
Cenomanian-Turonian time interval according to the known stratigraphic distribution of these species (e.g.,

Premoli Silva and Sliter, 1994; Robaszynski and Caron, 1995; Huber et al., 2016; Petrizzo et al., 2020; Gale et
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al., 2020) and in the absence of diagnostic zonal marker species. The occurrence of orbitolinids at the base
and in the prograding bioclastic carbonates in the upper part of log Morgh (Esfahan north area) indicates an
early-middle Cenomanian age for the studied interval.

The association of taxa Siderolites calcitrapoides, Orbitoides media, Paraphyllum amphiroaeformae that
occur in logs KO (upper part), K2, and K9 characterizes the assemblage C in the Arusan area, documenting a
Maastrichtian age (Baumfalk, 1986; Baumfalk and Van Hinte 1985; Ozcan et al., 2021), younger than the
Santonian-Campanian age documented by Wilmsen et al. (2018a) for the Haftoman Formation. Assemblage
C documents that in the study area the Haftoman Formation extended to the Maastrichtian: here, carbonate
platform conditions persisted, while in the south, at the same time, the Farrokhi Formation was deposited in
basinal conditions (Wilmsen et al., 2018a).

6.2 Stratigraphic evolution

The Cretaceous Period is characterized by rapid depositional changes in all the different domains that are
presently arranged in the Iranian tectonic puzzle. Despite the post-depositional tectonics related to different
geodynamic events (including the opening and closure of seaways among these blocks during the Cretaceous,
the Zagros orogeny and the Cenozoic wrench tectonics), it is possible to reconstruct some major events
characterized by both common and different stratigraphic evolutions at different localities (Fig. 16), recorded
by changes in the facies associations (Tab. 2).

The most striking event that characterizes the Lower Cretaceous succession in the studied areas, in terms of
distribution and lateral traceability, is the rapid spread of mixed carbonate-siliciclastic deposits followed by
rapid and coeval deposition of carbonate facies all over a wide area of the Iranian territory. The continuous
distribution of the Cretaceous sediments on the different blocks building the present-day Iran indicates that
a wide area was rapidly inundated by the deposition of mixed siliciclastic-carbonate coastal sediments rapidly
and invariably covered by shallow-water carbonates. The latter are characterized by abundance of
orbitolinids and rudists. The Lower Cretaceous units are thus generally known as “Orbitolina Limestone”,
obtaining different names in different domains (Tirgan Formation in the Kopeh Dagh, Tizkuh Formation in
the Alborz, Daryan Formation in SW Iran, Taft Formation and Shah Kuh Formation in Central Iran and south
of Esfahan, or, generically, “thick bedded limestone to argillaceous limestone” in the Tiran area).

