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SEQUENCE STRATIGRAPHY, PALAEOGEOGRAPHY

AND PETROLEUM PLAYS OF THE CENOMANIAN -

TURONIAN SUCCESSION OF THE ARABIAN PLATE:
AN UPDATED SYNTHESIS

A.D. Bromhead'’, F.S.P. van Buchem?, M.D. Simmons'
and R.B. Davies®

In order to facilitate the search for new play concepts and exploration opportunities, a
sequence stratigraphic synthesis of the Cenomanian-Turonian interval of the Arabian Plate
has been compiled. The synthesis is based on published datasets which have been analysed
within a temporal framework constrained by biostratigraphy and isotope stratigraphy.The high
stratigraphic resolution allows the palaeogeography of the study area to be mapped within
3rd order depositional sequences, and the relative influence of eustacy and tectonics on
basin development to be evaluated. This significantly improves the prediction of stratigraphic
architecture and depositional morphology at the scale of the entire tectonic plate.

Conceptual models informed by outcrop and subsurface observations have been applied to
characterize the development of intrashelf basins in depositional settings that are either isolated
from siliciclastics (symmetric intrashelf basin model) or influenced by siliciclastics (asymmetric
intrashelf basin model).The application of a sequence stratigraphic model across regional well
log transects facilitates an understanding of stratigraphic architecture and acts as an important
control for the generation of a new suite of gross depositional environment (GDE) maps.These
maps characterize the palaeogeography at a previously unprecedented resolution and scale
during both periods of high relative sea level (maximum flooding surface and highstand systems
tract) and low relative sea level (lowstand systems tract). The maps are complemented by
sequence isopachs which reveal changes in accommodation through time and space.

This approach helps characterize the preserved distribution and stratigraphic configuration
of petroleum systems elements. In the Shilaif (UAE), Natih (Oman) and Sarvak (Iran) intrashelf
basins, condensed, organic-rich carbonate source rocks were deposited in restricted, anoxic
conditions.These basins resulted from differential aggradation of the carbonate platform during
the transgressive systems tract. Grainy, rudist-debris —rich carbonate reservoir rocks developed
along the margins of the intrashelf basins during highstand progradation. Claystones in the
overlying sequence may form intraformational seals and were deposited during retrogradation
of the shoreline associated with sea-level rise.
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By contrast in the Najaf intrashelf basin (Iraq), there
is a significant siliciclastic component sourced from the
Arabian Shield. This influx resulted in a mixed carbonate-
siliciclastic ramp depositional system on the proximal,
western margin of the basin, and an apparent absence of
organic-rich intervals within the central basin succession.
Grainy carbonate reservoir rocks are restricted to the
eastern margin and are charged by older source rocks
within the underlying stratigraphy.

The GDE maps record the configuration of these
petroleum systems elements within the Cenomanian-
Turonian interval and form the basis for play screening.
The Cenomanian-Turonian interval is punctuated
by the major mid-Turonian unconformity which is a
tectonostratigraphic boundary of considerable geological
and economic significance. In the southern and eastern
part of the Arabian Plate, this unconformity has a
differential erosion profile that facilitates a subcrop play
with exploration potential. Identifying subtle stratigraphic
traps is challenging, but by combining GDE facies with
the mapped preservation limit for each sequence, it is
possible to identify areas where rudist-rich reservoir
facies with potential karst enhancement are overlain
by a regional claystone seal, high-grading areas with
subcrop trap potential.

