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The Lower Cretaceous (Aptian—Albian) Dariyan Formation (northeastern Arabian Plate, Iran) represents the youngest
sediments of the Khami group in the Zagros fold belt. This study is based on six sections located in the Izeh Zone and In-
terior Fars Province documenting transition from platform to a basin margin facies. Three assemblage zones based on
benthic foraminifers have been identified and provide an early Aptian—early Albian age. Petrographic and microfacies
analyses characterize thirteen carbonate microfacies and two mud rock lithofacies-types. The vertical and lateral facies
variations observed in this study for the Dariyan Formation are in agreement with a depositional environment going
from a homoclinal carbonate ramp to margin of intra-shelf basin type. Based on the identification of three sequence
boundaries (SB), the Dariyan Formation sediments has been divided into three 2"-order depositional sequences which
encompasses six and five 3“-order sequences in the margin of intra-shelf basin and the shallow platform settings, respec-
tively. The early Aptian sea-level rise led to the extension of the carbonate platform and deposition of pelagic facies as a
maximum flooding surface on margin of intra-shelf basin. In the late Aptian highstand phase, the platform was exposed
as aresult of glacio-eustatic mechanisms, whereas sediments continued to accumulate in the margin of intra-shelf basin.
This study supports the general paleogeography of the studied area documented by previous studies and provides better
insight to the interpretation of the evolution in this area and other similar basins. « Key words: Dariyan Formation,
Aptian, Arabian Plate, Zagros, sequence stratigraphy.
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The Aptian—Albian Dariyan Formation (see Schroeder et al.
2010) represents a carbonate reservoir in the southwestern
part of Iran (e.g. Habibi e al. 1994, unpublished report). This
formation conformably over- and underlies the Gadvan and
Kazhdumi formations (Fig. 1). The Dariyan Formation was
deposited at the northeastern edge of the Arabian Plate, itself
part of the SW passive margin of the Neo-Tethys Ocean
(Fig. 2; James & Wynd 1965, Motiei 1993, Ziegler 2001,
Alavi 2004). During the Early Cretaceous, the NE part of
Arabian Plate was covered by a widespread shallow carbo-
nate platform with some intra-shelf basins especially in the
southeastern part (James & Wynd 1965, Masse 1993, Motiei
1993, Ziegler 2001, Sharland ez al. 2001, Alavi 2004). Econo-
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mically, these intra-shelf basins are important because they
provide the source rocks to the petroleum systems (e.g. Droste
1990, Sharland et al. 2001, van Buchem et al. 2010, Razin et
al. 2010). The heterogeneity of the sedimentary facies (i.e.
carbonate and siliciclastic) due to the presence of these
intra-shelf basins is one of the main parameter controlling the
distribution and quality of the reservoirs. Thus, characterizing
the sedimentary distribution and geometry within these set-
tings is of primary importance in the understanding the for-
mation of the oil reservoirs. Two main intra-shelf basins,
the Kazhdumi and Bab basins, have been often described and
studied within the Arabian Plate (Sharland ez al. 2001, Ziegler
2001, Al-Gamdi 2006, van Buchem et al. 2010). In this study,
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Figure 1. Aptian—Albian lithostratigraphy of the Zagros fold-trust belt (ZFTB). The Dariyan Formation is underlying the Gadvan Formation and over-
lying the Kazhdumi Formation (simplified after van Buchem et al. 2010).

we focused on the Early Cretaceous deposits of the Kazhdumi
Basin (SW Iran, Fars), which generated the oil for most of the
Sarvak and Asmari reservoirs in SW Iran (e.g. Bordenave &
Burwood 1990). The general paleogeography of this basin
has been well studied (James & Wynd 1965, Setudehnia
1976, Bordenave & Burwood 1990). More recently, a de-
tailed sequence stratigraphic analysis has been provided by
van Buchem et al. (2010) on the Kazhdumi Basin. In their
model, the authors explained the lateral facies distribution and
sedimentation pattern as mainly controlled by the relative
contribution of structural control and eustatic sea level varia-
tions. Notably, they suggested that the Kazerun fault system
was activated in the early Aptian, which, associated with the
eustatic sea level rise, was responsible for the creation of the
Kazhdumi Basin. However, this model was based on a limi-
ted number of outcrops.

Here we investigate the lateral facies evolution, the
thickness variations and depositional geometries along the
eastern margin of the Kazhdumi Basin in the Interior Fars
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Province, by studying the platform-basin margin transition
that covers the Kazerun fault system. One of the key chal-
lenges is to provide a time framework to constrain the lat-
eral facies variations. In this study we used the recently
published orbitolinids zonation scheme defined for the
Eastern Arabian Plate, and calibrated to a number of Iran-
ian outcrop sections (Schroeder et al. 2010). This zonation
scheme was calibrated using both ammonite zones and sta-
ble carbon isotope variations. We distinguished three as-
semblage zones (A, B and C) that allowed us to consider
the expansion of late Aptian top-platform exposure based
on sequence stratigraphic correlation between platform
and margin of intra-shelf basin settings.

Geological setting

The Zagros fold-thrust belt is part of the Alpine compres-
sion system (Berberian & King 1981, Alavi 2004). The
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Zagros area corresponds to one of the most re-
source-prolific fold-thrust belt system in the world (James
& Wynd 1965, Berberian & King 1981, Motiei 1993, Alavi
2004). According to geological evidences, as the
Neo-Tethys Ocean widened, the Zagros region was part of
a large passive margin situated at the northeastern edge of
the Arabian Plate (Alavi 2007, Navabpour ez al. 2010, Hey-
dari 2008). Three parallel zones can be distinguished in the
Zagros mountain chain (Fig. 3B): the Uremiah—-Dokhtar
magmatic assemblage (UDMA; Alavi 1980, 1994), the
Zagros Imbricate Zone (ZIZ) and the Zagros Fold-Thrust
Belt (ZFTB; Alavi 2007). The study area is located in the
ZFTB. This belt is subdivided into different structural zo-
nes including the Interior Fars, the Coastal Fars, the Izeh,
the Dezful Embayment and the Lurestan zones. They are
separated by strike slip faults known as Balarud, Hendijan
and Kazerun faults (Fig. 3D; Berberian & King 1981). The
biostratigraphy of the Gadvan, Dariyan and Kazhdumi for-
mations, first established by Wynd (1965, unpublished re-
port), has been recently revised by Schroeder ez al. (2010).
The new biozonation has been defined in the eastern part of
the Arabian Plate using orbitolinids and showed that the
Dariyan Formation was deposited during the early Aptian
(Coastal Fars) to the early Albian (Izeh Zone). This age
model is supported by planktonic foraminifer, ammonite
and stable carbone isotope data in the Kazhdumi Basin,

- Pelagic basins
- Deep oceanic basins

Figure 2. General paleogeographic map of the Arabian Plate during
the Aptian (simplified after Huck et al. 2010). The solid line show pres-
ent day position of the gulf of Fars and the study area is shown by the
white asterisk.