The age of the basal facies of the Cretaceous succession, constrained in age by assemblage A, is mostly Aptian,
documenting that most of the central portion of Iran was covered by a shallow epicontinental sea where
carbonates variably mixed with siliciclastic sediments were deposited (Fig. 16). The Cretaceous transgression
occurred on a flat erosional surface, as documented by the planar geometry and lateral continuity of the
Cretaceous units. This evidence indicates that, after the Cimmerian Orogeny and its late deformations
(persisting during the Jurassic, as documented by the pre-Cretaceous deformation of Jurassic successions),
the entire Iranian area was eroded up to the erosional base level before the rapid and widespread Lower
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Cretaceous transgression. Biostratigraphic constraints indicate an early Aptian age for the major
transgression event, which is interpreted to have determined the unconformable deposition of the
“Orbitolina Limestone” and of the equivalent marine carbonate units above the Cimmerian terranes (e.g.,
Wilmsen et al., 2010; 2013). The deposition of limestone containing rudists and orbitolinids and characterized
by a decreasing (from the base to the top) amount of mineralogically mature siliciclastic facies is observed in
all the studied area, belonging to different tectonic domains: the Yazd Block, the non-metamorphic sector of
the Sanandaj—Sirjan Zone, and western CEIM. Similar units are observed also in the Alborz, whereas in the
Kopeh Dagh the Cretaceous succession conformably rests upon Jurassic units and consists of alternating
carbonate and fine-grained siliciclastics (Taheri et al., 2009; Robert et al., 2014). The presence of several
hiatuses within the Cretaceous to Paleocene successions in the NE part of the belt is interpreted as the
evidence of local uplifts, suggesting a Late Cretaceous-Paleocene tectonic reactivation of the belt (Wilmsen
et al., 2013; 2015; Robert et al., 2014). In the late Turonian, the area has been subject to a major tectonic
event that caused a tilting of north-dipping fault blocks with widespread erosion and karstification on the
crests (Wilmsen et al. 2015), documenting the erosion of up to 2000 m of Cretaceous sediments. Only rarely,
possibly above persisting highs, the age of the Cretaceous transgression is slightly younger. In the northern
Alborz, the transgression is Late Cretaceous on Cimmerian highs (Santonian, Neka Valley; Berra et al., 2007);
similarly, at Nakhlak, the transgressive carbonate facies that directly cover a deformed Triassic succession
(Balini et al., 2009; Zanchi et al., 2009b) are Late Cretaceous in age (see also Vaziri et al., 2005; 2012). The
Cretaceous succession resting above the Anarak metamorphic units (Zanchi et al., 2015) shows a roughly
constant thickness, suggesting that also here deposition occurred on a low-relief area due to a rapid marine
transgression. The continuity and homogeneous facies of the Aptian strata across different Iranian domains
indicate that deposition occurred on a low relief area produced by the erosion of a tectonically stable
continental area, except for small highs where deposition starts during the Late Cretaceous. These highs are
interpreted as low-relief islands in an epeiric sea, where shallow-water carbonate sediments were deposited.
The rapid Cretaceous marine transgression on the post-Cimmerian peneplain occurred after a long period of
subaerial erosion, as documented by the high textural and mineralogical maturity of the siliciclastic
sediments at the base of the Cretaceous succession, typically represented by well-rounded quartz grains in
conglomerate and quartzarenite, independently from the composition of the underlying successions. The
presence of calcite cements and skeletal grains (typically orbitolinds) from the base of the Cretaceous
succession suggests a very rapid transition from continental to marine sedimentation.

This common and coeval evolution in distant stratigraphic successions documents the rapid marine
transgression that reflects the well-known (Sloss, 1963) and abrupt flooding of continental areas observed
during the late Early Cretaceous. This event is recorded in the CEIM by the deposition of Aptian carbonates

on continental to coastal units (Chah Palang and Nogreh formations) of variable thickness (from a few to
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hundreds of meters), folded sedimentary units involved in the Cimmerian Orogeny, and metamorphic
basement.

The age of the transgression and geometry of the sedimentary units indicate that, during the Aptian, Iran
was a lowland facing the Neotethys to the south. The rapid transgression (Fig. 16) can be interpreted as the
result of a major sea-level rise that, considering its wide distribution, could be more probably related to an
eustatic event rather than to local subsidence. The biostratigraphic constraints indicate an early Aptian age
for this rapid transgression; a higher precision is not possible with the available biostratigraphic data.

