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Palaeoenvironmental reconstruction and sequence stratigraphy of the Lower Cretaceous
deposits in the Zagros belt, SW Iran

Reconstruccion paleoambiental y estratigrafia secuencial de los depdsitos del Cretdcico Inferior

en el cinturon de Zagros, SW Irdn

Seyed Mohammad Ali Moosavizadeh', Hamed Zand-Moghadam?, Amir Hossein Rahiminejad®”

'Department of Geology, Faculty of Sciences,
Yazd University, University Blvd, 98195741,
Safayieh , Yazd, Iran.

? Department of Geology, Faculty of Scienc-
es, Shahid Bahonar University of Kerman,
7616913439, Kerman, Iran.

3 Department of Ecology, Institute of Science
and High Technology and Environmental Sci-
ences, Graduate University of Advanced Tech-
nology, 7631818356, Kerman, Iran.

* Corresponding author: (A. H. Rahiminejad)
mrralimingad 7@gmail.com

How to cite this article:

Moosavizadeh, S. M. A., Zand - Moghadam,
H.,Rahiminejad, A.H., 2020,Palacoenviron-
mental reconstruction and sequence strati-
graphy of the Lower Cretaceous deposits in
the Zagros belt, SW Iran: Boletin de la Sociedad
Geologica Mexicana, 72 (2), A060919. http://
dx.doi.org/10.18268/BSGM2020v72n2a060919

7 28,2019
ust 10, 2019
Manuscript accepted: September 03, 2019

Manuscript received: Februar
Corrected manuscript rec

Peer Reviewing under the responsibility of

Universidad Nacional Autéonoma de México.

This is an open access article under the CC° BY-NC-SA

(hitps://ereativecommons.org/licenses/by-nc-sa/4.0/)

ABSTRACT

Depositional ~ environments and sequence
stratigraphy of the Lower Cretaceous deposits
of the Dariyan Formation were studied in the
Zagros belt, SW Iran. The Dariyan Formation
was investigated in the Interior Fars and the
Izeh Zone in the SE margin of the Kazhdumi
intra-shelf Basin, which has not been previ-
ously studied. Based on the benthic foramin-
ifera, the Dariyan Formation is early Aptian
to early Albian in age. The studies show that
the Dariyan Formation was deposited in deep
open-marine, shallow open-marine, shoal, and
lagoonal settings on a homoclinal ramp. Three
third-order depositional sequences (Dsl, Ds2,
and Ds3) and three type 2 sequence bound-
aries (SB2) were recognized. The depositional
sequences in the Dariyan Formation comprise
three transgressive systems tracts (TSTs)
and two highstand systems tracts (HSTs).
During sea-level rise in the earliest Aptian,
the Dariyan Formation was deposited on top
of the the Barremian Gadvan Formation.
Deep open-marine subsidence and sea-level
rise led to deposition of radiolarian-bearing
facies of the Dariyan Formation during the
earliest Aptian. Subsequently, HSTs resulted
in deposition of orbitolinid-rich facies in the
deep open-marine setting (late early Aptian).
Planktic foraminifera-bearing deposits were
deposited during the subsequent sea-level rise
(carly late Aptian). Sea-level fall subsequently
resulted in progradation of platform top
(shallow open-marine, shoal, and lagoon)
deposits into the deep open-marine setting
(latest Aptian). Finally, sea-level rise resulted in
deposition of the Albian Kazhdumi Formation
on the Dariyan Formation during the early
Albian. The sea-level changes recorded for the
Dariyan Formation are consistent with Early
Cretaceous sea-level patterns recognized else-
where on the Arabian Plate.

Keywords: Facies, sequence stratig-
raphy, Dariyan Formation, Aptian—
Albian, Zagros fold-thrust belt.

RESUMEN

Este estudio representa los aspectos paleoambientales y
la estratigrafia secuencial de la Formacion Dartyan del
Cretdcico Inferior en el cinturon de Zagros, SW Irdn.
Se midid la_formacion en el Interior de Fars y la Sona
de Izeh en el margen SE de la cuenca intra-plataforma
de Kazhdumi la cual no se habia estudiado previamente.
Basado en los foraminiferos benténicos identificados,
la Formacion Dariyan tiene una edad de Aptiano
temprano-Albiano  temprano. Los estudios muestran
que la Formacién Dartyan se depositd en entornos de
mar abierto profundo, mar abierto poco profundo, barra
de arena y laguna en una rampa homoclinal. Se deter-
minaron lres secuencias deposicionales de tercer orden
(Ds1, Ds2 y Ds3) y tres linutes de secuencia tipo 2
(SB2) en la_formacion. Las secuencias deposicionales
en la Formacion Dariyan comprenden tres tramos de
sistemas transgreswos (1ST) y dos tramos de soporte
vertical (HST). Durante el aumento del nivel del mar
en el Aptiano mds temprano, la Formacion Dariyan se
deposité en la Formacion Barremian Gadvan. La subsi-
dencia en mar abierto profundo y el aumento del nwel del
mar condweron a la_formacion de_facies portadoras de
radiolarios en la Formacion Dartyan durante el Aptiano
mds temprano. Posteriormente, el HST result en la
deposicion de_facies ricas en orbitolinidos en el entorno
marino abierto profundo (Aptiano temprano tardio). Se
asentaron depésitos de_foraminiferos plancticos durante
el posterior aumento del nivel del mar (Aptiano tardio
temprano). Posteriormente, la caida del nivel del mar
resultd en la progradacion de depdsitos (marinos abiertos
poco profundos, de barrera de arena y de laguna) en
la plataforma superior en el entorno marino abierto
profundo (Aptiano tardio). Finalmente, el aumento del
nwel del mar resulté en la depositacion de la Forma-
cion Albiana Kazhdumi en la Formacion Dariyan en
el Albiano temprano. Los cambios en el nivel del mar
registrados para la Formacion Dariyan en este estudio
son conststentes con los cambuos en el nivel del mar del
Cretdcico temprano en la Placa de Arabia.

Palabras clave: Facies, estratigrafia
secuencial, Formacion Dariyan, Aptiano—
Albiano, Cinturén de pliegues y cabal-
gaduras Zagros.
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1. Introduction

The Zagros fold-thrust belt in southwestern Iran
is characterized by sedimentary deposits ranging
in age from the late Precambrian (Hormoz Salt
Formation) to the present (James and Wynd, 1965;
Setudehnia, 1978; Berberian and King, 1981).

The Lower Cretaceous Dariyan Formation
in the Zagros belt represents one of the most
important carbonate reservoirs in the northeast-
ern margin of the Arabian Plate and the Middle
East (Persian Gulf, formerly southwest of the
Neo-Tethys Ocean; Figure 1) (Al-Husseini and
Matthews, 2010; Rahmani et al., 2010; Mansou-
ri-Daneshvar e al., 2015). Following sea-level rise,
the Dariyan Formation was deposited during the
Aptian—Albian (Sharland ¢t al.,, 2001; Ziegler,
2001; Alavi, 2004, 2007; Schroeder et al., 2010)
in the uppermost part of the Upper Jurassic to
the Lower Cretaceous Khami Group (James and
Wynd, 1965; Mansouri-Daneshvar et al., 2015),
between the older Gadvan and the younger Kazh-
dumi shale-dominated formations (Sharland et al.,
2001; Van Buchem et al., 2010) (Figure 2).

[ 1 Contimental Envirarnment!
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m Location of the Arabian plate during the Aptian (after
Huck et al, 2010, 2011). The studied area is located in the
northeastern margin of the Arabian Plate and the Middle East
and was formerly situatd in southwest of the Neo-Tethys Ocean
(Al-Husseini and Matthews, 2010; Rahmani et al.,, 2010; Mansouri-
Daneshvar et al., 2015). The present day locations of the Persian
Gulf Region and the studied area are shown on the map.

The Dariyan Formation corresponds to foramin-
iferal biozones 16, 17, and 18 of Wynd (1965).
In this paper, our focus is on the south-eastern
margin of the Kazhdumi Intra-shelf Basin in the
Zagros belt. Previous studies of this part of Iran
are scarce to absent.

The aim of this study was to investigate the
depositional model and the sequence stratigraphic
architecture of the Dariyan Formation in the
Zagros belt. By doing so, this paper contributes to
a better understanding of relative sea-level changes
during the Early Cretaceous and shed light on the
deposition of Lower Cretaceous carbonates in the
Zagros belt.

Results presented herein are relevant from alocal
and regional Early Cretaceous perspective and,
more generally, contribute to palaeogeographical
reconstructions of the Zagros belt and petroleum
exploration in this region.

2. Geological setting and location of
the studied area

The studied area lies in the structural zones of
Izeh (the Izeh Zone) and the Interior Fars Prov-
ince in the Zagros fold-thrust belt, southwestern
Iran (Figure 3). The Zagros fold-thrust belt is
about 2000 km long and resulted from the Ara-
bia—Eurasian collision (Beydoun ez al., 1992; Alavi,
2004; Fakhari et al., 2008). This belt is a part of
the Alpine—Himalayan orogenic belt and extends
in a NW-SE trend from the East Anatolian fault
in eastern Turkey to the south of Iran and into
Oman (Alavi, 2004). The evolutionary and deposi-
tional trends of the sedimentary successions in the
Zagros belt record the geology and palacoceangra-
phy of the Cretaceous in the northeastern margin
of the Arabian Plate (Sharland et al., 2001; Ziegler,
2001; Alavi, 2004, 2007).