500 km

Figure 3. Maps of the study
area. * A — general map of the
Middle East (modified after
Sharland et al. 2001. « B — the
eight geologic provinces of Iran,
the rectangle indicates the posi-
tion of the ZFTB in SW Iran
(modified after Vaziri-Moghad-
dam et al. 2006). * C — subdivi-
sion of ZFTB (adapted from
Sherkati & Letouzey 2004), the
hatched rectangle shows the
study area. * D — paleogeo-
graphic map of ZFTB during the
Aptian, the selected sections are
shown by the solid circles:
1 — Kuh-e-Fahliyan; 2 — Kuzeh-
Kuh; 3 — Kuh-e-Sefid; 4 — Rah-
mat-Abad; 5 — Kuh-e-Gadvan;
6 — Khaneh-Kat. Simplified af-
ter van Buchem et al. (2010).
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a) Restricted platform top facies, small benthic foraminifers
and green algae dominated wackestone to packstone

[ ]
]
[ ]
[ ]

|:| f) Intra-shelf basin sale and marl
Assemblage A Assemblage B
Early Aptian El early Late Aptian

b) Platform top facies, ooid and bioclast
dominated grainstone, high energy facies

c) Platform top facies, orbitolinid dominated
wackestone to packstone

d) Platform top facies, bivalve and bioclast
dominated wackestone to packstone

e) Intra-shelf basin facies, radiolar and planktonic
foraminifers wackestone to packstone

Assemblage C
late Late Aptian—Early Albian

Qoid

Rudist

Bivalve

Bioclast

Radiolar

Echinoid

Ammonite

Green algae

Sponge Spicule
Discoidal orbitolinid
Planktonic foraminifer
Small benthic foraminifer
FS: Flooding surface —
SB: Sequence boundary

MFS: Maximum flooding surface

Barremian - Albian

LEGEND

HST
MFS

TST

O )Y-NEDOLH IO

— = Arqil Alb: Albian Kazh: Kazhdumi Formation
- Chert :::::: Shale —LTLT_ m:,lg;s?gr?gus Apt: Aptian LST: Lowstand System Tract
S o =] Dolomitic I I o i Bar: Barremian HST: Highstand System Tract
e Al E L limestone I Imestone  Gad: Gadvan Formation TST: Transgressive System Tract

Figure 4. Legend of colour codes and symbols used in graphic pictures.

Coastal Fars and Lurestan Zone (Vincent et al. 2010). Moosa-
vizadeh et al. (2013) confirmed this age in Kuh-e-Sefid sec-
tion based on C-isotope stratigraphic data. Here we used the
orbitolinid biozonation to better constrain the age along the
studied platform-basin margin transect.

Methods

Six outcrops of the Dariyan Formation (Fig. 3D) have been
selected along a platform-basin transect with the sections
of Kuh-e-Fahliyan, Kuzeh-Kuh, Kuh-e-Sefid, Rahmat-
Abad, Kuh-e-Gadvan and Khaneh-Kat. About 1000 sam-
ples in total were collected and investigated and their thin
sections were studied. The classifications of Dunham
(1962) and Embry & Klovan (1971) were used for facies
description, and the Dickson (1966) method was used for
distinguishing calcite and dolomite. Microfacies analysis
was carried out using the standard models of Wilson (1975)
and Fliigel (2010). Interpretation of depositional environ-
ment has been based on Read (1985) and Burchette &
Wright (1992). The recognition of 3"-order depositional
sequences follows the definition provided by van Wagoner
et al. (1988, 1990), Vail et al. (1991), Catuneanu (2006)
and Catuneanu et al. (2009). The biostratigraphy is mainly
based on orbitolinids zonations (Schroeder et al. 2010).

Lithostratigraphy

The Dariyan Formation was formerly known as the “Orbi-
tolina Limestone” or “Aptian—Albian Limestone”. Its ac-
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tual name is derived the name of Dariyan, the village close
to the type locality (James & Wynd 1965). In the
Kuh-e-Fahliyan, Kuzeh-Kuh and Kuh-e-Sefid sections the
Dariyan Formation can be divided into three parts based on
the presence of a marly interval, the so called “Kazhdumi
Tongue” (Sedaghati 1982; Figs 5, 7). This marly interval
disappears towards the platform and is not observed in the
other three shallower sections (Figs 6, 8). In the first group
of sections, the lower Dariyan consists of medium- to
thin-bedded grey, partly argillaceous limestones with
marl-limestone couplets. This is followed by an alternation
of thin-bedded pelagic limestones, argillaceous laminated
limestones and thin-bedded (2-15 cm) black cherts
(Fig. 9A). In Kuh-e-Sefid section this part contains rather
high amounts of organic matter and is characterized by the
deposition of black limestones (Fig. 9B) and dark shales
(Fig. 9C). The macrofauna in the lower Dariyan is repre-
sented mainly by bivalves, echinoids (Fig. 9D) and ammo-
nites (mostly outer mold) (Fig. 9E). Chert nodules (up to
30 cm) containing ammonites, bioturbation and
iron-crusted surface on the top surface of pelagic interval
(Fig. 9F) are additional features of lower Dariyan. The
“Kazhdumi Tongue” is mainly defined by grey to dark grey
shale with alternation of marls and thin argillaceous lime-
stones (Fig. 10A). This interval is not observed along the
sections of Rahmat-Abad, Kuh-e-Gadvan and Khaneh-
Kat. The upper Dariyan is generally composed of medium-
to thick-bedded grey limestones containing a large amount
of conical and discoidal orbitolinids (Fig. 10B) and varia-
ble amounts of bivalves, echinoids and gastropods. Some
parts also contain corals (Fig. 10C). Upward-thickening
cycles and beds with intense bioturbation marked by
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Figure 5. Field aspects of the Dariyan Formation at Kuzeh-Kuh (intra-shelf basin setting). The lower and upper Dariyan, Kazhdumi Tongue and se-
quence stratigraphic subdivisions of the formation are indicated on the log (see Fig. 4 for the legend).

Gadvan
Formation

Figure 6. Field aspects of the Dariyan Formation along the Rahmat-Abad section (top-platform setting). The sequence stratigraphic subdivisions of the
formation are shown by the blue and red triangles (see Fig. 4 for the legend).
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limonitic limestone are also observed in this part. The
boundary with Kazhdumi Formation towards the top of the
sections is sharp and, at Kuh-e-Fahliyan, represented by
highly bioturbated grey limestones (Fig. 10D). A large-
scale sedimentary structure such as sigmoidal clinoform
has been distinguished in the upper Dariyan at
Kuh-e-Sivand (Fig. 11). This section has been studied by
Safari (2007) and Nazariyan (2007) without mentioning
this sedimentary structure. Clinoform inclination and late-
ral thinning trends show that the sediments have been mo-
ved from East to West.

In the Rahmat-Abad, Kuh-e-Gadvan and Khaneh-Kat
sections, the Dariyan Formation consists of medium to
thick-bedded, partly argillaceous limestones (Figs 6, 8)
with large amounts of orbitolinids. Rudists shells
(Fig. 10E) are clearly visible in Kuh-e-Gadvan and
Khaneh-Kat sections but cannot be observed in others.
Cross-bedding, cross-lamination (Fig. 10F) and disperse
small iron and chert nodules were observed in
Kuh-e-Gadvan and Khaneh-Kat sections.

Biostratigraphy

During the Lower Cretaceous (Aptian), the benthic forami-
nifer assemblages in carbonate environments of Tethyan
realm were dominated by orbitolinids (Simmons et al.
2000, Pittet et al. 2002, Schroeder et al. 2010). Ten diffe-
rent benthic foraminifers have been recognized in the Dari-
yan Formation: Archaealveolina sp., Praechrysalidina in-
fracretacea  Luperto  Sinni, Choffatella  decipiens
(Schlumberger), Hemicyclammina sigali Maync, Palorbi-
tolina lenticularis (Blumenbach), Palorbitolina ultima
(Cherchi & Schroeder), Mesorbitolina parva (Douglass),
Mesorbitolina pervia (Douglass), Mesorbitolina texana
(Roemer) and Mesorbitolina subconcava (Leymerie)
(Fig. 12). According to the biozonation established by
Schroeder et al. (2010) three different assemblages can be
distinguished and defined as: assemblage A including Ar-
chaealveolina sp., Praechrysalidina infracretacea, Chof-
fatella decipiens, Palorbitolina lenticularis and Palorbito-
lina ultima which characterizing the early Aptian,
assemblage B including Mesorbitolina parva, Mesorbito-
lina pervia and Mesorbitolina texana giving an early—late
Aptian age and assemblage C including Mesorbitolina te-
xana, Mesorbitolina subconcava and Hemicyclammina si-
gali characterizing the late Late Aptian to early Albian. In
the sections of Khaneh-Kat, Kuh-e-Gadvan and Rahmat-
Abad, the benthic foraminifera record only allowed to de-
fine the first two assemblages. The occurrence of Mesorbi-
tolina subconcava (Fig. 12L) and Hemicyclammina sigali
(Fig. 12M) associated with the presence of Mesorbitolina
texana (Fig. 121, J) indicates late late Aptian to early Al-
bian age (Simmons 1994, Schroeder et al. 2010). In sum-
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mary, the age of the Dariyan Formation along the studied
sections provide an age ranging between the early Aptian
to the early Albian.