INTRODUCTION

The Cenomanian—Turonian stratigraphic interval
in the Arabian Plate contains prolific, high-quality
conventional carbonate reservoirs in the Mishrif
Formation and equivalent units such as the Sarvak
and Natih Formations which are distributed from
Oman to SE Turkey (Fig. 1). Most hydrocarbon
accumulations associated with these reservoirs occur
in structural closures, and undrilled structures are now
scarce within what is a mature petroleum province.
Future exploration opportunities within this interval
are therefore likely to be restricted to stratigraphic
traps. This is highlighted by some of the stratigraphic
trapping concepts proposed for Mishrif reservoirs in
the UAE which include diagenetic traps (Taher ef al.,
2010), porosity pinch-outs (Loutfi et al., 1987; Lii et
al., 2018) and subcrop traps (Burchette and Britton,
1985; Al-Zaabi et al., 2010; Franco et al., 2018), as
well as isolated patch reefs in Iraq (Sadooni, 2005;
Mahdi and Aqrawi, 2014). The Dujaila field in SE Iraq
is interpreted as a stratigraphic trap (Sadooni, 2005;
Khawaja and Thabit, 2021) and a similar trapping style
has been suggested for the recently-discovered Eridu
field located to the south, ca. 120 km west of Basra
(Lukoil, 2017).

The Cenomanian—Turonian of the Arabian Plate
has been extensively investigated at the outcrop scale
(e.g. van Buchem et al., 2002; Homewood et al., 2008;
Razin et al., 2010; Kalanat et al., 2021), at the field

scale (e.g. Jordan et al., 1985; Videtich et al., 1988;
Neo, 1996; Cantrell et al., 2020), and at the scale
of individual intrashelf basins (e.g. Droste and Van
Steenwinkel, 2004; Aqrawi and Horbury, 2008; Al-
Zaabi et al., 2010; Vahrenkamp et al., 2015; Franco et
al., 2018). However, studies that consider the interval
at the scale of the Arabian Plate are scarce. As outlined
in van Buchem et al. (2011), regional correlation of
the interval based on lithostratigraphy is challenging
as lithostratigraphic terms change across provincial
boundaries and are used inconsistently (Fig. 2). This
paper expands on van Buchem et al. ’s (2011) study and
attempts to apply a consistent sequence stratigraphic
framework which enables the recognition and
correlation of stratigraphic patterns across the entire
Arabian Plate independent of lithostratigraphy (Fig. 2).

Despite the importance of regional palacogeography
to hydrocarbon exploration, the most recent plate-
scale palacogeographic maps published for the mid-
Cretaceous of the Arabian Plate are those of Murris
(1980), Burchette (1993) and Ziegler (2001) which
provide useful regional context. However, an increase
in both spatial and temporal resolution is required
for purposes of exploration and field appraisal. This
contribution therefore aims to provide a series of
data-supported gross depositional environment (GDE)
maps at the scale of the Arabian Plate within a high-
resolution sequence stratigraphic framework. The GDE
maps are supported by sequence isopachs generated
from the interpretation of well and outcrop data. These
two sets of maps offer new insights and demonstrate
significant variations in thicknesses and depositional
patterns across the Arabian Plate, and in combination
help to unravel the competing influences of eustacy and
tectonics on intrashelf basin development.

METHODOLOGY

This study uses published datasets to characterize the
Cenomanian—Turonian stratigraphic interval across
the Arabian Plate. These datasets, which include well
logs and outcrop logs (Fig. 3) together with sparse 2D
seismic data plus supporting studies, are integrated
within a consistent biostratigraphically age-constrained
sequence stratigraphic framework (Fig. 2) derived
from the Arabian Plate Sequence Stratigraphic model
of Sharland et al. (2001).

The sequence stratigraphic model was applied to
a stratigraphic dataset consisting of 626 published
wells and 176 published outcrop sections from the
Arabian Plate (Fig. 3). This dataset was supported
by sedimentological and petrographic descriptions,
biostratigraphic and carbon isotope data, rock
property and organic geochemistry datasets, a tectonic
elements map, a dataset for the known distribution
of hydrocarbon occurrences, and a limited number
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Fig. |. Location map of the Arabian Plate showing key geological and palaeogeographic features, along with

the distribution of oil and gas fields with a producing Albian-Turonian carbonate reservoir interval.The
palaeogeography has been generalized to show the maximum extent of Cenomanian—Turonian intrashelf basins
within the Arabian Platform.The configuration of the intrashelf basins in each depositional sequence within the
Cenomanian—Turonian is shown in Fig. 12 (page 141). Oil and gas fields discussed in the text are labelled.

of published 2D seismic transects. The quality and
completeness of stratigraphic sections derived from
the public domain was found to be highly variable.