The timing of the Cretaceous transgression in Iran can be compared with global sea-level curves. The
beginning of a major transgression in early Aptian is well documented on the passive margin of the Arabian
plate facing the Neotethys ocean (van Buchem et al., 2010), that had a passive margin during the Early
Cretaceous, recording a sea-level rise more important than that recorded by the Barremian succession: in
the Arabian plate the recovery of shallow-marine deposits occurred in early Aptian (van Buchem et al., 2010).
During early Aptian, the existence of a sea-level rise was also previously documented from the study of the
Cretaceous succession of the Arabian plate by other authors (e.g., Sharland et al., 2001; Davies et al., 2002).
This eustatic sea-level rise turned out to be coeval with the initiation of the deposition of Cretaceous marine
sediments in the different domains of Iran. The rise of the sea level was sufficiently high to trigger the
development of a carbonate unit dominated by large bivalves (mostly ostreids and rudists) and large benthic
foraminifera (orbitolinids). The roughly constant thickness of the unit indicates a homogeneous creation of
accommodation space, still suggesting a major role of an eustatic sea-level rise (of the order of several tens
of meters) on a slowly subsiding area without evidence of significant tectonic activity. Origin and controlling
factor of this important sea-level rise still requires further investigations, during a greenhouse period, when
ice caps were likely absent. Nevertheless, a significant role of glacio-eustatic sea-level changes is suggested
by Frau et al. (2020), who recognize during late Barremian a major exposure event in the Mediterranean area
followed by a sea-level rise in late early Aptian, coeval with the observed major transgressive event in Iran.
The difference between the homogeneous conditions documented by the similar Aptian facies and the high
differentiation (in terms of facies and thickness) of the overlying units can be ascribed to the identification
of structural domains characterized by different subsidence rates, possibly reflecting the beginning tectonic
disruption of the large Aptian epeiric carbonate platform. Evidence of tectonic activity is documented by
erosion and deposition of sandstone and conglomerates with carbonate and quartz pebbles around Arusan,
in the Esfahan north area by the development of a hardground on top of the shallow-water orbitolina and
rudist limestone (followed at Morgh by a Cenomanian carbonate platform), and, at Tiran, by the transition
to deep-water facies that indicates a rapid subsidence with creation of accommodation space.

A major angular unconformity, confirming this geodynamic change, was also well documented by Wilmsen

et al. (2015; 2018b), who document a major erosional event predating the deposition of the Haftoman
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Formation (Coniacian in age at the base), that unconformably rests on older (Barremian to Turonian) units in
the Khur area. The stratigraphic evolution is different south of Esfahan, where most of the upper Albian to
middle Cenomanian succession is missing or reworked into upper Cenomanian glauconitic facies (Hairapetian
et al., 2018). The succession at Morgh strongly resembles that described by Wilmsen et al. (2020) south of
Chupanan, east of the Anarak metamorphic complex.

This rapid Early Cretaceous transgression is consistent with: (i) the rapid and laterally continuous
development of epeiric carbonate platforms in Iran during the Early Cretaceous; (ii) a green-house period
dominated by persisting high sea-level conditions. In fact, during the Cretaceous the sea level was about 100
m higher than in the Jurassic, according to all the available sea-level curves (e.g., Miller et al. 2005; Haq et
al., 2014), and the increase of the flooded continental areas is recorded worldwide (Sloss, 1963). Despite the
Aptian transgression starts with very similar successions in the described different domains, the different
stratigraphic evolution from the Albian reflects major local tectonic events documented by rapid thickness

changes and a general deepening of the successions.