The Zagros belt in the northeastern margin of
the Gondwana Super continent migrated along a
‘C’-shaped pathway between the latest Precam-
brian and the Present (Heydari, 2008). During
this time, a 7 to 12 km-thick succession of detrital,
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evaporitic, and carbonate rocks was deposited in
what today form the Zagros Mountains (Heydari,
2008).

The deposition of the Aptian—Albian Dariyan
Formation in the Zagros belt was synchronous
with the development of extensive Tethyan car-
bonate platforms (Masse, 1993; Ziegler, 2001;
Skelton et al., 2003). The Dariyan Formation was
originally referred to as ‘Orbitolina limestone’
(James and Wynd, 1965) and generally consists of
shallow-water limestones rich in orbitolinids and
rudists (Van Buchem ¢t al., 2010). The formation is
locally divided into a lower and an upper unit sep-
arated by the informal ‘Kazhdumi Tongue’ unit
(Sedaghat, 1982) consisting of planktic foramin-
ifera-bearing shales and marls (Van Buchem et al.,
2010). The Dariyan Formation conformably over-
lies the shale deposits of the Gadvan Formation
with an isochronous boundary (James and Wynd,
1965; Schroeder et al., 2010; Van Buchem et al.,
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Lrctisann

i H1

http://dx.doi.org/10.18268/BSGM2020v72n2a060919

2010) and is in turn conformably overlain by the
Kazhdumi Formation with a diachronous contact
(Schroeder et al., 2010) (James and Wynd, 1965;
Motiei, 1993; Van Buchem ¢t al., 2010). During
the Early Cretaceous, regional depocenters (intra-
shelf basins) developed on the Arabian passive
margin as a result of fault activation and/or salt
diapir movements (Sharland e al, 2001; Van
Buchem et al., 2010). The Kazhdumi intra-shelf
Basin, one of these depocenters, resulted from the
Kazerun and Hendjjan strike-slip activities (Shar-
land et al., 2001; Van Buchem ez al., 2010).

The studied area is located in the southeast-
ern margin of the Kazhdumi intra-shelf Basin
(Sharland et al., 2001). There, the Dariyan For-
mation was studied in three stratigraphic sections
(Paskahak, Seydan, and Sangsiah; Figures 3 to 6).
According to the structural subdivisions of the
Zagros fold-thrust belt (Alavi, 2004, 2007), the
Paskahak section (30° 17° 087NN, 51°30° 12”L) is
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Legend: ﬁhmﬁnc —:—:— Shale  Coo conieal orbitolinids

Generalized stratigraphic section of the Barremian-Albian formations in the Zagros belt. The Dariyan Formation was deposited
between the Gadvan and the Kazhdumi formations (simplified from Motiei, 1993).
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located in the Izeh Zone in about 17 km of west 4. Results

MATERIALS AND METHODS /

RESULTS
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of the Kazerun fault. The Sangsiah (30° 05’ 377N,
53°08” 237E) and Seydan (30° 05* 197N, 52°56’
43”E) sections are situated in the Interior Fars
Province, east of the fault (Figure 3).

3. Materials and methods

The stratigraphic sections of the Dariyan Forma-
tion (Figures 3 to 6) were selected based on the
geological maps of Fahliyan (McQuillin, 1974),
Sivand (Yousefi and Kargar, 1999), and Saa-
dat-Shahr (Kargar, 2002). Note that these sections
allowed us to study the platform top and deep
open-marine facies of the Dariyan Formation. A
total of 395 rock samples (limestone, marl, and
shale) were collected and classified based on the
Grabau (1904) classification.

Uncovered thin sections were prepared for
petrographic analyses. Facies types and benthic
foraminifera were identified based on field obser-
vations and microscopic analyses of the thin
sections. The thin-sections were analyzed with an
Olympus polarizing microscope. The classification
of the facies is according to Dunham (1962) and
Embry and Klovan (1971). In order to distinguish
calcite and dolomite, thin sections were stained
following the approach of Dickson (1966). Based
on this method, a solution was obtained by mixing
0.2 g of Alizarin Red S and 100 mL of hydro-
chloric acid (1.5%). The uncovered thin sections
were put in the solution for 20s. The calcite grains
turned red, whereas the dolomite grains remained
colourless.

Twenty-seven samples of the shales and marls
were washed and sieved. Planktic foraminifera
were separated using a binocular microscope and
fossils documented under a scanning electron
microscope. Standard facies models proposed by
Burchette and Wright (1992) and Flugel (2010)
were used for the depositional interpretation.
Sequence-stratigraphy analyses were based on
Catuneanu et al. (2009, 2011).

The stratigraphic details of the Dariyan Formation
in the three sections are shown in Figures 4 to 7.

4.1. LITHOSTRATIGRAPHY

The Dariyan Formation conformably overlies
the Barremian Gadvan Formation and is in turn
conformably overlain by the Albian Kazhdumi
Formation in all studied sections (Figure 4 to 6).

In the Sangsiah section (Figures 4 and 7A to
7D), the 230m thick Dariyan Formation is divided
into three lithostratigraphic units: (i) The lower
unit (65 m thick) consists of grey to light grey,
thick-bedded limestones. Orbitolinids are scat-
tered on the rock surface of the limestones. (ii)
The middle unit (49 m thick) mainly comprises
thin- to medium-bedded argillaceous limestones
(containing discoidal orbitolinids) and intercala-
tions of orbitolinid-bearing grey shales. (iii) The
upper unit (116 m thick) consists of light-grey
ooidal limestones. In the Sangsiah section, five
thickening-upward cycles are present in the form
of medium- to thickly-bedded limestones in the
Dariyan Formation in the Sangsiah section (Figure
7B). Cross laminationated light-grey limestones
and cross-bedding structures are typical for this
section (Figure 7C and 7D).

Based on the presence of alternations of marl
and shale in an interval (the Kazhdumi Tongue) in
the middle part of the Dariyan Formation (Figures
5 and 7E to 7I), in the Seydan section, this forma-
tion 1s divided into a lower unit (lower Dariyan),
the Kazhdumi Tongue, and an upper unit (upper
Dariyan). The lower unit, 37 m in thickness, is
mainly composed of limestones, argillaceous
limestones, and intercalations of shales and brown
to black cherty bands. Shallowing-upward para-
sequences with flooding surfaces are present in
the lower unit in the Seydan section (Figure 7G).
Grain-size decreases upsection in a regionally
important Fxogyra marker shell bed (Figure 7I) in
the lower unit in the Seydan and Paskahak sections
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Localities of the studied sections of the Dariyan Formation in the Zagros fold-thrust belt, southwest Iran (modified from
Habibi, 2016). The Sangsiah and Seydan sections are situated in the Interior Fars, whereas the Paskahak section is located in the Izeh
Zone, west of the Kazerun fault. The Seydan section (30°05'19"N, 52°56'43"E) was measured 65 km to the northeast of the city of Shiraz.
The Sangsiah section (30°05'37"N, 53°08'23”E) was measured 80 km northeast to the city of Shiraz and 24 km from the Seydan section.
The Paskahak section (30°17'08"N, 51°30'12"E) was measured 76 km northwest to the town of Kazerun.

(Figure 7H). Individual shells are commonly
well preserved and only a limited number of
fragmented shells are found. Note, intraclasts are
absent and there is no clastic contact or boundary
in the basal boundary of the bed.

In the uppermost part of the lower unit of the
Dariyan Formation in the Seydan and Paskahak
sections, ammonite external casts and horizontal
laminations are present. The Kazhdumi Tongue
(50 m thick) consists of alternations of grey shales
and marls and few intercalations of argillaceous
limestones. The shale deposits are rich in planktic
foraminifera. The upper unit of the Dariyan For-
mation (Seydan section), is 133 m thick, comprises
grey and dark-grey, medium- to thickly-bedded
calcarenite and calcirudite limestones with conical

and discoidal orbitolinids, bivalves (mainly rud-
ists), and gastropods. In the Seydan section, bio-
turbation is a common feature in the uppermost
parts of the upper Dariyan unit. (Figure 7F).

In the Paskahak section, the Dariyan For-
mation (Figures 6 and 7H to 7L) is divided into
a lower unit (lower Dariyan), the Kazhdumi
Tongue, and an upper unit (upper Dariyan).
The lower unit (32 m thick), consists of thick-
ly-bedded limestones with bivalve shells (mainly
rudists), grey thin-bedded argillaceous limestones
(with planktic foraminifera and ammonites) and
intercalations of marls and shales. The Kazh-
dumi Tongue (68 m thick) is built by an alterna-
tion of marls and shales (in the Seydan section,
shales are more abundant than in the Kazhdumi

RESULTS
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Tongue). The upper unit is 100 m thick and
mainly comprises medium- to thickly-bedded,
orbitolinid-bearing limestones. In the Paskahak
section, limonitic bioturbations are present in
the basal part of the lower unit of the Dariyan
Formation (Figure 7K). Continuous and discon-
tinuous silicified intercalations occur in the lower
unit of the formation (Figure 7L).