The sequence stratigraphic model was first
applied to high-quality sections with age constraint
from biostratigraphy and/or carbon isotope curves
(Fig. 4). This enabled characteristic sequences to be
established and correlated into other data based on
wireline log patterns and changes in sedimentology
and depositional facies. From this, conceptual models
for the creation and infill of Cenomanian—Turonian
intrashelf basins were established (Fig. 5).

Not all of the stratigraphic sections used in this study
are directly age constrained. However, the application
of the sequence stratigraphic model provides a proxy
age attribution for each sequence stratigraphic surface
interpreted within the dataset, regardless of data
quality. This is key to unlocking value as it creates a
consistent, structured and temporally precise dataset
that can offer new geological insight when integrated

into a variety of regional mapping and exploration
workflows.

A series of regional stratigraphic transects were
constructed across the Arabian Plate which demonstrate
variations in sequence preservation, thickness and
morphological expression. These transects cover the
southern plate (Oman, Saudi Arabia and the UAE) (Fig.
6), southern Iraq (Fig. 7), central Iraq (Fig. 8), southwest
Iran (Fig. 9) and the northern plate (Egypt, Jordan,
Lebanon, Turkey and northern Iraq (Fig. 10). This was
valuable in the assessment of the tectonostratigraphic
evolution of the mid-Cretaceous interval, particularly
in the absence of seismic data. In any case the length
of the correlation transects substantially exceeds that
which could be obtained from seismic data, and the
large length scale, combined with the stratigraphic
detail in vertical sections, is valuable in recognising the
geometric evolution of the stratigraphic architecture.

The sequence stratigraphic framework formed the
basis for the generation of GDE maps for specific time
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Stratigraphic Sections
. Well section O Outcrop section

Qutcrop Belts
Mid Cretaceous (Albian-Turonian)
[l Older than mid Cretaceous

Fig. 3. Location map showing the distribution of stratigraphic sections (wells and outcrops) interpreted within
this study.The configuration of outcrop belts is shown for the mid-Cretaceous (Albian—Turonian) and the older

pre— mid-Cretaceous stratigraphy.

intervals during the late Albian to Turonian. These
maps illustrate the palacogeography and depositional
settings across the Arabian Plate related to either
the Maximum Flooding Surface (MFS), Highstand
Systems Tract (HST) or Lowstand Systems Tract
(LST) of each depositional sequence. A combination of
these three mapping surfaces enables the depositional
system to be represented throughout a full sea-level
cycle at relatively high temporal resolution (Fig. 11).
The configuration of petroleum systems elements, such
as organic-rich carbonate source rocks and grainstone
carbonate reservoirs, can be represented on these maps
and serves as a basis for regional play screening. The
MEFS maps for each depositional sequence characterize
palacogeography and the evolution of depocentres
from the late Albian to the middle Turonian (Fig. 12).
The GDE maps are supplemented by sequence-level
isopach maps that support the palacogeographic and
tectonostratigraphic trends depicted (Fig. 13).

TECTONOSTRATIGRAPHIC OVERVIEW

During the mid-Cretaceous, the Arabian Plate lay on
the southern margin of NeoTethys in a position close
to the equator (Sharland et al., 2001; Scotese, 2021).
Relatively high sea levels (Miller et al., 2005; Haq,

2014; Simmons et al., 2020; Wright et al., 2020) led to
inundation of the plate and the widespread deposition
of shallow-marine carbonates, although siliciclastic
units were deposited proximal to the Arabian Shield
and prograded basinwards during lowstands (Davies et
al.,2002;2019; van Buchem et al., 2011). Carbonates
and siliciclastics within the mid-Cretaceous interval
form some of the most prolific conventional petroleum
reservoirs in the world.