6.3 Regional implications

The geodynamic significance of the stratigraphic evolution reconstructed from the three studied areas can
be discussed in the frame of the Cretaceous evolution of Central Iran. During Late Cretaceous is a major
tectonic re-organizations of the Iranian domains occurred. Ophiolitic belts, mostly interpreted as remnant of
back-arc basins along the western border of the CEIM document the existence of oceanic seaways, whose
opening is ascribed to the subduction of the Neotethys ocean under the SSZ (Esfahan—Hamadan Trough,
Naein-Baft Rift, Sabzevar, producing the “Inner belt ophiolites” of Stécklin, 1981; Ghasemi and Talbot, 2006;
or to the Zagros internal belt of Moghadam et al., 2014). The origin of these oceanic basins is still debated
(e.g., Barrier and Vrielynck, 2008; Omrani et al., 2013; Barrier et al., 2018; Pirnia et al., 2020; Jentzer et al.,
2022). The differentiation of the three areas after a common Aptian stratigraphic evolution (Fig. 16), is
recorded by changes in the subsidence rates, that reflects a new geodynamic scenario characterized by the
existence of different crustal blocks separated by basins floored with oceanic crust. According to the
proposed paleogeographic reconstruction (Hairapetian et al., 2018), the succession at Arusan belonged to
the Yazd block during the Cretaceous and was separated by the Esfahan-Hamadan Trough, Naein-Baft Rift
(or Ocean) and Sabzezvar Ocean from the Tiran succession, which was part of the Sanandaj—Sirjan block. The
paleogeographic position of the Esfahan north successions is still debated, as it is located along the poorly
defined boundary between the Urumieh-Dokhtar arc and the SSZ. According to Hairapetan et al. (2018), this
area might be separated from Central Iran by the Sabzevar and Naein-Baft Oceans, but alternatively it might
also be part of NW Iran.
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Before this differentiation the similar evolution, recorded by the comparable (for timing, facies and thickness)
Aptian shallow-water transgressive marine carbonates, suggests a possible lateral continuity of the three
successions. The similar sedimentation and the coeval transition from emerged land to marine epeiric
carbonate deposits indicate that the geodynamic differentiation of CEIM and SSZ occurred after the Aptian
transgression and likely began towards the end of the deposition of the Shah-Kuh/Taft Formation, whose
demise is therefore considered as the effect of changing subsidence conditions. The increasing subsidence
may be reasonably related to a general increase in the extension rates, which are consistent with the opening
of the oceanic seaways separating the main crustal blocks of Iran (e.g., Esfahan-Hamadan Trough, the Naein-
Baft Rift, Sabzevar). This scenario is compatible with the age of the Sabzevar Cretaceous back-arc basin, as
suggested by biostratigraphic data from the Sabzevar ophiolites, associated with Upper Cretaceous basinal
limestones (Shojaat et al., 2003).

Finally, the stratigraphic evolution of the studied successions suggests that the initiation of the extension
leading to the opening of oceanic basins within the CEIM occurred close to the Aptian—Albian boundary. The
dating of this extension, predated by a major eustatic sea-level rise in early Aptian, provides important
constraints on the timing of the post-Cimmerian crustal fragmentation of Iran , taking to a new geodynamic

cycle reshaping the entire microplate.

. Conclusions

The deposition of the Cretaceous succession in Central Iran postdates a major, complex tectonic event,
responsible for the docking of the Perigondwanan terranes producing the Cimmerian orogenic phases,
starting at the end of the Triassic and lasting for most of the Jurassic. Facies distribution indicates that before
the deposition of the Cretaceous units, deep erosion produced a flat topographic surface: above this surface,
continental sediments rapidly evolve to transgressive Aptian marine carbonates, across most of the present-
day Iran. After this interval of homogeneous sedimentation, a rapid stratigraphic differentiation is
documented by major facies and thickness changes. This evolution, that can be observed in different parts
of the Iranian geological jigsaw, has been studied in detail in three selected areas: Tiran, Arusan and Esfahan
north (Kalahrood and Morgh logs).

The biostratigraphic constraints document a rapid transgression of orbitolinid- and rudist-bearing limestones
at a regional scale. This transgression occurred mostly in the early Aptian, being slightly younger in some
places, likely representing low relief (islands) in the Iranian, Early Cretaceous epicontinental sea. The
geologically synchronous onset of the Aptian sedimentation in Iran is considered to reflect an eustatic sea
level rise, able to explain the observed stratigraphic evolution. The observed Aptian transgression fits with
one of the major sea-level rises recorded in the Cretaceous and is surely the most important one recorded in
Iran.
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After the strikingly similar onset of the Aptian Cretaceous sedimentation in terms of facies and depositional
environments, suggesting a wide epeiric sea, a major differentiation is observed in the three studied areas
since the Aptian—Albian boundary, when erosion, deepening, and the formation of hardgrounds, with local,
asynchronous and episodic reprise of shallow-water carbonate sedimentation is documented. This change in
the stratigraphic evolution, in places where previous (Aptian) sedimentation was homogeneous, suggests a
tectonic differentiation in domains characterized by different stratigraphic evolution. This scenario reflects a
major geodynamic re-organization that will led to the opening of the deep-water Late Cretaceous seaways,
today documented by the complex arrangement of ophiolitic belts, mostly interpreted as evidence of back-
arc basins, later closed by the convergence related to the closure of the Neotethys Ocean between the end
of the Cretaceous and the Paleogene. The stratigraphic study and comparison of the selected Cretaceous
successions indicate that the Aptian—Albian boundary interval represents a turning point in the geological
evolution of Iran, marking the rapid transition from a tectonically quiet epicontinental domain to an area
strongly affected by extensional tectonics taking to the opening of oceanic seaways.