4.2. BIOSTRATIGRAPHY

The biostratigraphic details of the Dariyan
Formation as shown in the studied sections are
documented in Figures 4 to 6. The stratigraphic

e | Boletin de la Sociedad Geoldégica Mexicana [ 72 (2) / 2020

range of the identified benthic foraminifera sug-
gests that the Dariyan Formation is early Aptian
to early Albian in age (Boudagher-Fadel, 2008;
Schroeder et al., 2010; Figures 4 to 6 and 8). The
identified foraminifera (Figure 8) are: Choffatella
decipiens, Archaealveolina sp., Palorbitolina lenticularis,
Mesorbitolina parva, Mesorbitolina texana, Mesorbitolina
subconcava, and Hemicyclammina sigalr.

4.3. FACIES

Fifteen facies types were identified in the studied
sections (Figures 4 to 6 and 9). These are described
below:
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Gadvan Formation. MI: marl. M: mudstone. W: wackestone. P: packstone. R: rudstone. G: grainstone. Ds: depositional sequence. SB-2: type
2 sequence boundary. MFS: maximum flooding surface. HST: highstand systems tract. TST: transgressive systems tract. Barr: Barremian.
Alb: Albian. Fm: Formation. The sea-level curve of the Arabian Plate is based on Van Buchem et al. (2010).
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4.3.1 F1: SHALE

Facies I'1 consists of grey, green, and black shales.
This facies is typical of the Kazhdumi Tongue and
the upper part of the lower unit of the Dariyan
Formation in the Seydan and Paskahak sections.
The shales mainly contain planktic foraminifera
(Figure 9A) and laterally grade into marls and
argillaceous limestones.

4.3.2 F2: MARL

Facies I'2 is typified by grey to dark-grey marls. Biota
include planktic foraminifera and radiolarians.

Facies F2 is present in the Kazhdumi Tongue and
the upper beds of the lower Dariyan unit in the
Seydan and Paskahak sections (Figures 5 and 6).

4.3.3 F3: RADIOLARIAN WACKESTONE/PACKSTONE

Radiolarians are the dominant biota in facies '3
(Figure 9B and 9C). Radiolarian tests have a mean
dimension of 0.03 mm and are commonly calcified.
Other biota include planktic foraminifera, sponge
spicules, and bioclasts such as thin bivalve shells
in the form of filaments (Flugel, 2010). Moreover,
facies I3 is rich in organic materials (Figure 9B).
This facies is typical for the Seydan and Paskahak
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sections. The radiolarian wackestone/packstone mm. Other biota, such as sponge spicules and
facies crops out as limestones and thin-bedded radiolarians, are present but volumetrically less
argillaceous limestones (10-50 cm thick). Hori- singificant. Abundant organic material is probably
zontal laminations and ammonite external casts the reason for the dark weathering color of facies
are common in the limestones. Facies F3 grades 4, and particularly so in the Paskahak section.
upsection into black cherts. Locally, red-brown oil staining is observed.
4.3.4 F4: PLANKTIC FORAMINIFERA WACKESTONE/ 4.3.5 F5: BIOCLASTIC WACKESTONE/PACKSTONE
PACKSTONE
Facies I'5 yields a diverse bioclastic assemblage
The main biota in facies I'4 (Figure 9D) include (30-50%) of bivalves (rudists and oysters), brachio-
planktic foraminifera hosted in a micritic matrix. pods, gastropods, and echinoid spines (Figure 9E)
Foraminifera tests range in size from 0.1 to 0.25 all embedded in a micritic matrix. Skeletal remains
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range in size from several microns to 5 mm. Sparse
discoidal orbitolinids are present but are volumet-
rically subordinate. Peloids (10-12%) are rare.

4.3.6 F6: BIOCLASTIC RUDSTONE

Bivalve fragements and shells (rudist debris and
oysters), gastropods, and crinoid ossicles are the
dominant biota (about 3 to 4 mm in diameter) of
facies I'6 (Figure 9F). The abundance of skeletal
grains larger than 2 mm is approximately 15 to
20%. Bivalve remains (mainly rudists) that range
in size from 10 to 15 c¢cm occur in this facies. In
the lower and middle parts of the lower unit of
the Dariyan Formation, facies 6 crops out as grey
and dark-grey, medium-bedded limestones. Accu-
mulation of the remains of bivalves and crinoid
ossciles (about 4 ¢cm in size) locally form shell beds
in the lower unit of the Dariyan Formation in the
Seydan and Paskahak sections.

4.3.7 F7: DISCOIDAL ORBITOLINID RUDSTONE

Facies I'7 (Iigure 9G) 1s dominated by large discoidal
orbitolinids (~3—4 mm in diameter). Subordinate
biota include benthic foraminifera (such as textula-
rids) and fragments of bivalves (rudists and oysters)
and gastropods. Peloids are present in facies F7.

4.3.8 F8: BIOCLASTIC GRAINSTONE

Facies F8 is a cement-supported grainstone with
abundant skeletal grains. These include: fragments
of bivalves (mainly rudists), echinoids (<1 mm in
size), gastropods, and benthic foraminifera such as
orbitolinids (Figure 9H). The size of the fragments
of bivalves and gastropod shells reaches up to 4 mm.
Conical orbitolinids, with a relative abundance of
15%, are also present in this grain-supported facies.

4.3.9 F9: OOID GRAINSTONE

Concentric ooids (0.7-1.2 mm) embedded in a
sparry cement are the dominant (ca. 45%) grains
in facies F'9 (Figure 91). The nuclei of ooids include
peloids, fragments of echinoid spines, bivalves

http://dx.doi.org/10.18268/BSGM2020v72n2a060919

(mainly rudists), and benthic foraminifera such as
miliolids. Ooids with nuclei comprising bioclasts
are larger in size (~1.5 mm) and are elongated or
ellipsoidal in shape. Peloids (up to 10%), green
algae (~5%) (yellow arrow in Figure 9I), and
benthic foraminifera such as textularids (~5-8%),
represent subordinate grains. Facies F9 occurs in
yellow, thin- and cross-bedded limestones.

4.3.10 F10: PELOIDAL ORBITOLINID GRAINSTONE

Facies F10 (Figure 9]) is dominated by conical
orbitolinids (~1.5 mm in size; 40%) embedded in
a sparry cement. Peloidal grains (~15-20%; 0.2
mm in diameter) are well sorted and moderately
rounded. Skeletal grains, such as benthic foramin-
ifera (miliolids and textularids) (~ 8%), are less
common. Facies F10 crops out in the form of grey,
thinly-bedded limestones with cross-laminations.

4.3.11 F11: PELOIDAL GRAINSTONE

Peloids (~35%) in a sparry cement are the most
common grains in facies 11 (Figure 9K). These
grains range in size from 0.2 to 0.35 mm and
are not well rounded. They are considered as
lithic type peloids. Benthic foraminifera (~ 15%),
such as miliolids, textularids, and Nezazzata, are
the subordinate grains (~0.5 mm in size). Facies
F11 is less common in the studied sections and
was only identified in a few beds in the Sangsiah
section.

4.3.12 F12: ORBITOLINID PACKSTONE

Facies F12 is typified by its grain-supported
texture and the predominance of orbitolinids.
Orbitolinids  (Figure 9L) are mostly (~40%)
conical (with a length/height ratio of less than
1.5). They range in size from about 1.5 to 2 mm.
Subordinate grains (~10-15%) include other
benthic foraminifera, such as miliolids and textu-
larids as well as peloids. Facies F12 is one of the
major carbonate facies of the Dariyan Formation
and is present in the three studied stratigraphic
sections.
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RESULTS

A reeoh

rig

Outcrop images and details of the Dariyan Formation in the studied sections. (A) The lower or basal boundary of the formation
in the Sangsiah section. (B) The five thickening upward cycles of the medium to thickly-bedded limestones in the Sangsiah section. (C)
Cross-bedding in the Sangsiah section. (D) Cross lamination in light grey limestones in the Sangsiah section. (E) General view of Dariyan
Formation in the Seydan section. (F) The top surface of the upper unit of the Dariyan Formation with largely distributed bioturbations
in the Seydan section. (G) Shallowing-upward parasequences with flooding surface (FS) in the lower unit of the Dariyan Formation in the
Seydan section. Red arrow and dotted lines: flooding surface. (H) Grain-size decreases upsection in an Exogyra marker shell bed in the
lower unit of the Dariyan Formation (in the Seydan and Paskahak sections). (1) Exogyra marker shell bed in the lower unit in the Seydan
and Paskahak sections. (J) General view of the Dariyan Formation in the Paskahak section. (K) Limonitic bioturbations in the base of the
lower unit of the Dariyan Formation in the Paskahak section. (L) Continuous (red arrows) and discontinuous (yellow arrows) silicified
intercalations in the lower unit of the Dariyan Formation in the Paskahak section.
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4.3.13 F13: PELOIDAL FORAMINIFERA WACKESTONE/
PACKSTONE

The dominant grains in facies F13 (Figure 9M)
include benthic foraminifera (miliolids and textu-
larids) (~25%) and peloids (~15%). The grains are
about 0.5 mm in size. Iragments of green algae
are also present. Facies F13 is present in all studied
sections. In outcrop, facies I 13 appears as grey to
dark-grey, medium-bedded limestones.

http://dx.doi.org/10.18268/BSGM2020v72n2a060919

muddy matrix reflect low-energy conditions
(Bover-Arnal et al., 2009; Fligel, 2010). Addition-
ally, the presence of biotic components, such as
radiolarians and planktic foraminifera, and the
absence of benthic and euphotic fauna in facies
F1 though F4, indicate that deposition occurred
under relatively low-energy conditions in a deep
open-marine setting (Cosovic ¢t al., 2004; Nichols,
2009; Bassi and Nebelsick, 2010; Payros et al., 2010).
Moreover, high amounts of organic materials in the
matrix (e.g., in the Paskahak section) might indicate

RESULTS / INTERPRETATION

4.3.14 F14: PELOIDAL GREEN ALGAE WACKESTONE/

PACKSTONE oxygen depletion or deficiency in basinal water

masses (Michalik et al., 2008; Stein et al., 2012).