Microfacies analysis

Based on the petrographic analysis and the description of
thin sections, 13 microfacies (MF) and two lithofacies (LF)
were recognized in the Dariyan Formation. These facies
have grouped into four facies associations (A, B, C and D),
which can be described as followed:

Intra-shelf basin (A)
LF-type 1: Mudstone

This facies is characterized by green to grey shale with ra-
diolarids and planktonic foraminifers (globigerinelloids
and hedbergellids) and in the Kuh-e-Sefid sections by high
amount of organic matter (black shale in the lower Dari-
yan). In the field, this facies is subject to a high degree of
weathering and it is mostly covered.

LF-type 2: Marl

The LF is defined by greenish to grey marl with relatively
large amount of planktonic foraminifers. The presence of
ostracods and horizontal lamination are also observed.
This facies is mostly present in the Kazhdumi Tongue.

MF-type 1: Radiolarian packstone/wackestone
(Fig. 13A)

Radiolarians (~50%) and planktonic bivalves (~10%) are
the main components of this facies. The presence of globige-
rinelloids is also observed. The most important macrofauna
of this facies is represented by outer molds of ammonites
dispersed in a thin-bedded, cream-colored to white argilla-
ceous limestone. In some cases, the matrix contains organic
matter. In the Kuh-e-Sefid section, organic matter is mainly
concentrated in black limestones (Fig. 9C) and shales.

MF-type 2: Planktonic foraminifer packstone
(Fig. 13B)

This microfacies type is characterized by a relatively large
amount of planktonic foraminifers (45%; mainly globigeri-
nelloids and hedbergellids). Other components such as fi-
laments, radiolarians and sponge spicules are also present
and the matrix contains organic matter (Fig. 9E). The inter-
calated thin-bedded black cherts show similar components
(Fig. 13C, D)
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i

Figure 9. Field aspects of the Dariyan Formation. ¢ A — alternation of pelagic limestone with thin-bedded black chert, at Kuzeh-Kuh, 35 m. ¢ B — black
limestone of the lower Dariyan Formation at Kuh-e-Sefid section, 43 m. * C — interbeds of black shale, lower Dariyan, in the Kuh-e-Sefid section, 40 m.
* D —bivalves (Exogyra) shells and crinoids on the surface of a shell bed, at Kuzeh-Kuh, 18 m. « E — ammonites in pelagic limestone of the lower Dariyan
Formation, in the Kuzeh-Kuh section, 37 m. ¢ F — iron-crusted surface at the top surface of the lower Dariyan, at Kuh-e-Sefid, 50 m.
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MF-type 3: Planktonic foraminifer wackestone
(Fig. 13E)

Mud-supported facies is determined by medium- to thick-
bedded, dark grey limestone to argillaceous limestone.
Planktonic foraminifers (15%, average size 0.1 mm) are
the main components. Peloids, sponge spicules and unde-
terminable bioclastic debris are of subordinate importance.

Interpretation

According to the presence of argillaceous limestones, hori-
zontal lamination and lime-mud supported texture, these
litho- and microfacies types have probably been deposited
in a low energy environment (Bover-Arnal et al. 2009,
Fliigel 2010). Components such as radiolarians, planktonic
foraminifers and sponge spicules indicate basinal setting,
at least below the storm wave base (Bassi & Nebelsick
2010, Payros et al. 2010, Gorican et al. 2012). Although
radiolarian-rich sediments could be observed on continen-
tal margin or shallow marine platforms (e.g. Ellis & Baum-
gartner 1995, Danelian et al. 1997) during the upwelling of
cold and nutrient-rich waters (Piryaei et al. 2010), the fossil
record and the absence of euphotic components suggest ba-
sinal conditions (Cosovic et al. 2004, van Buchem et al.
2010). These sediments are therefore interpreted as repre-
senting intra-shelf basin deposits (e.g. Piryaei et al. 2010,
van Buchem et al. 2010).

Open marine (B)
MF-type 4: Bioclastic pack- to rudstone (Fig. 13F)

This microfacies is grain-supported and contains high
amounts of skeletal debris. Bivalves, gastropods and echi-
noids (~35%) with sizes up to 4 mm are the most important
components. In some case a relative large amount of corals
(Fig. 10D) are observed. In more restricted parts, a lot of
rudist shells are present (Fig. 13G). Brachiopods and scat-
tered benthic foraminifers constitute the minor compo-
nents. The shell beds formed by concentration of complete
or broken shells (Fig. 9F) are characterized by medium-
grey limestone to argillaceous limestone with an upward
trend in increasing of the proportion of fine particles. This
is also observed in thin section. Serpulid tubes are atta-
ching on different and variously sized bioclasts (Fig. 13H).

MF-type 5: Orbitolinid pack- to rudstone
(Fig. 131)

This microfacies type is dominated by medium- to thick-
bedded, massive grey, partly argillaceous limestones. Flat
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tests of orbitolinids of 2-4 mm-size with large length/
height ratios are the main biotic components. Bivalves,
echinoids, brachiopods and peloids are present at different
concentration and in some parts only orbitolinids can be
seen. Bioturbation, characterized by limonitic micrite, is
pervasive in this facies, especially in the Kuh-e-Fahliyan
and Kuzeh-Kuh sections.

Interpretation

Stenohaline fauna (bivalves, brachiopods, and echino-
ids) indicates normal marine conditions (Bachmann &
Hirsch 2006, Fliigel 2010). The presence of discoidal or-
bitolinids is in agreement with interpretation (Pittet et al.
2002, Bachmann & Hirsch 2006). The degree of shell
fragmentation and the upward-fining trends in beddings
suggests resedimentation of the different components
(Rubert ef al. 2012). This reflects relatively moderate
water energy characteristic of wave-agitated platforms
(Bover-Arnal et al. 2009, Laya & Tucker 2012). The
lack of evidences for turbidity currents suggests the de-
position between the fair weather wave base and the
storm wave base (Corda & Brandano 2003, Bover-Arnal
et al. 2009, Bassi & Nebelsick 2010, Laya & Tucker
2012). Such a high accumulation of shell fragments is in-
terpreted as tempestite (Perez-Lopez & Perez-Valera
2011, Chatalov 2013).

Shoal (C)
MF-type 6: Peloidal grainstone (Fig. 14A)

This grain-supported facies mainly consists of well-sorted,
subspherical peloids (40-45%, probably fecal pellets) with
average diameters of 0.2—-0.4 mm. Small benthic foramini-
fers (miliolids), green algae, few intraclasts and, in the type
section, ooids and conical orbitolinids are also present (in
some parts up to 12%).