Further integrated multidisciplinary studies on Cretaceous successions of Iran are expected to improve our
knowledge of the Late Mesozoic to Cenozoic history of the Iranian blocks, defining the timing and distribution
of the different evolution recorded in the various domains that were identified in this area after the

Cimmerian events.
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Fig. 1 — Distribution of Cretaceous outcrops in the domains of Iran, with the position of the studied areas.
1=Arousan; 2=Esfahan north; 3=Tiran. In yellow the Cretaceous outcrops in the different Iranian domains.
MTZ: Main Zagros Thrust; GKDFS: Great Kavir-Doruneh Fault System.
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Fig. 2 — Simplified stratigraphic logs of the studied successions. Log coordinates: K1= 33°59'14", 54°40’47";
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51°12'40”. Letters A, Al, B, B1 and C mark the stratigraphic distribution of the foraminiferal assemblages
described in the text.
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Fig. 6 — Lower part of the Cretaceous succession north of Arusan. A) Basal sandstone deposited above the
metamorphic basement; B) detail of a sandy conglomerate mostly consisting of quartz pebbles; C) orbitolinid
foraminifera in a limestone interval at the transition between sandstone and carbonate units; D) view of the
lower part of the succession north of Khur (Bas: Basement; SK: Shah Kuh Formation; SKd: bedded limestone
of the upper Shah Kuh Formation; CGL: Conglomerate; HFT: Haftoman Formation); E) rudists in life position
in the massive part of the Shah Kuh Formation; F) base of the conglomeratic unit above the Shah Kuh
Formation, with an evident erosional base; G) detail of the carbonate clasts in the conglomerates.
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Fig. 7 — Upper part of the Cretaceous succession at Arusan. A) View of the succession south of a major fault
separating the Chah Palang Formation from the Haftoman Formation and younger units; B) rudists in the
Haftoman Formation; C) sharp boundary between M1, left, and CL1, right; D) detail of the base of CL1 with
Thalassinoides bioturbations; E) chert nodules in CL1; F) hard ground at the top of top of CL1; G) detail of the
hardground, with glauconite and abundant cephalopod shells; H) chert nodules in CL2; I) view of the
succession. Abbreviations: ChP: Chah Palang Formation, HFT: Haftoman Formation; LM: Limestone and marls,
upper part of the Haftoman Formation; M1: lower marls; CL1: lower cherty limestone; M2: upper marls; CL2:
upper cherty limestone; from M1 to CL2: Farrokhi Formation.
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Fig. 8. Microfacies from the Arusan, Tiran, and Esfahan north areas - lower part of the successions. (A) Sandy
limestone with silicic clasts. CSS, log K3, sample Ku28, (B) Sandstone with carbonate and silicic clasts. CSS, log
Kalahrood, sample M3, (C) Orbitolinid-rich packstone with smaller benthic foraminifers. OBL, log K3, sample
Ku29, (D) Well-sorted quartzarenite with prevailing monocrystalline grains; carbonate cements. QTZ, log K4,
sample Ku31, (E) Orbitolinid-rich packstone with bryozoans and echinoid spines. OBL, log Tiran, sample CD71,
(F) Orbitolinid-rich grainstone with echinoid spines, bryozoans, and coated grains showing interparticle and
intraparticle porosity types. OBL, log Kalahrood, sample M22, (G) Packstone rich in radiolarians and sponge
spiculae with planktonic foraminifers and pelagic pelecypods. CHL, log K4, sample Ku30, (H) Grainstone with
orbitolinids incorporating abundant quartz micrograins. OBL, log K9, sample Kul44. Scale bar is 1 mm.
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Fig. 9. Microfacies from the Arusan, Tiran, and Esfahan north areas - upper part of the successions. (A)
Hardground within a skeletal packestone-wackestone. HGL, log Morgh, sample M51, (B) Packstone with
orbitolinids, planktonic foraminifers, rudist fragments and peloids. OBE, log Morgh, sample M67, (C) Skeletal
packstone with ammonoids, planktonic foraminifers and radiolarians. CHL, log Morgh, sample M60, (D)
Wackestone with planktonic foraminifers, radiolarians, and sponge spiculae. MRL, log Kalahrood, sample
M74bis, (E) Orbitoidid-rich grainstone with red algae. ODL, log K2, sample Kul9, (F) Skeletal packstone-
grainstone with glauconite. HGL, log K9, sample Ku150, (G) Hardground within a sandy limestone with silicic
clasts. HGL, log K9, sample Ku153b, (H) Packstone-wackestone with radiolarians, spongae spiculae, and rare