Facies F14 is dominated by green algae (~20%)
5.1.2 SHALLOW OPEN-MARINE SETTING

and peloids (~15%) (Figure 9N). Fragments and
well—preserved specimens of Lithocodium aggregatum
(yellow arrow in Figure 9N) are present. Facies F14
is typical in the Sangsiah section.

4.3.15 F15: MILIOLID MUDSTONE

Facies F15 predominantly consists of lime mud and
yields a limited number of benthic foraminifera,
such as miliolids (~ 8%), and rare fine-grained
bioclasts such as bivalves and gastropods (Figure
90). Facies F15 is present in all studied sections.
This facies crops out as grey and dark-grey, medi-
um-and thick-bedded limestones.

5. Interpretation

5.1. DEPOSITIONAL ENVIRONMENTS

Based on the standard facies models (e.g., Wilson,
1975; Read, 1985; Burchette and Wright, 1992;
Fliigel, 2010) and the identified facies in the Dari-
yan Formation, four depositional settings including
deep open-marine, shallow open-marine, shoal, and
lagoon were established (Figures 4 to 6, 9 and 10).

5.1.1 DEEP OPEN-MARINE SETTING

The occurrence of shales (facies F1) and marls
(facies I'2) and the horizontal laminations and

The shallow open-marine setting is characterized
by the three facies: I'5, I'6, and F7. Accumulation
of large fossil shells (3 to 4 mm in size) is typical for
these facies.

The presence of brachiopods, bivalves (mainly
rudists), and echinoids reflects a normal marine
salinity and open-marine conditions (Bachmann
and Harisch, 2006; Fligel, 2010; Aghae1 et al.,
2019). Also, the occurrence of discoidal orbitolinids
can indicate open-marine conditions (Pittet el al.,
2002) with relatively low water energy (Schroeder et
al., 2010; Rahiminejad and Hassani, 2016a, 2016b).
The faunal assemblages in the shallow open-marine
facies are generally indicative of the euphotic zone
(Romero ¢t al., 2002; Corda and Brandano, 2003;
Cosovic et al., 2004).

The decreasing-upward grain size distribution in
the Exogyra marker shell bed of the lower unit of the
Dariyan Formation (in the Seydan and Paskahak
sections) (Figure 7H) can be representative of trans-
port and redeposition of the components or grains
(Pérez-Lopez and Pérez-Valera, 2012; Rubert et al.,
2012) and also moderate water energy resulting
from intermittent wave energy and/or currents
(Bover—Arnal et al., 2009). These sedimentary con-
ditions reflect deposition below the fair-weather
wave base and above the storm wave base (Corda
and Brandano, 2003; Bover-Arnal ¢t al., 2009; Bassi
and Nebelsick, 2010).
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INTERPRETATION

Thin section images (PPL) of the benthic foraminifera used in the biostratigraphy of the Lower Cretaceous deposits in this
study. Scale bar: 0.5 mm. (A) Choffatella decipiens. (B) Archaealveolina sp. (C) Palorbitolina lenticularis. (D) Mesorbitolina parva, transversal
section. (E) Mesorbitolina parva, axial section. (F) Mesorbitolina texana. (G) Mesorbitolina subconcava. (H) Hemicyclammina sigali.
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Thin section images of the facies in the studied Cretaceous deposits. Images B, D and L: XPL. Other images: PPL. (A) Planktic foraminifera
in the shales and marls of the ‘Kazhdumi Tongue’ (the Paskahak and Seydan sections). (B) Radiolarian packstone with a lime-mud matrix containing
organic matter (F3) (the Paskahak section). (C) Radiolarian wackestone with a lime-mud matrix (F3) (the Paskahak section). (D) Planktic foraminifera
packstone with organic matter in the matrix (F4) (the Seydan section). (A-D: deep open-marine.) (E) Bioclastic packstone with bivalve shells (F5) (the
Seydan section). (F) Bioclastic rudstone with poorly rounded grains (F6) (the Sangsiah section). (G) Discoidal orbitolinid rudstone (F7) (the Sangsiah
section). (E-G: shallow open-marine.) (H) Bioclastic grainstone (F8). Small size orbitolinids, gastropods, and bivalve debris are present in the facies.
Micrite envelope edge is clear around the components (the Sangsiah section). (I) Ooid grainstone (F9) in cross-bedded limestones (the Sangsiah
section). Green algae is indicated by yellow arrow. (J) Peloidal orbitolinid grainstone. The facies contains conical to discoidal orbitolinids and
peloids. The grains in the facies have been rounded as a result of agitation (F10) (the Sangsiah section). (K) Well-sorted peloidal grainstone; small
benthic foraminifera are subordinate. Size and shape of peloides reflect lithic origin for these grains (F11) (H-K: shoal). (L) Orbitolinid packstone
(F12) (the Sangsiah section). The facies contains conical orbitolinids. (M) Peloidal foraminifera packstone with milliolid benthic foraminifera (F13)
(the Sangsiah section). (N) Peloidal green algae wackestone/packstone (F14) (the Sangsiah section). The algae in the facies are represented by the
species Lithocodium aggregatum (yellow arrow). (O) Miliolid mudstone (F15). (L-O: lagoon).
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5.1.3 SHOAL SETTING

INTERPRETATION
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The shoal setting (Figure 10) is characterized by
a bioclastic, ooidal, and peloidal-grainstone facies
(facies F8-F11) with a grain-supported texture and
abundant non-skeletal grains (ooids and peloids).
The presence and distribution of a grain-supported
texture, sparite calcite and/or sparitic cement,
well-sorted grains, ooids (mainly concentric), and
lithic peloids in the grainstone facies indicate high
turbulence affecting small-scale bioclastic/ooidal
shoals above the fair-weather wave base (Bur-
chette and Wright, 1992; Masse ¢t al., 2003; Palma
et al., 2007; Bover-Arnal e/ al., 2009; Wilmsen et
al., 2010; Rahiminejad and Zand-Moghadam,
2018; Aghaei e al., 2019; Raoufian ez al., 2019).
Also, cross-bedding in the grainstone deposits rep-
resents high-energy conditions (Sandulli and Ras-
pini, 2004; Bachmann and Hirsch, 2006; Palma e
al., 2007; Wilmsen et al., 2010). Shoal facies is only
present in the Sangsiah section (Figure 4).

5.1.4 LAGOONAL SETTING

The lagoonal setting (Figure 10) is represented
by facies types F12 to F15. Peloids, green algae,
and benthic foraminifera (orbitolinids and miliol-
ids) are the most abundant grains in the micritic
matrix. The abundance of lime mud and the
absence of high-energy textures and sedimentary
structures in facies 12 to F15 reflect a low-energy
environment (Adachi e al., 2004). The abundance
of conical orbitolinids indicates a well-illuminated
shallow-water environment (Husinec ¢t al., 2000,
Renema and Troelstra, 2001; Pittet et al., 2002;
Schroeder et al., 2010; Rahiminejad and Hassani,
2016a, 2016b). The lack of stenohaline organisms
and the abundance of euryhaline fauna may point
to restricted water circulation in the lagoonal
setting (Bosence and Wilson, 2003; Masse et al.,
2003; Mancinelli, 2006). However, restricted
water circulation in this lagoon is not to be con-
fused with circulation in generally restricted or
isolated environments (Read, 1985; Ghabeishavi et
al., 2010). The abundance of miliolids and textu-
larids (Vaziri-Moghaddam et al., 2006; Martini e

al., 2007; Badenas and Aurell, 2010; Rahiminejad
et al., 2018) and green algae (Lithocodium) indicates
restricted lagoon conditions (Geel, 2000; Penney
and Racey, 2004; Bachmann and Hirsch, 2006;
Mansouri-Daneshvar et al., 2015). The lagoon
facies was identified in all three studied sections of
the Dariyan Formation.

5.2. GENERAL DEPOSITIONAL MODEL OF THE
DARIYAN FORMATION

The facies types descibed here and their interpre-
tation point to a ramp-type carbonate platform.
The lagoon and generally, the shoal settings
developed on the inner part of the ramp, whereas
the shallow and deep open-marine settings
developed on the middle and outer ramp settings
(Figure 10).