MF-type 7: Ooid grainstone (Fig. 14B)

The main components (~45-50%) of this grain-supported
facies are radial and concentric ooids (0.1-0.3 mm). Their
shapes vary from spherical to subelongate, mostly depen-
ding on the form of their nucleus. Composite ooids and ag-
gregate grains of ooids are also observed. Peloids, benthic
foraminifers and debris shells are common nuclei of ooids
with that interval. The thickness of the cortex is related to
the shape and the size of the nucleus with an inverse ratio.
This facies is developed in the type section (Kuh-e-
Gadvan). Cross-bedding and cross-laminations are the
main sedimentary features observed in this facies.
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Figure 10. Field aspects of the Dariyan Formation. A — alternation of shale, marl and argillaceous limestone in the Kazhdumi Tongue, at Kuh-e-Sefid.
* B — orbitolinid dominated limestone, upper Dariyan, in the Kuh-e-Fahliyan section, 120 m. ¢ C — corals at the massive carbonates of the type section,
260 m. * D — the Dariyan-Kazhdumi formational boundary with intense bioturbations at the Kuh-e-Fahliyan. ¢ E —rudist shell at the Kuh-e-Gadvan, 75 m.
¢ F — cross-lamination in cream-coloured limestone in the Khaneh-Kat section, 168 m.
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Figure 11. A - lateral thinning and sigmoidal beds (clinoform) in the upper Dariyan Formation in the Kuh-e-Sivand section. The inclination of pro-
gradation is from east to west. « B — schematic drawing of the field photo. The approximately length of view is 600 m.

MF-type 8: Orbitolinid grainstone (Fig. 14D)

Large discoidal orbitolinids are dominant components of
this facies (~35-40%, size from 0.5-5 mm) accompanied
by peloids and intraclast. Small benthic foraminifers, coni-
cal orbitolinids, bivalve debris and concentric ooids are
also present. Intraclasts are micritic, but aggregates of oo-
ids and other lagoonal components are observed as well. In
the type section, internal pores of orbitolinids have been
filled by evaporitic minerals or quartz.

MF-type 9: Bioclastic grain- to rudstone
(Fig. 14D)

This facies is characterized by brown limestone with
cross-lamination and cross-bedding. Brachiopods, rudist,
echinoids and bivalves with a size of 2-3 mm are the main
components (40-45%). Subordinate grains consist of orbi-
tolinids, gastropods, crinoids, green algae and benthic fora-
minifers. Borings and micritic envelopes characterize
many of the skeletal grains. In the type section, the abun-
dance of green algae and benthic foraminifers (up to 20%)
is higher than in the other sections. Moreover, in the type
section high accumulation of rudist shells formed patch
reef. Non-skeletal grains are composed of peloids and in-
traclasts, which contain miliolids and green algae.

156

Interpretation

Well-washed and grain-supported texture with calcite ce-
ment, concentric ooid, cross-lamination and cross-bed-
ding, rounded intraclasts and well-sorted grains indicate
high energy environments (Masse et al. 2003, Palma et al.
2007, Bachmann & Hirsch 2006, Armella et al. 2013). This
is characteristic of setting situated above the fair weather
wave base in a shoal environment (e.g. Bover-Arnal et al.
2009, Laya & Tucker 2012).

Lagoon (D)

MF-type 10: Peloidal green algae
wackestone/packstone (Fig. 14E, F)

This facies is defined by medium to massive, grey to
dark-grey limestone beds, mainly composed of green algae
(~20%). Salpingoporella dinarica and Lithocodium aggre-
gatum are relatively abundant. Peloids, conical orbitolinids
and miliolid foraminifers are less abundant (up to 15%).
Some samples of this interval are entirely composed of Sal-
pingoporella dinarica (the sections of Kuh-e-Gadvan and
Rahmat-Abad) or Lithocodium aggregatum (at Khaneh-
Kat).



Seyed Mohammad Ali Moosavizadeh et al. * Sequence stratigraphy in Zagros of the Lower Cretaceous

Figure 12. Benthic foraminifers of the Dariyan Formation and their position in the section. ® A — Archaealveolina sp., axial section, at Rahmat-Abad,
65 m, early Aptian. * B — Praechrysalidina infracretacea Luperto Sinni, axial section, in the type section (Kuh-e-Gadvan), 60 m, early Aptian.
 C — Choffatella decipiens Schlumberger, axial section, at Rahmat-Abad, 73 m, early Aptian. D, E — Palorbitolina lenticularis (Blumenbach), primitive
(D) and advanced (E) form, axial section, at Khaneh-Kat, 4 m and 34 m respectively, early Aptian. ¢ F — Palorbitolina aff. ultima Cherchi & Schroeder,
axial section, at Khaneh-Kat, 33 m, early Aptian. * G, H— Mesorbitolina parva (Douglass), axial (G) and transversal (H) section, 112 and 138 m respec-
tively, at Kuh-e-Fahliyan, late Aptian. ¢ I, J — Mesorbitolina texana (Roemer), transversal (I) and axial (J) section, 135 and 168 respectively, at
Kuzeh-Kuh, late Aptian. « K — Mesorbitolina pervia (Douglass), axial section, in the type section, 230 m, late Aptian. * L — Mesorbitolina subconcava
(Leymerie), axial section, at Kuh-e-Fahliyan, 192 m, late Aptian—early Albian. ®* M — Hemicyclammina sigali Maync, equatorial section, in the

Kuh-e-Fahliyan section, 228 m, early Albian.

MF-type 11: Conical orbitolinid
packstone/wackestone (Fig. 14G)

The MF-type 11 is characterized by a relatively thick beds
and massive grey limestone. The thin sections are domina-
ted by conical orbitolinids (40%) with a low length/height

ratio and of variable size (ranging between 0.5 and
1.5 mm). In some samples, benthic foraminifers and peloids
have also been observed. Green algae, debris of bivalves
and gastropods are subordinate. At Khaneh-Kat and Kuh-
e-Gadvan (the type section), this facies is represented by
packstone/grainstone.
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MF-type 12: Peloidal benthic foraminifer
packstone/wackestone (Fig. 14H)

Benthic foraminifers (miliolids, textularids and conical or-
bitolinids) and peloids are the most abundant components
in this facies. The proportion of benthic foraminifers is
25-30% and the proportion of peloids with uniform size
(average 0.4 mm) varies from 10 to 20%. Green algae,
sponge spicules and echinoid debris are present in lesser
amounts.

MF-type 13: Mudstone (Fig. 14I)

This facies is defined by medium-to thick-bedded, grey to
dark grey limestone to argillaceous limestone with hori-
zontal lamination. The main character of this facies is ho-
mogenous lime mud matrix, which in some cases contains
less than 10% skeletal grains, e.g. benthic foraminifers.

Interpretation

The dominated lime-mud texture is indicative of a low
energy environment (Fliigel 2010). The presence of skele-
tal grains of euryhaline biota such as green algae, miliolids
and conical orbitolinids suggest restricted conditions with
limited circulation (Mancinelli 2006, Afzal et al. 2011).
Considering the observed vertical evolution within this in-
terval, this association of facies has been interpreted as la-
goonal deposits (e.g. Ghabeishavi ef al. 2010).