planktonic foraminifers. CHL, log KO, sample Ku133. Scale bar is 1 mm.
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Fig. 10 — Stratigraphic succession at Tiran: A) General view (from NW) of the measured log, with the
identification of the major units (SH: sandstone, equivalent to the Shemshak Group, BD: Basal dolostone;
BOL: lower bedded Orbitolina limestone; MOL: Massive Orbitolina limestone; BOL2: upper bedded Orbitolina
limestone; BD to BOL2 corresponding to the Shah Kuh Formation; CL: cherty limestone; ML: marls and
limestone); B) sharp base of the marine carbonates above the quartz-rich sandstone; C) bioturbated
Orbitolina wackestone; D) view of the patchy dolomitization (D) within the massive limestone (L) of the lower
part of the Cretaceous succession; E) silicified bivalves on the bedding surface (resembling Rastellum
carinatum Lamark); F) resedimented Orbitolina-rich limestone; G) chert nodules in the limestone intercalated
with marls; H) view of the upper part of the log, with lenticular limestone, rich in orbitolinids and ostreids,
intercalated in a the marly succession.
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Fig. 11 — Cretaceous succession at Morgh (Esfahan north). A) View of the Cretaceous succession covering
slightly metamorphic quartzarenites and conglomerates (Bas: basement; RS: red sandstone with carbonate
cement; LST1: first limestone interval; Mrll: lower marly interval; LST2: main limestone unit, possibly Taft
Formation); B) quartz-rich conglomerate at the base of the Cretaceous succession (equivalent of the Nogreh
Formation); C) cross-laminated quartzarenite bed; D) hybrid limestone, with quartz grains and cross
laminations, documenting the first marine conditions in the Cretaceous succession; E) sandy limestone with
large bivalves (ostreids) with evidence of intense bioerosion; F) bioclastic rudstone with ostreids and
orbitolinids, at the transition between RS and LST1; G) Upper part of the Cretaceous succession, with the
marly interval (Mrl1) between the two main carbonate units (LST1 and LST2); H) cross-laminated sandy

limestone at the base of LST2.
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Fig. 12 — Cretaceous succession at Kalahrood (Esfahan north). A) conglomerate with quartz pebbles at the
base of the Cretaceous succession, resting upon a Triassic to Jurassic tilted mixed siliciclastic-calcareous
succession; B) View of the lower part of the Cretaceous succession (TJ: Triassic to Jurassic tilted mixed
siliciclastic-calcareous succession; RS: red sandstone with carbonate cement; LST1: first limestone interval;
Mrl1: lower marly interval; LST2: main limestone unit (Shah Kuh Formation?); HG: hard ground at the top;
Mrl2: marl to marly limestone interval with ammonoids and pelagic foraminifera; Mrl3: marls; LST3:
prograding bioclastic limestone unit); C) upper part of the Cretaceous succession; D) rudists in life-position
in the massive limestone of unit LST2; E) detail of the hard-ground at the top of LST2, with glauconitic grains
and Fe-rich crusts; F) large gastropods (nerineids) in a bioclastic rudstone with corals and stromatoporoids,
Unit LST3; G) detail of a coral colony in Unit LST3; H) stromatoporoid in Unit LST3. Abbreviations: TJ: Triassic
to Jurassic tilted mixed siliciclastic-calcareous succession; RS: red sandstone with carbonate cement; LST1:
first limestone interval; Mrl1: lower marly interval; LST2: main limestone unit (Shah Kuh Formation?); HG:
hard ground at the top; Mrl2: marl to marly limestone interval with ammonoids and pelagic foraminifera;
Mrl3: marls; LST3: prograding bioclastic limestone unit.
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Fig. 13 - Distribution chart of the foraminifera occurring in the three studied areas identifying the
assemblages used to constrain the age of the successions.