This general interpretation is in agreement with
the lack of genuine slope facies and structures, such
as deep-water breccias, reef buildings and faunal
frameworks (which can produce rimmed shelves).
Moreover, the presence of grain-supported facies
in the shoal setting, and the uniform trend of
sediment production or accumulation from the
shallow open-marine setting towards the deep
open-marine setting are all in agreement with a
ramp morphology (for interpretation see Read,
1985; Pomar, 2001; Van Buchem et al., 2010; Piry-
aeietal.,2011; Baietal., 2017; Aghaei et al., 2019).
More specifically, the presence of open-marine,
shoal, and lagoonal settings with gradual lateral
and vertical changes (Figures 4 to 6 and 10) points
to a homoclinal ramp with a gentle slope (Read
1985; Burchette and Wright 1992). Along these
lines, the lack of turbidite facies and peri-platform
talus (Mcllreath and James, 1984; Payros and
Pujalte 2008) in the studied sections supports this
concept.

On the other hand, the facies characteristics
of the lower unit of the Dariyan Formation in the
Seydan and Paskahak sections, and the presence
of the deep open-marine setting, reflect deposition
in an intra—shelf basin environment (Burchette
and Wright, 1992; Cosovic et al., 2004; Fligel,
2010). The limited development of the deep
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open-marine setting indicates that the intra-shelf
basin in the Seydan and Paskahak sections was
rimmed by shallow carbonate-platform deposits
(Ziegler, 2001; Van Buchem et al., 2010).

5.3. SEQUENCE STRATIGRAPHY

Change 1in stacking pattern of strata is a response
to the interaction between accommodation and
sedimentation rate (Catuneanu et al., 2009, 2011).
Sediment accommodation in marine environ-
ments is controlled by basin tectonic, subsidence,
and sea-level changes on a global scale, whereas
sedimentation rate reflects sediment supply (trans-
portation of materials from land and i situ pro-
duction) and conditions in the basins (Strasser and
Samankassou, 2003; Catuneanu et al., 2011). Here,
we follow the concepts presented in Catuneanu
et al. (2009, 2011). A sequence is defined as sed-
iments between lower and upper boundaries—
known as sequence boundaries (SB)—with an
abrupt change from a shallowing upward trend
to a deepening upward trend. Since in this study
the sequence boundaries do not represent any

s level
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evidence of subaerial exposure, they are regarded
as type 2 boundaries. The depositional sequences
in the sections of the Dariyan Formation consist of
transgressive systems tracts (1'STs) and highstand
systems tracts (HS'Ts), which are characterized by
deepening- upward trends and shallowing-up-
ward trends, respectivelly (Figures 4 to 6 and 11).
The TSTs and HSTs are separated by maximum
flooding surfaces (MSI's) (Figures 4 to 6 and 11).
The definition of the orders of sequences is based
on the time framework followed by Catuneanu et
al. (2009, 2011) and Haq ¢t al. (1988).

Given that the Dariyan Formation in the stud-
ied sections is early Aptian to early Albian in age
(about 15 My as based on the GT'S 2004 time scale;
Gradstein et al., 2004; Al-Husseini and Matthews,
2010), a third-order assignment is here proposed
for the sequences observed. Hence, we define three
third-order depositional sequences (Dsl, Ds2, and
Ds3) (Figures 4 to 6 and 11). The conceptual cor-
relations between the depositional sequences of
the Dariyan Formation in the studied sections are
shown in Figure 11. Depositional sequence 1 and
Ds2 comprise TSTs followed by HSTs. In contrast,
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m Schematic model proposed for deposition of the Lower Cretaceous deposits in this study. The Dariyan Formation was
deposited in deep open-marine, shallow open-marine (0. m.), shoal, and lagoonal settings on a homoclinal ramp. F1: Shale; F2: Marl;
F3: Radiolarian wackestone/packstone; F4: Planktic foraminifera wackestone/packstone; F5: Bioclastic wackestone/packstone; F6:
Bioclastic rudstone; F7: Discoidal orbitolinid rudstone; F8: Bioclastic grainstone; F9: Ooid grainstone; F10: Peloidal orbitolinid grainstone;
F11: Peloidal grainstone; F12: Orbitolinid packstone; F13: Peloidal foraminifera wackestone/packstone; F14: Peloidal green algae
wackestone/packstone; F15: Miliolid mudstone. FWWB: fair weather wave base. SWB: storm wave base.
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Ds3 comprises a TSI, which its upper boundary is
contemporancous with the boundary between the
Dariyan and the Kazhdumi formations (Figures 4
to 6 and 11). The sequence boundaries in all the
sequences of the Dariyan Formation belong to the
type 2 (SB2) (Iigures 4 to 6 and 11). Generally,
the Dariyan Formation was deposited on top of
the Gadvan Formation during a Aptian sea-level
rise (Sharland ¢t al., 2001). The boundary between
the Gadvan and the Dariyan formations, which
was described as an isochronous boundary in the
region (Schroeder et al., 2010), has been regarded
as a baseline for the reconstruction of sea-level
changes (Van Buchem et al., 2010). The identified
depositional sequences in the Dariyan Formation
in this study are as follows:

5.3.1 DEPOSITIONAL SEQUENCE 1 (DS1)

In the sections of the Dariyan Formation (Figures
4 to 6 and 11), Dsl commences with the deposi-
tion of carbonates on the upper shale unit of the
Gadvan Formation. The lower boundary (SB2-1)
of the Dsl, which is the transgressive surface of
the Dariyan Formation carbonates, is marked by
an abrupt lithological change from shale to lime-
stone and is well recognizable with respect to the
erosion of the shale deposits of the upper part of
the Gadvan Formation (Figures 4 to 6 and 11).
Additionally, yellow limonitic bioturbations
(Figure 7K) were identified at this boundary (in
the base of the lower unit of the Dariyan Forma-
tion). In the Seydan and Paskahak sections, the
deposits in the basal part of the Dsl are mainly
characterized by the packstone and wackestone
facies containing bivalves and oyster bioclasts. In
the Sangsiah section, the basal part of the Dsl
1s marked by the packstone to grainstone facies
containing benthic foraminifera such as conical
orbitolinids. These facies types are representative
of the first transgression resulting from sea-level
rise. In the Seydan and Paskahak sections, the
upward-decreasing trend of the thicknesses of
the beds (towards the upper part of the Dari-
yan Formation) in the Dariyan Formation and
also the presence of the planktic foraminifera
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and radiolarian-bearing facies are indicative
of a TST (in the relevant deposits, nodules and
thin grey to black silicified intercalations are
observed). At the end of the transgressive trend,
the deposition of radiolarian-rich packstone
facies (deep, open-marine,) indicates a maximum
flooding surface (MFS). In the Seydan and Pas-
kahak sections, this interval is clearly recogniz-
able by intense bioturbations and accumulations
of small ammonites (~ 3 cm in size). The first
TST in the Paskahak and Seydan sections 1s 32
m and 37 m thick, respectively. Simultaneously,
in the Sangsiah section (Figure 4), the change
of lagoon packstone facies into shoal grainstone
facies and discoidal orbitolinid-rich facies of the
shallow open-marine setting, reflects a sea-level
rise (I'ST) recorded in a 40-m thick carbonate
succession.

This deepening trend ends with the deposition
of the packstone and rudstone facies with discoidal
orbitolinids and remains of bivalves and echinoids
that indicate the end of the deepening-upward
trend and the maximum flooding surface (MES).
In the Sangsiah section, the deposits overlying
the MFS boundary mainly contain remains of
bivalves and discoidal orbitolinids. In upper
portions of the section, poorly-washed facies
intercalated with shoal grainstone facies is pres-
ent. This shallowing-upward trend subsequently
leds to ooidal and bioclastic grainstone facies
best interpreted as HST. The upper boundary
of this facies is equivalent to a second-sequence
boundary or the upper boundary of Ds1 (SB2-2).
The systems tract is 43 m thick. Equivalents of
such facies in the Seydan (34 m thick) and Pas-
kahak (43 m thick) sections include shales, marls,
and planktic foraminifera-bearing argillaceous
limestones. These are considered the normal
deposits of deep-marine settings and qualify as a
HST. At the end of the HST, planktic foramin-
ifera-bearing marls are replaced by argillaceous
limestones containing discoidal orbitolinids and
fragments of bivalves. The upper surface of the
orbitolinid-bearing beds is the upper boundary
of the first sequence (SB2-2) in the Seydan and
Paskahak sections. At this boundary, deposits with



Article AO60919

Boletin de la Sociedad Geoldgica Mexicana [ 72 (2) / 2020 / Q

scattered small horizontal tunnel-shaped biotur-
bations (7-10 mm in diameter) are present. Gen-
erally, the presence of benthic foraminifera such
as Choffatela decipiens and Palorbitolina lenticularis in
the deposits and the appearance of Mesorbitolina
parva in the upper boundary of the Dsl in the
studied sections documents that the DSI in the
Dariyan Formation is early Aptian in age (Figures

4 to 6).

5.3.2 DEPOSITIONAL SEQUENCE 2 (DS2)

In the Seydan and Paskahak sections (Figures 5
to 6 and 11), the Ds2 is recognized by a change
in lithology from shallow open-marine setting

MW Kazerun
Paskahmk fault
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argillaccous limestones (with wackestone to
packstone facies) to planktic foraminifera-bearing
shales of the outer ramp. The lower boundary of
the Ds2 correlates and overlaps with the upper
boundary of the Dsl (SB2-2). The planktic fora-
minifera-bearing marls and shales combined with
intercalations of planktic foraminifera-bearing
argillaceous limestones form a TST (thicknesses
of 16 and 25 m in the Seydan and Paskahak sec-
tions, respectively) in the Ds2. The upper bound-
ary is regarded as a maximum flooding surface.
In the Sangsiah section (Figures 4 and 11), the
TST (31 m thick) is defined by the occurrence and
distribution of the floatstone to rudstone facies
containing discoidal orbitolinids. A deepening
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trend led to development of bioclastic packstone
to rudstone facies as the deepest facies in this
sequence. The upper surface of the stratigraphic
interval with packstone facies (containing bioclasts
of echinoid and bivalve) reflects the maximum
flooding surface in the Ds2 and is the equivalent
to the MFS (the surface above the planktic fora-
minifera-bearing shales and marls) in the Seydan
and Paskahak sections (Figures 5 to 6 and 11).