Depositional environment

Based on the variations in textures and grain types, the fa-
cies evolution, and the sedimentary structures, the Dariyan
Formation in the study area is interpreted as characterizing
shallow homoclinal carbonate ramp to intra-shelf basin de-
positional settings (Read 1985; Burchette & Wright 1992;
Pomar 2001; Piryaei et al. 2010, 2011; van Buchem ef al.
2010; Lu et al. 2013; Fig. 15). The distribution of the facies
associations B, C, and D in the sections of Kuh-e-Gadvan,
Rahmat-Abad and Khaneh-Kat and the gradual pattern of
vertical and lateral transitions in microfacies and
sub-environments (Read 1985, Burchette & Wright 1992)
suggest that these sediments have been deposited in shal-
low marine carbonate platform with low angle gradient, i.e.
a homoclinal carbonate ramp (Afzal ef al. 2011, Chatalov
2013). This is supported by the lack of barrier or rim (Read
1985, Pomar 2001, Ghabeishavi ef al. 2010, Laya & Tuc-
ker 2012), as well as by the absence of talus, turbidities se-
diments (Payros & Pujalte 2008, Pomar ef al. 2012) and re-
stricted lagoonal facies (Read 1985, Ghabeishavi et al.
2010).The presence of the facies association A with a high
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content of offshore skeletal grains (globigerinelloids, hed-
bergellids, radiolaria) and macrofossils (ammonites) sug-
gest that some part of the study area was characterized by
deep marine to basinal sedimentation (Cosovic et al. 2004,
Fliigel 2010, Gorican et al. 2012). Considering the location
and limited distribution of this microfacies association, the
most likely depositional setting is an intra-shelf basin sur-
rounded by shallow platform sediments (Sharland er al.
2001, Ziegler 2001, van Buchem et al. 2010, Pomar ef al.
2012).

Given the different microfacies type distribution, espe-
cially the position of the fair weather wave base (FWWB)
and the storm wave base, three facies belt can be distin-
guished: inner ramp (lagoon and shoal), middle ramp (open
marine) and outer ramp (intra-shelf basin) (Burchette &
Wright 1992; Fig. 15). The inner ramp biotas, such as
miliolid foraminifera and conical orbitolinids, dasycla-
dacean green algae or bacinellid microbial crusts, suggest
that the uppermost part of the Dariyan Formation was de-
posited within the photic zone (Romero er al. 2002,
Ghabeishavi et al. 2010). Furthermore, texture and sedi-
mentary structures of shoal facies reflect deposition above
FWWB (Bover-Arnal et al. 2009, Bassi & Nebelsick 2010,
Chatalov 2013). In the middle ramp, large benthic
foraminifers such as discoidal orbitolinids (dependant on
photosynthetic symbionts) suggest euphotic condition in
the zone situated between the FWWB and the SWB
(Romero et al. 2002, Corda & Brandano 2003, Bassi 2005,
Bover-Arnal et al. 2009). Finally, the outer ramp belt is
characterized by the presence of planktonic foraminifers
and the absence of phototrophic organisms (Cosovic ef al.
2004, Gorican et al. 2012). This indicates the deposition
below the photic zone and storm wave base (Corda &
Brandano 2003, Penney & Racey 2004, Payros et al. 2010,
van Buchem er al. 2010).

Sequence stratigraphy

As the lateral facies change are mainly reflecting lateral va-
riations in depositional conditions, the observed vertical
trends seem to be controlled by changes in eustatic
sea-level, tectonic subsidence and sediment supply (Gallo-
way 1989, Schlager 2005). Indeed, sea-level fluctuations
are known to produce variation in sedimentary deposition,
forming cycles of sequences showing change in accommo-
dation or sediment supply (Catuneanu et al. 2009). Based
on the sequence stratigraphic analysis (van Wagoner et al.
1988, 1990; Vail et al. 1991; Cantalamessa et al. 20006;
Bover-Arnal et al. 2009; Catuneanu et al. 2009; Spengler
& Read 2010), three 2™-order depositional sequences
(DS-1, DS-2 & DS-3) separated by type 2 sequence boun-
dary have been recognized in the Dariyan Formation
(Figs 16, 17). The basal boundary of the Dariyan Forma-
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Figure 13. Outer and mid ramp microfacies types of the Dariyan Formation. * A — MF1: radiolarian packstone with lime-mud matrix which contains or-
ganic matter (basin) (in the Kuh-e-Sefid section, 44 m).  B— MF2: planktonic foraminifer packstone with organic matter in matrix (basin) (at Kuzeh-Kuh,
38 m). * C — chert with different amounts of radiolarians (in the Kuh-e-Fahliyan section, 34 m). * D — the same fauna with different matrix, pelagic lime-
stone-chert interbed boundary (in the Kuh-e-Fahliyan section, 33 m). « E — MF3: planktonic foraminifer wackestone (deep open marine) (at Kuzeh-Kuh,
29 m). » F — MF4: poorly sorted bioclastic micritic rudstone, thin section shows poor roundness of components (open marine) (in the Rahmat-Abad sec-
tion, 93 m). ¢ G — rudist shell in packstone facies (top platform) (at Kuh-e-Gadvan, 108 m). « H — serpulid tubes fixed to a rudist shell. These tubes ob-
served in uniform size in mudstone microfacies (wide range of environments) (in the Kuzeh-Kuh section, 134 m). « I - MF5: orbitolinid packstone with

discoidal forms (open marine) (Kuh-e-Sefid, 158 m).

tion is an isochronous surface observed in all parts of plat-
form whereas the top boundary seems to be diachronous.
This is shown by evidences of exposure in the shallow
parts of platform (i.e. Coastal Fars; Schroeder et al. 2010,
van Buchem et al. 2010). The three 2™-order depositional
sequences can be divided into six and five 3"-order se-
quences in basinal and platform parts of basin, respectively
(Figs 16, 17). In this study, the top boundary of Gadvan
Formation has been regarded as a datum for the sequence
stratigraphy analysis.

The upper part of the Gadvan Formation was deposited
during a regressive phase when the siliciclastic material
settled over the flat platform in the Late Barremian (Davies
et al. 2002). These sediments are regarded as belonging to
a late highstand system tract (Davies er al. 2002, van
Buchem et al. 2010). A subsequent sea-level rise and the

related facies transgression observed are reflected by the
deposition of the Dariyan carbonate platform over these
marly intervals (Sharland et al. 2001, Davies et al. 2002,
van Buchem er al. 2010). Since the top sequence boundary
of the Barremian sequence is placed within the upper marly
interval of Gadvan Formation and cannot be positioned
distinctively, the formational boundary between the
Gadvan and Dariyan formations is considered at the base
of SB-D-1 for Aptian sediments (Dariyan Formation)
(Figs 16 and 17). According to the definition of a sequence
boundary, the SB-D-1 can be recognized by a sudden
change in lithology and facies characterized by an abrupt
transition from argillaceous marl to bivalve-dominated fa-
cies in basin part. This boundary is also characterized by
transition from alternation of marl and argillaceous lime-
stone to algal and benthic foraminifer-bearing carbonate
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facies in platform part. This SB-D-1 surface has been ob-
served in other part of the ZFTB and can be correlated over
most parts of this area (James & Wynd 1965, Motiei 1993,
van Buchem er al. 2010).

The first sequence is characterized by medium- to
thin-bedded grey argillaceous limestone with an upward-
thinning trend in the intra-shelf basin part and relatively
medium to thick-bedded limestones in platform part
(Figs 16, 17). The thickness of this succession varies be-
tween 63 m for the platform settings to 26 m for the
intra-shelf basin settings. Narrow lateral variation in facies
could be distinguished from Khaneh-Kat to Kuh-e-
Fahliyan sections characterized by restricted green algae-
and benthic foraminifer-dominated carbonate to more open
marine limestone contains oyster, gastropod and bivalve in
this phase. In the intra-shelf basin part, the transgression
led to shell beds accumulations, formed by bioclast
packstone with high accumulations of bivalve shells. The
top surface of this interval is regarded as a flooding surface
(FS - Figs 16, 17; e.g., Gharsalli et al. 2013). In the plat-
form part, the transgressive sequence led to the depositions
of bioclast grainstone with relatively discoidal orbitolina
and rudist debris at Kuh-e-Gadvan and Khaneh-Kat. In
Rahmat-Abad, this is characterized by discoidal orbito-
linids dominated packstone with shallow open marine fea-
tures. The top of bed showing the deepest facies (FZ) is
considered as representing the flooding surface (FS; e.g.,
Saber 2012). This succession is interpreted as an early
transgression phase, and probably corresponds to the Aptl
phase on Arabian Plate (e.g. van Buchem et al. 2010).