40
https://doi.org/10.1016/].jseaes.2023.105736



Published in “Journal of Asian Earth Sciences”, Volume 254, 15 September 2023, 105736

Fig. 14. Arusan area microfossil assemblage. (A) Praeorbitolina cormiy Schroeder, log K3, sample Ku29, (B)
Palaeodictyoconus cf. actinostoma Arnaud-Vanneau and Schroeder, log K3, sample Ku29, (C) Orbitolinid
indet., log K3, sample Ku 29, (D) Praeorbitolina aff. claveli Schlagintweit et al., log K3, sample Ku29, (E)
Dictyoconus? pachymarginalis Schroeder, log KO, sample Kul105, (F) Nezzazata isabellae Arnaud-Vanneau and
Sliter, log KO, sample Kul05, (G) Akcaya minuta (Hofker), log KO, sample Kul05, (H) Cuneolina cf. hensoni
Dalbiez, log K1, sample Ku3, (I) Siderolites calcitrapoides Lamarck, log K9, sample Kul57, (J, K) Orbitoides
media (D’Archiac), log KO, sample Kul22, Kul23, (L) Paraphyllum amphiroaeformae (Rothpletz), log K2
sample Kul9. Scale bar is 200 pum.
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Fig. 15 - Esfahan north area assemblage. (A) Iragia cf. simplex Henson, log Kalahrood, sample M12, (B)
Orbitolinid indet., log Morgh, sample M33, (C) Balkhania balkhanica Mamontova, log Morgh, sample M33,
(D) Torremiroella hispanica Brun and Canérot, log Morgh, sample M36, (E) Bakalovaella elitzae (Bakalova),
log Kalahrood, sample M15, (F, G) Whiteinella brittonensis (Loeblich and Tappan), log Morgh, samples M50,
M74bis, (H, 1) Whiteinella baltica Douglas and Rankin, samples M60, M74bis, (J) Helvetoglobotruncana
praehelvetica (Trujillo), log Morgh, sample M50, (K, L) Muricohedbergella delrioensis (Carsey), log Morgh, log
Morgh, samples M60, log Kalahrood, M74bis (M, N) Muricohedbergella planispira (Tappan), samples M56,
M74bis. Scale bar is 200 um.
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Stage East Esfahan north Tiran Main events Legend
Maastrichtian Deep-water units
Farthoki: cherty limestong, marl,
sandstone.

Debarsu b: sandstone, quartzarenite.
Debarsu alimestone, marl,
sandstone, gravelstone.

Bazyiab: marl, limestone, sandstone.

Campanian

i { Santonian Facies, depositional

m environment and Shall .

= d low-water units
Coniacian subsidence rate o e i
differentiation aftoman: limestone rudists

and orbitoidids.

Debarsu ¢: limestone with orbitolinids,
corals, and large gastropods,

Shah kuh: massive and bedded
limestone with orbitalinids and rudists.