In the Sangsiah section (Figures 4 and 11), the
orbitolinid-rich facies and the shoal facies, such as
ooidal and bioclastic grainstones directly overly
the MFS. Following the deposition of these facies,
a stratigraphically thick interval with lagoonal
facies (mainly conical orbitolinid packstone—
wackestone and packstone with small benthic for-
aminifera and green algae) was deposited in the
Sangsiah section. This facies association, which is
representative of a shallowing—upward trend in
the Dartyan Formation, is best interpreted as the
HST in the Ds2. At the end of the HST, restricted
lagoon deposits containing milliolid, pelloids, and
green algae were deposited. The upper boundary
is interpreted as the upper boundary of the Ds2
(SB2-3). The HST is 80 m thick.

In the Seydan and Paskahak sections, the
deposits, which are equivalent to the HST in the
Sangsiah section, overlie the maximum-flood-
ing surface with an abrupt change in lithology.
Across this surface or thin interval, packstone
facies containing debris of echinoids and bivalves,
combined with rudstone facies comprising dis-
coidal orbitolinids, overlie the planktic foramin-
ifera-bearing marls. These facies are followed by a
thick succession of lagoon facies mainly including
packstone with conical orbitolinids and other ben-
thic foraminifera. The orbitolinids in the facies
are reworked and the marginal parts of their tests
are commonly eroded. In the Seydan and Paska-
hak sections, the surface above the stratigraphic
interval representing lagoonal facies is the upper
boundary of the Ds2 (SB2-3). In the two sections,
the thicknesses of the HST are 91 m and 69 m,
respectively.

In the studied sections of the Dariyan Forma-
tion, the co-occurrence of Mesorbitolina parva and
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Mesorbitolina texana in the lower and middle parts
of the Ds2, as well as the presence of Mesorbitolina
lexana and Mesorbitolina subconcava in the upper
parts, document that Ds2 is late Aptian in age
(Iigures 4 to 6).

5.3.3 DEPOSITIONAL SEQUENCE 3 (DS3)

This sequence is the stratigraphically highest and
the youngest depositional sequence of the Dariyan
Formation in the studied sections (Figures 4 to 6
and 11). This sequence consists of a TST. The
occurrence of Mesorbitolina subconcava in the Ds3, as
well as the appearance of Hemicyclamina sigali at the
end of the Ds3 indicate a latest Aptian to earliest
Albian in age (Figures 4 to 6 and 8).

The presence of orbitolinid wackestone facies
with discoidal orbitolinids is indicative of a sea-
level rise and the deposition of a TST in the
Seydan (42 m thick) and Paskahak (31 m thick)
sections. The deepening-upward trend of the
facies 1s followed by orbitolinids-rich packstone to
rudstone and then by bioclastic packstone towards
the upper boundary of the Dariyan Formation.
The TST deposits mainly consist of discoidal
orbitolinid-bearing limestones. In the boundary
between the Dariyan Formation and the overlying
Kazhdumi Formation, bioturbation is intense and
clearly reflects a decrease in sedimentation rate
(omission). Although the omission surface can be
considered as a maximum-flooding interval, it is
perhaps best interpreted as a flooding surface due
to a facies deepening-upward trend from the Dari-
yan Formation towards the Kazhdumi Formation.
This trend is defined by the change in lithology
from the orbitolinid-bearing limestones of the
Dariyan Formation to the marls (with bivalve
shells) and planktic foraminifera-bearing shales
of the Kazhdumi Formation. The systems tract,
however, represents the first phase of a transgres-
sion, which is followed by the second phase in the
overlying deposits (e.g., Van Buchem e al., 2010).
The maximum flooding interval is present in the
Kazhdumi Formation.

In the Sangsiah section (platform top; including
shallow open-marine, shoal, and lagoon), the TST
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(42 m thick) in the Ds3 is marked by a change
from wackestone to packstone (containing small,
benthic foraminifera (milliolid) and green algae)
to conical orbitolinid-bearing limestones and ooid
grainstone. This is followed by bivalve-debris-bear-
ing, bioclastic grainstone. The transgressive trend
continues by deposition of discoidal, orbitoli-
nid-rich packstone to rudstone and is interrupted
by bioclastic rudstone facies containing fragments
of bivalves and echinoderms. Based on the abun-
dancy of bioturbations and the deepening-upward
trend above the top surface of the Dariyan For-
mation, this upper boundary might represent a
flooding surface. The sea-level rise resulted in con-
formable deposition of the Kazhdumi Formation
on the Dariyan Formation.

6. Discussion

Although facies, depositional environments and
sequences of the Dariyan Formation have been
studied in different areas of the Zagros belt (Table
1), more recent studies (e.g., Mansouri-Daneshvar
et al., 2015; Mehrabi et al., 2015; Naderi-Khujin
et al., 2016) have been mainly focused, driven by
its importance as reservoir unit, on subsurface
sections of the Dariyan Formation in the Persian
Gulf area (Table 1).

On a larger scale, the sea-level patterns
recorded in the Dariyan Formation as reported
here are consistent with Early Cretaceous sea-
level reconstruction for the Arabian Plate (Figures
4 to 6) (Sharland et al., 2001; Ziegler, 2001; Van
Buchem et al., 2010).

Late Barremian to early Aptian sea-level rise
resulted in shifting of siliciclastic systems landward
and towards their sources and also led to precipi-
tation of siliciclasts in the coastal zones in the west
of the basin in the Arabian Plate (Davies et al.,
2002). Sea-level rise or transgression in Saudi Ara-
bia is marked by completion of deposition of the
Zubair Formation and its equivalent deltaic silici-
clastic deposits (Al-Fares ¢t al., 1998) and a change
of fluvial deposits of the Biyadh Formation to
the marine carbonates of the Shuaiba Formation
(Hughes, 2000). Siliciclastic discharge provided
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favourable conditions for the deposition of the
Dariyan Formation and the contemporenous car-
bonate successions to the east of the Arabian Plate
(Sharland et al., 2001; Davies et al., 2002; Van
Buchem et al., 2010).

The maximum flooding surface in the Dsl of
the Dariyan Formation in this study is consistent
with the upper lower Aptian K80 maximum
flooding surface (K80 MFS) of the Arabian Plate
(Sharland et al., 2001; Haq and Al-Qahtani, 2005).
Deposits associated with K80 MI'S have been
reported from different parts of the Arabian plate.
In the United Arab Emirates, the K80 MFS has
been identified in the Bab Tar (source rock) unit of
the Shuaiba Formation (Grotsch et al., 1998; Shar-
land ez al., 2001). This surface, which is reflected by
a deep facies comprising planktic foraminifera and
organic materials, formed during the evolution of
the Bab Basin (Grotsch et al., 1998). In Qatar, the
K80 MFS is defined by the occurrence of planktic
foraminifera-bearing deposits in the upper part
of the Shuaiba Formation (Sharland et al., 2001).
Also, in the west of Oman the K80 MFS is indi-
cated by the presence of planktic foraminifera
mudstone and kerogen-bearing wackestone (Witt
and Gokdag, 1994).

In the Seydan and Paskahak sections of the
Dariyan Formation, the K80 MFS lies on the
pelagic limestones comprising organic materials
and oil stains. Generally, the sea-level rise at the
end of the early Aptian has been assigned to an
eustatic trend (Sharland et «al., 2001; Haq and
Al-Qahtani, 2005). This transgression or sea-level
rise has been associated with the Aptian oceanic
anoxic event (OAE la) (Leckie et al., 2002; Jen-
kyns, 2010; Moosavizadeh e al., 2014), resulting
from greenhouse conditions, which were related to
high input of CO, into the atmosphere during vol-
canic activities (Weissert and Erba, 2004; Mehay
et al., 2009). Global warming triggered by such
conditions could have led to melting of ice sheets
(Frakes et al., 2005) and the subsequent global sea-
level rise (Skelton and Gili, 2012). In some parts of
the Arabian Plate (¢.g., the Bab Basin in the United
Arab Emirates and the Kazhdumi Basin and the
Izeh Zone in Iran), tectonic subsidence enhanced
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Table 1. Comparison of concepts presented here with previous studies. Recent studies have been mainly focused on subsurface sections
of the Dariyan Formation in the Persian Gulf Area due to the important reservoir characteristics of this formation.