The second phase of transgression is well expressed, in
the intra-shelf basin part of the studied area, by a rapid
change from open marine to pelagic facies accompanied by
a thinning-upward trend and more fine-grained deposition.
Thin-bedded (up to 40 cm) black limestone to argillaceous
limestone with mm-lamination, nodular and thin bedded
(up to 15 cm) black cherts and ammonites, which are over-
lain by grey marls, are main features of this sequence in this
part. The radiolarians and planktonic foraminifers are main
components of wackestone and packstone facies in this in-
terval — “Radiolarian Flood Zone” (RFZ; e.g. van Buchem
etal. 2010). This interval is seen as the Maximum Flooding
Zone (MFZ; van Buchem et al. 2010, Piryaei et al. 2011).
The top surface of this interval shows evidences for low
sedimentation rates, e.g. ammonite fauna (Vincent et al.
2010) and iron crust (e.g. van Buchem et al. 2010; Fig. 9H),
thus representing the maximum flooding surface (MFS) in
intra-shelf basin setting (Figs 16, 17). In the shallower sec-
tions (platform part), the MFZ is characterized by me-
dium-bedded limestone to argillaceous limestone with
wackestone and packstone containing open marine fauna
(echinoid, bivalve and discoidal orbitolina) (e.g., Saber
2012). In the sections of Rahmat-Abad and Kuh-e-Gadvan,
few sponge spicules were found at the top of this interval.
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The stratigraphic position of the MFS in the platform part
is located at the top surface of MFZ and is coeval with the
first occurrence of Palorbitolina ultima (Schroeder et al.
2010). The thickness of this interval is relatively variable,
ranging from 9 m at Kuh-e-Fahliyan (intra-shelf basin) to
48 m at Rahmat-Abad (platform). This is interpreted as a
late transgression phase, corresponding to the Apt2
depositional sequence on Arabian Plate (van Buchem ez al.
2010). The stacking patterns and thickness variations of
these two successions (Aptl and 2) show aggradation fea-
tures in platform part (van Buchem er al. 2010).

The third phase of sea-level fluctuations is documented
in intra-shelf basin sections (Kuh-e-Fahliyan, Kuzeh-Kuh
and Kuh-e-Sefid) with the deposition of relatively homog-
enous marly interval with thin interbeds of argillaceous
limestone containing pelagic fauna of planktonic foramini-
fers. At the top-platform sections (especially at Khaneh-
Kat and the type section) the medium-bedded carbonates
with semi restricted shallow marine packstone and
grainstone facies containing bivalve, rudist and benthic
foraminifers are extended. This interval characterized
by the assemblage A has been dated as late early Aptian.
The changes in facies and sedimentary condition from
open marine to more restrict conditions show a gradual
shallowing trend, interpreted as a highstand phase. This
corresponds to the Apt3 depositional sequence (e.g. van
Buchem et al. 2010, Saber 2012). The top surface of this
interval (dated as latest early Aptian based on the
orbitolinids) is almost coeval with the first occurrence of
Mesorbitolina parva in the study area (Schroeder et al.
2010, van Buchem et al. 2010). This highstand is mostly
covered on margin of intra-shelf basin and leads to
the top sequence boundary of DS-1 in this area. The top
of this interval (SB-D-2) recorded an abrupt facies
change in three basinal sections where orbitolinids-dom-
inated wackestone/packstone is overlying intra-shelf ba-
sin marls with planktonic foraminifer fauna. The
SB-D-2 is the basal sequence boundary for upper Aptian
supersequence in the study area (e.g. van Buchem ez al.
2010).

DS-2 in the study area corresponds to the Kazhdumi
Tongue and upper Dariyan interval in margin of intra-shelf
basin settings (Figs 16, 17). The base of the sequence
boundary (SB-D-2) is described above. The position of this
transgressive systems tract (Apt4) in the study area has
been determined based on the presence of Mesorbitolina
parva in the deposits of the assemblage B (Schroeder et al.
2010, van Buchem er al. 2010). The corresponding plat-
form deposits are characterized by wackestone/packstone
(and locally grainstone) facies containing open marine
fauna (rudist, bivalve, gastropod and benthic foraminifers).
The top surface of this interval regarded as MFS in this set-
ting and the corresponding marginal basin facies is placed
in the uppermost part of the Kazhdumi Tongue. In the
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Figure 14. Inner ramp microfacies types of the Dariyan Formation. ¢ A — MF6: well-sorted peloidal grainstone, small benthic foraminifers are subordi-
nate (landward shoal) (at Khaneh-Kat, 150 m). « B— MF7: ooid grainstone facies in medium- to thin-bedded limestone, the cores are peloids and bioclast
fragments (landward shoal) (type section, 136 m). « C — MF8: discoidal orbitolinid grainstone (rudstone), ooids and small benthic foraminifers are subor-
dinate (basinward shoal) (type section, 153 m). « D — MF9: high-diversity bioclastic rudstone with intraclasts and peloids. Micritic envelopes can be ob-
served (basinward shoal) (in the Khaneh-Kat section, 189 m). « E — MF10: peloidal wackestone/packstone with thalli of Salpingoporella dinarica
Radoicic and F — “bacinellid” microbial crust (lagoon) (at Rahmat-Abad, 170 and 175 m). * G — MF11: packstone with conical orbitolinids (lagoon) (at
Kuh-e-Sefid, 162 m). « H— MF12: peloidal wacke-/packstone with milliolid benthic foraminifera such as Archaeoalveolina sp. (landward lagoon) (in the
Khaneh-Kat section, 253 m). « I - MF13: mudstone (Ilandward lagoon) (at Rahmat-Abad, 83 m).

Apt 3 and 4, rudist shells are generally more abundant in
the shallow platform sections, but in lesser amounts as it
has been observed in coeval deposits from the southern part
of the Arabian Plate (UAE: Wilson 1975, Yose et al. 2006;
Oman: Witt & Gokdog 1994, van Buchem et al. 2002;
Qatar: Raven et al. 2010). According to the trends of facies
evolution described above, this interval is interpreted as
corresponding to transgressive system tract. In the margin
of intra-shelf basin, Apt4 is determined by its distinctive
basal and top boundaries.

The highstand sediments of DS-2 characterized by
thick to massive shallow carbonate deposits contain green
algae and benthic foraminifers (miliolids and conical
orbitolinids) in the platform part and orbitolinid-rich
thick-bedded wackestone and packstone on the margin of
intra-shelf basin setting. Such a trend in facies variations

correspond to a highstand system tract (HST), and has been
correlated to AptS on Arabian Plate based on the presence
of Mesorbitolina parva and Mesorbitolina texana in the
deposits of assemblage B (Schroeder et al. 2010, van
Buchem et al. 2010). The thickness variations show a lat-
eral variability with a thickening trend from the platform
(85 m at Khaneh-Kat) towards the intra-shelf basin (168 m
at Kuh-e-Sefid), and a thinning trend from margin of the
intra-shelf basin (at Kuh-e-Sefid) towards the more central
part (100 m at Kuh-e-Fahliyan). The Apt5 lead to top
boundary of the Dariyan Formation in three platform sec-
tions and to the Apt6 on margin of intra-shelf basin setting
(Figs 16, 17). This surface is regarded as sequence bound-
ary (SB-D-3) capping the DS-2 in the study area. Accord-
ing to the regional sequence stratigraphy of the Arabian
Plate, this interval (Apt5S) is interpreted as a progradation
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Figure 15. Schematic model for carbonate platform environments of the Dariyan Formation in the study area based on interpretation of facies belts, sed-
imentary environments and their lateral relationships. Distribution of facies and their codes showed on the model. Abbreviations: FWWB — fair-weather

wave base; SWB — storm wave base (see Fig. 4 for the legend).

of shallow water carbonates to deeper parts of the basin and
indicates lowstand systems tract (LST; e.g. van Buchem et
al. 2010).