Turonian
b
Cenomanian

General deepening  Continental to transitional units

d‘w L f;c l:.s Conglomerates: massive and red
Iversification with quartz and limestone pebbles,
Homogeneous Nogreh: sandstone, conglomerate,

. . sandy limestone, marl, gypsum.
sedimentation Chah Palang: sandstone, shale and

| Major sea-level silstone, conglomerate,
rise and ;
regional fiooding Pre-Cretaceous units
I WMetamorphic basement
Jurassic sandstone and conglomerate
Pooﬂy dated Triassic sandstone and carbonate
continental to
marine transitional R i i
siliciclastic —==—Regressive tren

2 ?
R

—==_ Transgressive trend

: e Hardground
and erosion to : .
base-level - = = - Uncertain constraints

“ Cimmerians unts 322 Erosional truncation

Fig. 16 — Comparison of the stratigraphic evolution of the three studied areas, with the identification of the
major intervals marking possible eustatic and tectonic events.

— Subaerial exposure

Code
| Facies Mazin features Main constituents Environmental interpretation Locality
poorly bedded, faint cross laminations,
55 mnglamera?e, sandstane, and reddish colour, dolomitized matrix 2nd quartg, lithics Cozstal sicliclastic Arusan, Than,
siltstone Esfahan N
carbonate cemant
HYB ivbrid pasiatanewith dispersed bedded hybrid limestong, rare laminations guartz, lithics, arbitolinids and rudists praximalepple phritormwith Arusan, Tiran
pebbles stliciclastic mput
RLW packstane and wackestone pecrly bedded, dolomitized matrix rudists, bryozoans, bloclasts, benthic foraminifers, quartz, ithics Licie caronere paticenyih. | Anchn TN,
slliciclastic mput Esfahan N
A) Praximal epeiric carbonats
o i S ; gy e =
DBL packstone and granstone massive or lenticular geometries echinoderms, dasycladacean algae, orbitolinids, crinoids, rudists, ostrexds,| platform with siliciclastic input; Arusan, Tiran,

quartz, lithics B) resedimented limestons in Estahan N
basinal settings

A} High energy epsiric carbonate |
oDL grainstone and packstona well-bedded to massive limestons crinoids, orbitoidids, red slgae, rudists, ostreids platform; B resedimented Arusan
fimestane in basinal settings

hinod - b ds, plank foraminifera, radicl Basinal setting below storm Arusan, Tiran,
CHL wackestone and packstona well-bedded, bloturbations, chert nodules e {2 i
i ) cakisphaeres, pelagic pelecypods, sponge spiculae, quartz, lithics wave base Esfahan N
inal i v
HGL packstons hardground, glauconitic crusts ammanites, belemnites, gastrapods, echinoids, and bivalves Rasirial sctiing besleow ) Arusan, Esfahan N
S packstone to rudstone Massive to poorly-bedded limestons rudists, gastropods, corals, stromatoporaids, orbitolinids, rare Epeiric carbonate platform with Eetihan N
planktonic foraminiders stliciclastic Input
massive to bedded marl and silistone, gray EBasinal setting below storm Arusan, Tiran,
MHAL marl and silistone to greenish, bloturbations radiolarlans, ammonites, sponge spiculae, echinoids s e EtaRsn
CGL tonglo mer:::b\;f:: Earbanate massive to amalgamated beds rounded carbonate and rare basement pebbles Coastal sicliclastic Arusan
E = ol setti
arz quartzarenite crovss and parallel lsminated, bicturbated rare fragments of echinoids, glaucony Basinal setting below storm Arusan

guartzarenits with carbonate cement wave base

Tab. 1 - description and components of the main facies reconstructed by the integration of fiend and
microscopic observations.
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Units Arusan W Arusan E Esfahan N Tiran

Farrokhi Fm
Haftoman Fm RLM, ODL
Conglomerates CGL

Debarsu c OBE, RLM

Debarsu b QTZz

Debarsu a MRL MRL, CHL

Bazyab Fm MRL MRL, HGL MRL, CHL
Shah Kuh Fm RLM, OBL, HYB | RLM, OBL, HYB | RLM, OBL, HYB RLM, OBL

Nogreh Fm + Cha Palang Fm CSS, HYB CSS, HYB CSS, HYB CSS, HYB

Tab. 2 — Associations of the different facies types recognized (Tab. 1) in the different units present in the

studied sections. The nomenclature of the units is the same of that used in Fig. 16
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