1- Near Shiraz
city, in the Interior
; Apti ly Fars zone.
DETED Albian
2— Near Kazerun
town, inthe 1zeh
Zone.
Dariyan Aptian South of Semirom
BERET Barremian— Central Persian
Y early Aptian Gulf
Dariyan Aptian WeSe(rSrLIFf’asan
Eastern Persian
Gulf,
Dariyan Aptian Qeshm Island and
offshore

This study

Hamedanian et
al., 2016

Naderi-Khujin et
al., 2016

Mehrabi et al.,
2015

Mansouri-
Daneshvar et al.,
2015

Depositional environments and their
associated facies
Homoclinal ramp

1- Inner ramp (lagoon): orbitolinid packstone, peloidal-
foraminifera wackestone/packstone, peloidal-green algae
wackestone/packstone, miliolid mudstone

2—Inner ramp (shoal): bioclastic grainstone,
ooid grainstone, peloidal-orbitolinid grainstone,
peloidal grainstone

3— Middle ramp (shallow open marine):
bioclastic wackestone/packstone, bioclastic rudstone,
discoidal orbitolinid rudstone

4— Outer ramp (deep open marine): shale, marl,

radiolarian wackestone/packstone, planktic

foraminifera wackestone/packstone
Homoclinal carbonate platform

1- Open marine: pelagic mudstone, bioclastic wackstone
2—Barrier: peloidal grainstone, Orbitolina-bioclastic
grainstone, Orbitolina-bioclastic wackestone/packstone,
bioclastic-bival vida packstone/fl oatstone, bioclastic-
algae-rudstone

3-Lagoon: bioclastic-Orbitolina wackestone/packstone,
bioclastic-algae wackestone/packstone

Ramp

1- Peritidal: laminated mudstone, dolomitic mudstone
2— Lagoon: Lithocodium-Bacinella floatstone
3~ Lagoon-restricted open marine: bioclastic wackestone
4— Leeward shoa—shoal: peloidal-bioclastic packstone,
intraclastic-peloidal bioclastic packstone/grainstone
5—- Open marine: fossiliferous mudstone (rare planktic
foraminifera, radiolarian fragments)

Carbonate ramp to deep intra-shelf basin and delta

1- Inner ramp (lagoon): benthic foraminifera-green algal
wackestone/packstone
2— Inner ramp (lagoon): peloidal coated-grain
wackestone
3~ Inner ramp (patch reef mound): Lithocodium-algal
floatstone/boundstone
4— Inner—middle ramp (shoal): bioclastic-peloidal
packstone/grainstone
5- Middle ramp (proxima): Orbitolina-bioclastic
wackestone/packstone
6— Middle ramp (distal): echinoderm-sponge spicule
wackestone
- Outer ramp:
mudstone/wackestone
8- Intra-shelf basin: pelagic mudstone/marl (containing
planktic foraminifera)
9- Proximal delta: sandy ooidal ironstone
10- Proxima deltas wavy bedded and bioturbated
sandstone/siltstone
11- Prodelta (distal delta): shale/silty shale/marl
(containing planktic foraminifera)

Carbonate ramp systemto intrashelf basin

Micro-peloid-microbioclastic

1— Inner ramp (tidal flat): Sandy mudstone

2— Inner ramp (restricted lagoon and bar): milliolidae
wackestone/pellet grainstone,

3~ Inner ramp (restricted lagoon and bar): benthic
foraminifera wackestone/pellet grainstone

4— Inner ramp (restricted to open lagoon): conical
Orbitolina wackestone/packstone

5— Middle ramp: rudist rudstone, coral rudstone,
Lithocodium aggregatum rudstone/oundstone, echinoid
pellet grainstone, discoidal Orbitolina
wackestone/packstone, bioclastic wackestone/packstone
6— Outer ramp: Lenticulina-Epistomina wackestone

7— Outer ramp—intra shelf: sponge spicule
wackestone/packstone

8- Intra-shelf: pyritized mudstone (contains radiolarian
and orbitolinids), pelagic foraminifera wackestone

Sequences

1-Three third-order depositional
sequences (Dsl, Ds2 and Ds3).

First sequence (Dsl): lower Aptian.
Second and third sequences (Ds2 and
Ds3): upper Aptian-lower Albian.

2-Three type 2 sequence boundaries
(SB2).

1-Three depositional sequences (Sql,
Sg2 and Sg3).

Thefirst sequence (Sql) comprises
the upper Barremian-lower Aptian
deposits of the Gadvan Formation and
the lower Aptian deposits of the
Dariyan Formation.

Sq2: lower Aptian-upper Aptian.

Sq3: upper Aptian.

2-Two type 1 (SB1) and two type 2
(SB2) sequence boundaries.

1- Two super sequences and four
third-order sequences.

2— Second and third order depositional
sequences.

1- Five third-order depositional
sequences.

2—-Three type 1 (SB1) and three type
2 (SB2) sequence boundaries.
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the relative sea-level rise (Sharland et al., 2001;
Ziegler, 2001; Van Buchem ez al., 2010). The depo-
sition of the Dariyan Formation in the Paskahak
section in the Izeh Zone was controlled by tectonic
subsidence. According to Van Buchem ez al. (2002,
2010) and other workers, a sudden facies deepen-
ing-upward trend is the main evidence of the role
of tectonic subsidence in increasing sea-level rise
in such basins (Sharland ez al., 2001; Ziegler, 2001).

The activities of the Kazerun and Hendijan
strike-slip faults are considered the main parame-
ters controlling the basin subsidence in the Kazh-
dumi Basin during the carly Aptian (Sharland ez
al., 2001; Ziegler, 2001; Van Buchem et al., 2010).
The Kazerun fault system with a north-trending
dextral strike-slip fault is one of the basement
structures that probably originated from the
Pan-African basement from a Neoproterozoic
tectonic phase and divides the Zagros into two
separate along-strike blocks (Talbot and Alavi,
1996; Nankali, 2011). The fault activity controlled
the sedimentation pattern and structural defor-
mation of the Phanerozoic deposits and remains
seismically active to the Present day (Tavakoli et
al., 2008). Based on the isopach and facies maps
of the Zagros belt (Setudehnia, 1978; Koop and
Stoneley, 1982), the activity of the Kazerun and
Izeh faults controlled the sedimentation patterns
of this belt in the Early Cretaceous (Sepehr and
Cosgrove, 2004, Nankali, 2011). Van Buchem et
al. (2010) documented that the vertical movements
of the Kazerun and Hendijan faults resulted in a
subsidence with a thickness of about 170 m during
the late early Aptian to the early Albian in the
basin.

A similar facies change has been also reported
from the Cenomanian—Turonian (Sarvak For-
mation) and the Campanian—FEocene (Gurpi
and Pabdeh formations) deposits (Sepehr and
Cosgrove, 2004). Facies changes resulted from the
activity of the Kazerun fault, which formed an
area with rapid subsidence in the east and a more
stable area in the west of the fault zone (Sepehr
and Cosgrove, 2004). Additionally, during the
Miocene, the Kazerun fault acted as a boundary
that controlled the extension of the salt basin of

http://dx.doi.org/10.18268/BSGM2020v72n2a060919

the Gachsaran Formation (Sepehr and Cosgrove,
2004; Safaei, 2009). The subsidence resulted in for-
mation of a depocenter, which is entirely surrounded
by a shallow carbonate platform (James and Wynd,
1965; Sharland ¢ al., 2001; Ziegler, 2001).

In this study, the abrupt deepening-upward
trend in the Dariyan Formation (in the Paskahak
and Seydan sections) was recorded in the TST in
Dsl, where shallow-marine limestones switch to
deep-marine argillaceous limestones rich in plank-
tic foraminifera and radiolarians. Given that the
equivalent deposits in the Sangsiah section display
only a normal deepening-upward trend, and that
the deep-water deposits of the Kazhdumi Tongue
pinch out from the Seydan towards the Sangsiah
sections (Figure 11), the abrupt facies change
suggests that the relative sea-level rise was caused
by tectonic subsidence (e.g., Ziegler, 2001; Van
Buchem et al., 2010) (Figure 12). The tectonic sub-
sidence in the Paskahak section in the Izeh Zone
has been attributed to the Kazerun fault activity
(Sharland et al., 2001; Ziegler, 2001; Van Buchem
et al., 2010).

With respect to the geological features of the
Seydan section and its surrounding area, three
factors likely contributed to enhancing the subsid-
ence in the eastern part of the Kazerun fault:

1. The activity of another basement fault, the
Bahar (Karch—Bas) fault (e.g., Tavakoli et al.,
2008) (Figure 13A). The tectonic features of
this strike-slip fault are similar to those of the
Kazerun fault. The two faults are parallel
(Tavakoli et al., 2008; Nissen et al., 2011). The
Bahar fault could have been active during the
development of deep-marine settings, con-
temporaneous with the Kazerun fault.

2. The middle Cretaceous extensional fault sys-
tems that have been reported by Navabpour
et al. (2010) in the east of the Kazerun fault
(Figure 13B). The activation of these fault sys-
tems which were synchronous with subduction
of the Neo-Tethys oceanic crust toward the
north, could have contributed to the subsid-
ence in the eastern part of the Kazerun fault.