The last systems tract of the Dariyan Formation is only
recorded in the basin sections (i.e. the sections of Kuh-e-
Fahliyan, Kuzeh-Kuh and Kuh-e-Sefid) and is character-
ized by the assemblage C (Figs 16, 17). This has been dated
as uppermost Aptian—-lower Albian deposits based on the
presence of Mesorbitolina subconcava and Hemi-
cyclammina sigali (Schroeder et al. 2010, van Buchem et
al. 2010). This interval is characterized by a deepening
trend in facies evolution and a thinning trend in stacking
pattern. This is interpreted as an early transgression phase
in DS-3 (Apt6; e.g. van Buchem et al. 2010). The basal se-
quence boundary was defined above (SB-D-3) while the
top sequence boundary coincides with the top boundary of
the Dariyan Formation. This surface reveals pervasive
bioturbation evidenced in the Kuh-e-Fahliyan section and
is considered as the FS of Apt6 (e.g. van Buchem et al.
2010, Khalifa et al. 2013). The weathered marl and shale of
the Kazhdumi Formation overlies this boundary conform-
ably. A conceptual sequence-stratigraphic model shows
the distribution and relationships between facies and
depositional sequences in different parts of the basin
(Fig. 18).
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Discussion

The first phase of sea-level rise at the Barremian—Aptian
boundary displaced the depositional environments land-
wards to the west (Davies et al. 2002, van Buchem et al.
2010). As a result, the lowermost sediments (Aptl) of the
Dariyan Formation were deposited in the eastern parts of
the Arabian Plate (early TST; Sharland 2001, Davies et al.
2002, van Buchem et al. 2010). Time equivalent lateral
changes of facies in the Dariyan Formation sediments,
from the Interior Fars Province to the Izeh Zone, are inter-
preted as a subtle subsidence during the initial phase of
intra-shelf basin evolution (van Buchem er al. 2010). No
detailed biostratigraphic data are available to correlate
the FS of Aptl with other parts of the Arabian Plate. How-
ever according to the early Aptian sequence stratigraphy
model of the Arabian Plate during early Aptian the FS can
be correlated with K70 (Sharland et al. 2001, Zigler 2001,
van Buchem et al. 2010). In Kuwait and south Iraq, K70
has been recorded in the basal limestone of the Shuaiba
Formation and can be correlated with the terminal deposits
of the Zubair Formation and other deltaic siliciclastic sedi-
ments in central Arabia (Al-Fares et al. 1998). In the UAE,
the uppermost calcareous shale of the Kharaib Formation
(Hawar Member) is an equivalent the K70 (Azzam &
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Figure 16. Sequence stratigraphic correlation between the platform and the basin margin sections (Kuh-e-Fahliyan, Kuh-e-Gadvan and Khaneh-Kat sections) (see Fig. 4 for the legend).
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Taher 1995, Grotsch et al. 1998). The Hawar Member have
led to the changes in sedimentary conditions dominated by
fluvial systems (Biyadh Formation) to a marine
carbonates-dominated sedimentary system (Shaiba Forma-
tion) in Saudi Arabia (Hughes 2000). Eustasy has been pro-
posed as the driving mechanism controlling the first early
Aptian transgression on the Arabian Plate (Sharland et al.
2001). Matthews & Frohlich (2002) suggested that ice mel-
tig due to orbital forcing is the main controlling factor for
earliest Aptian transsgression (K70).

In Apt2, the shallowing/deepening trend suggests a sec-
ond phase of sea-level rise on Arabian Plate during late
early Aptian (van Buchem et al. 2010), probably controlled
by eustatic variations (Sharland ez al. 2001, Ziegler 2001).
As previously mentioned, the uppermost part of lower
Dariyan contains pelagic limestone with pelagic fauna
(planktonic foraminifers, radiolarians and ammonites) as-
sociated with thin-bedded black chert and shale and higher
contents of organic matter (Figs 9A—C, 19B). According to
the carbon isotope stratigraphy of the Kuh-e-Sefid section,
Moosavizadeh ef al. (2013) recently showed that these fea-
tures reflect the expression of the early Aptian oceanic
anoxic event, so called OAEla. OAEla has been triggered
by an increase of volcanic activity leading to higher pCO,
into the atmosphere. This led to intensified greenhouse
conditions (Weissert & Erba 2004, Mehay er al. 2009).
This resulting global warming may have led to the melting
of ice sheets (Frakes er al. 2005) and thus, the drowning of
carbonate platforms due to sea-level rising in the Tethyan
realm (Skelton & Gili 2012).

The maximum flooding surface of the Apt2 coincides
with K80 MFS on Arabian Plate (Sharland er al. 2001,
Zigler 2001, van Buchem er al. 2010). This MFS is well
known from the Bab Tar (source rock) unit of the Shuaiba
Formation in the United Arab Emirates as a basinal,
planktonic foraminifer and organic-rich facies (Bab Ba-
sin; Grotsch ef al. 1998). These characteristics are similar
to the features of the Apt2 at the Kuh-e-Sefid. This MFS
has also been identified in the Shuaiba Formation (Qatar;
Sharland et al. 2001) and in western Oman (Witt &
Gokdog 1994).

For K80, it has been shown that eustasy and tectonic
subsidence of some parts of the Arabian Plate enhanced the
rate of transgression and led to the evolution of intra-shelf
basins (Sharland et al. 2001, Ziegler 2001, van Buchem et
al. 2010). In the study area, the rapid transgression in
intra-shelf basin setting compared to the coeval gradual fa-
cies variations (aggradational stacking patterns on plat-
form parts) may reflect differential sedimentation pro-
cesses. This is interpreted as the main phase of intra-shelf
basin evolution, which results in increase in the subsidence
rates (e.g. van Buchem et al. 2010; Piryaei er al. 2010,
2011). The same differentiation in stacking patterns and in
transgression rates is observed between the Bab Basin sedi-
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ments and Shuaiba ramp platform deposits (Calavan et al.
1992).

The activation of the Kazerun and Hendijan faults has
been considered as the main controlling factor on subsi-
dence and the development of an intra-shelf basin in study
area (Sepehr & Cosgrove 2004, van Buchem ez al. 2010).
Nevertheless, the presence of intra-shelf basin facies
100-150 km away from the Kazerun Fault, ie. at
Kuh-e-Sefid (this study) and at Kuh-e-Sivand (Safari
2007) suggests that the intra-shelf basin extension is not
limited to this fault and other factors may have played a
role in the basin evolution. Coeval normal fault systems
with extensional brittle activities were active in the Interior
Fars Province (Navabpour et al. 2010). Additionally,
synsedimentary movements of infra-Cambrian Hormuz
Salt has been reported and have influenced the evolution of
the intra-shelf Bab Basin on the Arabian Plate during the
early Aptian (Sharland et al. 2001, Al-Gamdi 2006). As
stated above, thickness variation in sequences from the In-
terior Fars Province to the Izeh Zone (especially in early
Aptian) is an indicator of differential sedimentation that
could have governed, at least partially, the development of
intra-shelf basin (Calavan et al. 1992, van Buchem et al.
2002, Piryaei et al. 2011).