DISCUSSION
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> 3. The third factor is related to salt movement. Ziegler, 2001). In the basin, movement of
©) The deposition of deep-water deposits in the the infra-Cambrian Hormuz Salt has been
§ Seydan section was contemporaneous with suggested as the main factor controlling the
S the formation and development of the Bab subsidence and formation of the Bab Basin
) Basin (with deep-water planktic foraminifera (Sharland et al., 2001; Al-Ghamdi, 2006).
and radiolarian-rich deposits) between Oman With respect to the extension of the Hormuz
and the United Arab Emirates. In the Bab salt basin in east and southeast of the Kazerun
Basin, pelagic deposits of the Nahr Umr fault (the Shiraz Basin; Figure 13C) (Motiei,
Formation are deposited and surrounded by 1993), subsidence progressed towards the
carbonate-platform deposits of the Kharaib inner areas of the Interior Fars (east of the
and Shuaiba formations (Sharland et al., 2001; Kazerun fault). This feature was probably
O R N U R i e R T T
A (EARLIEST AFTIAN] D { EARLY LATE APTLAN)

e N N N R R T A S N N S N S

Kazenm
— (RLTIE]

oo e i e R N e e et e N M e el

| E {LATEST APTIAN)

P'g-\;kqlmk HE:..'-;]_.un
sEtion SECLCN
BT iy it OOF VRN WAPONSE - i W Kazzrun
C{LATE EARLY APTIAN ) . ] frult
Pazkabak Seydan Sangsinh
Agcrion sechiin sechion
[ o N R I P e, I R I M T M N, T
Kaecrun IF(FARLY ALBLAN)
fanli

Caid & : . - HST
Do Ll = Lapoon fixics WEY
Radintarion l?g' Shoal facics -
Cireen sl A E Crpen s cebijolined-ricl
Congzal gulijalinid ) fcies -
Disadal cohigolimid = -~ Cpen mamne hipclasic-rich Bicies
Flanise foaminilera & H Diega et nisaris: sodiolsdm |
Small benthic femommeizm EI - amil planktis G fereogh _| Kaarern
lcies L | Frude

Schematic models of the sequence evolution representing the relative influence of sea-level changes and tectonic subsidence
in the studied sections (not to scale). (A) Initial sea-level transgression or sea-level rise and initial deposition of the Dariyan Formation
on the Barremian Gadvan Formation (earliest Aptian). (B) Deposition of radiolarian-bearing facies of the Dariyan Formation during deep
open-marine subsidence and sea-level rise (earliest Aptian). (C) Highstand systems tracts led to deposition of orbitolinid-rich facies
in the deep open-marine setting (outer ramp) (late early Aptian). (D) Sea-level rise led to deposition of planktic foraminifera-bearing
deposits (early late Aptian). (E) Sea-level fall and progradation of platform top (shallow open-marine, shoal, and lagoonal settings)
deposits into the outer ramp (deep open-marine setting) (latest Aptian). (F) Deposition of the Albian Kazhdumi Formation on the Aptian-
Albian Dariyan Formation during the sea-level rise (early Albian).
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related to movement of the infra-Cambrian
Hormuz Salt. Tectonic forces that resulted in
the activity of the Kazerun and Bahar faults
and/or the extensional fault systems triggered
the salt movement (e.g., Sharland et al., 2001;
Piryaei et al., 2011). The flow of salt diapirs
and development of salt domes related to fault
activity, 1s a feature that has been documented
in the literature (e.g., Tavakoli e al., 2008; Nav-
abpour et al., 2010; Nissen et al., 2011).

In the upper Aptian interval of the Seydan
and Paskahak sections, a transgression which was
mainly controlled by ecustatic sea-level change
was associated with the progradation of shallow

http://dx.doi.org/10.18268/BSGM2020v72n2a060919

orbitolinid-rich carbonate-platform facies over the
shale and marl pelagic deposits of the top surface
of the Kazhdumi Tongue. These pronounced
lithological and facies changes witness the progra-
dation of platform top deposits into the deepest
part of the basin due to the rapid sea-level fall (i.e.,
forced regression; e.g., Sharland et al., 2001; Van
Buchem et al., 2010). Moreover, the presence of
grain-supported facies with eroded grains (such
as orbitolinids) supports these interpretations.
Based on the age of the upper unit of the Dariyan
Formation (late Aptian) (Schroeder et al., 2010),
deposition of the Ds2 co-occurred with a phase
of global sea-level fall and subaerial exposure of
a wide area of the Arabian Platform. Thus, on

DISCUSSION

MM (A) Dispersion pattern of the strike-slip basement faults in the Zagros belt. The studied sections are marked by black stars
(Simplified from Tavakoli et al, 2008). (B) Extensional fault systems in the northeastern part of the Arabian Plate during the Aptian
(Navabpour, 2010). (C) Salt basin dispersion around the Persian Gulf. (Simplified from Motiei, 1993).
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a regional scale, the carbonate deposits of the
upper unit of the Dariyan Formation is a lowstand
systems tract (LST) on the Arabian Platform
(Sharland et al., 2001; Ziegler, 2001; Schroeder et
al., 2010; Van Buchem et al., 2010; Maurer et al.,
2013).

The subaerial exposures of the Arabian Plat-
form, and the disconformity surface on the top
of the Shuaiba and Qishn formations, have been
reported from for example Oman (Rameil e al.,
2012). Also, the subaerial exposure of the carbon-
ate platform of the Dariyan Formation after the
late early Aptian has been recorded as karstifica-
tion in carbonate deposits and palacosols in several
sections such as Kuh-e-Gach and Kuh-e-Asaluyeh
in north of the Persian Gulf region (coastal Fars
province) (Van Buchem ¢t al., 2010).

The subaerial exposure (of the platform top)
and hiatal intervals in these sections resulted in
development of a diachronous surface in the upper
boundary of the Dariyan Formation (Schroeder et
al., 2010; Van Buchem et al., 2010).

Moreover, late Aptian lowstand systems tract
deposits have also been reported from other
regions. Examples include the Russian platform
where a pronounced sea-level fall resulted in an
extensive erosion of the platform top deposits
(Sahagian et al., 1996). Similarly extensive ero-
sional events as well as deposits in incised valleys
have also been recorded in the west of Siberia
(Medvedev ef al., 2011). Simultaneously, extensive
subaerial exposures developed on the carbonate
platforms in Portugal (Heimhofer et al., 2007) and
Spain (Rodriguez-Lopez et al., 2008). All of these
features show that the carbonate platforms in the
western margin of the Neotethys Ocean were sub-
aerially exposed during the late Aptian (Maurer et
al., 2013).

Detailed stratigraphic-sequence studies and
oxygen isotope analyses revealed that during the
late Aptian, periods of global cooling, contempo-
rancous with sea-level fall and subaerial exposures
of platforms, prevailed (Maurer et al., 2013). Ice
sheet dynamics and development and growth of
ice caps have been considered as the most probable
factors resulting in eustatic sea-level fall (Maurer
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et al., 2013). Transgression or sea-level rise in the
Albian led to deposition of the Kazhdumi For-
mation on the carbonate deposits of the Dariyan
Formation (Sharland et al., 2001; Ziegler, 2001).
The relative effects of tectonic subsidence and
relative sea-level changes in the studied sections of
the Dariyan Formation are shown in Figure 12.

7. Conclusions

The Lower Cretaceous Dariyan Formation was
studied in three stratigraphic sections in the Inte-
rior Fars (the Sangsiah and Seydan sections) and
the Izeh Zone (the Paskahak section) of the Zagros
fold-thrust belt in the south-west of Iran. Based
on the palacontological studies, the following age
assigning benthic foraminifera were identified
in the Dariyan Formation: Choffatella decipiens,
Archaealveolina sp., Palorbitolina lenticularis, Mesorbito-
lina parva, Mesorbitolina texana, Mesorbitolina subcon-
cava, and Hemicyclammina sigali. The stratigraphic
range of these foraminifera supports the notion
that that the Dariyan Formation is early Aptian—
early Albian in age.Detailed sedimentological and
stratigraphic studies documented that the Dariyan
Formation was deposited in deep open-marine,
shallow open-marine, shoal, and lagoon deposi-
tional settings in the outer, middle, and inner parts
of a homoclinal ramp.

Three type 2 sequence boundaries (SB2,) and
three third-order depositional sequences (Dsl,
Ds2 and Ds3) are here defined. The depositional
sequences consist of three transgressive systems
tracts (I'STs) and two highstand systems tracts
(HSTs), respectively.

The following stages explain the deposition
of the Aptian—Albain Dariyan Formation in the
studied area:

1. Earliest Aptian: sea-level rise and initial depo-
sition of the Dariyan Formation sediments on
the Barremian Gadvan Formation.

2. FEarliest Aptian: deposition of the radiolari-
an-bearing facies of the Dariyan Formation
during deep open-marine subsidence and
sea-level rise.
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3. Late early Aptian: deposition of orbitoli-
nid-rich facies in the deep open-marine setting

4. due to the formation of highstand systems
tracts (HSTs).

5. Earlylate Aptian: deposition of planktic fora-
minifera-bearing facies during the subsequent
sea-level rise.

6. Latest Aptian: progradation of the platform
top (shallow open-marine, shoal, and lagoon)
deposits of the Dariyan Formation into the
deep open-marine setting due to the sea-level
fall.

7. Early Albian: deposition of the Albian Kazh-
dumi Formation on the Aptian—Albian Dari-
yan Formation during the subsequent sea-level

rise.

Generally, the development of the deep
open-marine facies in the Dariyan Formation was
related to the subsidence controlled by fault activ-
ities during the Aptian.

Work show here suggests that the sea-level
patterns recorded for the Dariyan Formation are
consistent with the record of relative and custatic
sea level described throughout the Arabian Plate.
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