During the highstand phase, Apt3 is considered to re-
present the HST of the DS-1 sequence. The presence of
marly interval (Kazhdumi Tongue) on margin of intra-
shelf basin settings and grain-dominated facies associated
with a shallowing trend in the platform settings suggest an
ongoing subsidence of the intra-shelf basin during this pe-
riod of time. In the southeast parts of Arabian Plate (Oman,
Qatar and southwest Iran), Apt3 is characterized by an ex-
tensive subaerial exposure leading to the non-deposition of
Apt4 sediments (van Buchem et al. 2010). The succession
of the sedimentary packages (see facies description) indi-
cates that the SB-D-2 is located at the top of the Apt3 inter-
val (latest early Aptian) in the study area. In the Interior
Fars Province and Izeh Zone, the sedimentary record, espe-
cially the presence of the assemblage B suggests the ab-
sence of sedimentary gaps and an uninterrupted record of
the early late Aptian.

The sedimentary interval of Apt4 characterized by
Mesorbitolina parva bearing carbonate is documented in
all the studied sections. This phase of sea-level rise oc-
curred at the early late Aptian (assemblage B) and as a re-
sult, the uppermost sediments (Apt4) of the Kazhdumi
Tongue and its time equivalent open marine facies of the
Dariyan Formation sediments were deposited in the margin
of intra-shelf basin and top-platform setting, respectively.
The sea level rise is locally and probably controlled by
combination of local tectonically subsidence and eustatic
variations. The early late Aptian transgressive systems
tract (Apt4) is not recorded over most parts of the Arabian
Plate as a result of subaerially exposure of the area during
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Figure 18. Conceptual sequence-stratigraphic model for the lower Aptian—lower Albian in the study area. The interpretation of the basins (red rectan-
gle) has been based on van Buchem et al. (2010). Abbreviations: F: Kuh-e-Fahliyan, K.K: Kuzeh-Kuh, S: Kuh-e-Sefid, R: Rahmat-Abad,
G: Kuh-e-Gadvan Kh: Khaneh-Kat sections. K.F: Kazerun Fault (see Fig. 4 for the legend).

this period of time and it is not possible to correlate the
MES of Apt4 with other parts of the Arabian Plate. This
TST is followed by the highstand phase (Apt5) in DS-2.
As mentioned above, at the regional scale, Apt5 is in-
terpreted as the progradation of platform-top sediments to-
wards the intra-shelf basin (van Buchem er al. 2010, Mau-
rer et al. 2012). Due to this progradation, the mid—late
Aptian orbitolinid-rich sediments were deposited in
intra-shelf basin and green algae/benthic foraminifers fa-
cies were extended to the platform settings (Apt5). This fa-
cies change is interpreted as a highstand systems tract at the
local and lowstand systems tract at the regional scale. Like
Apt4, the sediments of Apt5 have been recorded in all the
six studied sections (based on presence of the Mesor-
bitolina texana Zone) but not in the southwestern parts of
the Arabian Plate such as Coastal Fars (Iran), Oman, UAE
and Qatar (e.g. van Buchem 2010). Indeed, the relatively
shallow water facies of Apt5 observed in both platform and
margin of intra-shelf basin settings (only in Interior Fars
Province and Izeh Zone) reflect a slowdown of the basin
subsidence and the accommodation rates (Fig. 18).
During the end of the late Aptian the platform was
emerged and the sedimentation was limited to the margin
of intra-shelf basin (Fig. 19C). The top boundary of Apt5
showed a hiatus in the platform sections as indicated by the
absence of Mesorbitolina subconcava and Hemi-
cyclammina sigali, whereas in the intra-shelf basin sec-
tions Apt5 is followed by Apt6 (Figs 18, 19C). This has
been related to the late Aptian sea-level fall (Schroeder et
al. 2010, van Buchem et al. 2010, Maurer et al. 2012). This
coincided with the late Aptian regressive phase recorded
on the Arabian Plate, where the sea-level fall led to
subaerial exposures in most parts of the platform and re-
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stricted the sediment depositions in to the intra-shelf basins
(e.g. Bab and Kazhdumi basins; Schroeder et al. 2010, van
Buchem et al. 2010). In the interior Fars Province of the
High Zagros area, no direct sedimentary evidence for
subaerial exposure has been observed (van Buchem et al.
2010) but the biostratigraphic data and the sequence stra-
tigraphy analysis of the Arabian Plate (Sharland et al.
2001, Zigler 2001, van Buchem et al. 2010) prove the pres-
ence of a hiatus (Fig. 19C). In the coastal Fars area, the sec-
tions Kuh-e-Asaluyeh and Kuh-e-Gach recorded the expo-
sure surface as paleosol horizons on top surface of Apt3
(van Buchem et al. 2010) and it characterized by pervasive
karstification and the formation of iron crust on the top sur-
face of the Shuaiba Formation in southern parts of Arabian
Plate (Rameil et al. 2012). The late Aptian sea level fall and
the subsequent lowstand systems tract have been observed
worldwide. In the Russian Platform and in western Siberia,
this was characterized by pervasive erosion on the top of
the platform (Sahagian er al. 1996) and incised valleys
(Medvedev et al. 2011). More evidence of coeval exposure
has also been reported from Portugal (Heimhofer et al.
2007) and Spain (Rodriguez Lopez et al. 2008), showing
that the western parts of the Neo-Tethys margin were
subaerially exposed during this period of time. Given the
widespread lowstand deposits and the “cooling pulses” ev-
idenced by the oxygen isotopes (Maurer ez al. 2012) during
the late Aptian, a glacio-eustatic control on sea-level varia-
tions was proposed by Maurer et al. (2012) as the most
likely cause for the sea-level fall in the late Aptian due to
the fast ice cap growth. The rise in sea level during the late
late Aptian—early Albian led to deposition of Apt6 on the
margin of intra-shelf basin but not on the top-platform part
(Figs 18, 19D). The presence of Apt6 indicates the uninter-
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Figure 19. Paleogeographic maps showing distribution of the facies belts in the study area. * A — general location map of southwest Iran. * B — late early
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the Kazerun Fault. 1 — Kuh-e-Fahliyan; 2 — Kuzeh-Kuh; 3 — Kuh-e-Sefid; 4 — Rahmat-Abad; 5 — Kuh-e-Gadvan; 6 — Khaneh-Kat sections (see Fig. 4 for

the legend).

rupted record of late Aptian—early Albian sediments on
margin of intra-shelf basin setting. The distribution of fa-
cies belts has been shown in the paleogeographic map
(Fig. 19).

Conclusions

The microfacies analysis and the sedimentological study of
the Dariyan Formation in the Interior Fars Province and
Izeh Zone show fifteen different types of facies, which can
be regrouped into four facies associations, which characte-
rize four depositional environments (lagoon, shoal, shal-
low and deep open marine) in a homoclinal carbonate ramp
to margin of intra-shelf basin setting. Based on the sequence
stratigraphy analysis, this formation has been divided into
three 2"-order depositional sequences, which include six
3"-order sequences. The eustatic sea-level variations have

been identified as the main cause of early Aptian sea-level
rise and the late Aptian sea level fall. The lateral distribu-
tion of microfacies and sequence stratigraphic interpretati-
ons reveal the extension of intra-shelf basin sediments to
the Interior Fars Province indicating that the subsidence of
the Kazerun Fault was related to other fault systems and/or
movements of infra-Cambrian Hormuz Salt. This led to the
large areas of subsidence. As shown by the biostratigraphic
data, facies similarity and the sequence stratigraphic analy-
sis, the middle shale of the Dariyan Formation is geneti-
cally related to the Kazhdumi Basin sediments. Therefore,
this interval could be named informally “Kazhdumi Ton-
gue”. The fossil contents of the Dariyan Formation suggest
that there is a stratigraphic hiatus in the platform parts,
where no sediments may have been deposited due to the
late Aptian sea level fall. Nevertheless, no clear sedimen-
tary evidence has been found for subaerial exposure in the
study area.
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