Significant plate-scale depositional and
tectonostratigraphic trends are evident through the
mid-Cretaceous of the Arabian Plate (Fig. 2) and are
summarised briefly below:

Albian

The latest Aptian to Albian interval represents a
significant break in the over- and underlying carbonate-
dominated stratigraphy (Davies et al., 2019). A
combination of eustatic sea-level fall (Haq, 2014) and
uplift of the Arabian Shield related to far-field stresses
generated by accelerated South Atlantic opening
(Stampfli and Borel, 2002), along with the humid
climatic conditions (Poinar et al., 2004), caused large
volumes of siliciclastic sediment to be shed from the
exposed Arabian Shield in an easterly direction. These
siliciclastics were deposited across much of the Arabian
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Plate within a broad, muddy ramp system. Deltaic
sedimentation resulted in the deposition of highly
porous and permeable siliciclastic reservoir rocks in
proximal areas (e.g. Burgan Formation; Strohmenger et
al., 2006; Datta et al., 2011, 2019), with source rocks
developed more distally (e.g. Kazhdumi Formation;
Davies et al., 2002; Bordenave, 2014; Sfidari et al.,
2016). In the late Albian, these siliciclastic systems
were suppressed during a transgression (K110 MFS
sensu Sharland ef al., 2001) and a broad carbonate
ramp (Mauddud Formation and regional equivalents)
was established across the plate (Davies et al., 2002,
2019; Strohmenger et al., 2006; Cross et al., 2010; van
Buchem et al., 2011).

Cenomanian

The Cenomanian interval of the Arabian Plate is
characterized by intrashelf basin development within
a broad carbonate platform (Sharland ez al., 2001;
van Buchem et al., 2011) (Fig. 1). Characterizing the
evolving configuration and depositional evolution of
these intrashelf basins through the mid-Cretaceous
is paramount for exploration success, as they exert a
strong control on the distribution of source, reservoir
and seal rocks (see below). Some of these basins such
as the Shilaif Basin (centred around the United Arab
Emirates: Al-Zaabi et al., 2010; Vahrenkamp et al.,
2015) and the Najaf Basin (centred around southern
Iraq: Aqrawi and Horbury, 2008; Aqrawi et al., 2010a,
b) were relatively long-lived and spanned the entire
Cenomanian; others such as the Natih E and Natih
B Basins in northern Oman were created and infilled
within a single depositional sequence (van Buchem et
al., 2002) (locations in Fig. 1).

During the Cenomanian, low frequency
retrogradation of the Albian siliciclastic systems
occurred as the Arabian Shield hinterland was denuded.
Siliciclastic units within the Cenomanian became less
areally extensive through time (Davies et al., 2002,
2019) but occur particularly along the western margin
of the Arabian Platform. These units include the Wara
sandstones and Ahmadi shales in Kuwait, southern Iraq
and Saudi Arabia (van Bellen et al., 1959; Davies et
al.,2002; Alsharhan et al., 2014; Youssef et al., 2014,
2019; Al-Anzi and Tourqui, 2019) and fine-grained
siliciclastics within the Natih Formation of Oman
(Droste and Van Steenwinkel, 2004; Homewood et al.,
2008). In southern Iraq and Kuwait, the Upper Ahmadi
Member represents the last significant siliciclastic
pulse within the Cenomanian before the Mishrif
carbonate platform became established (Davies et al.,
2002,2019). Cenomanian siliciclastic pulses may have
been related to relative sea-level falls which may have
coincided with more humid climatic intervals (Davies
etal.,2002,2019).

Turonian

The Turonian is associated with uplift across the
southern part of the Arabian Plate, and a major erosional
unconformity in the mid-Turonian (Harris et al., 1984;
Droste and Van Steenwinkel, 2004; Ghabeishavi et al.,
2009, 2010) forms the top of the early-mid Cretaceous
APS tectonostratigraphic megasequence of Sharland et
al. (2001). This unconformity marks a transition from
a passive to an active margin along the eastern edge
of the Arabian Plate. The initiation of a subduction
zone within the central NeoTethys and progressive
closure of the southern branch of the ocean resulted in
compression within the southern and eastern Arabian
Plate (Robertson and Searle, 1990) as a precursor to
Late Cretaceous ophiolite obduction (Searle ef al.,
2014). As a result of this uplift, the preservation of
Turonian stratigraphy, and in some areas Cenomanian
stratigraphy, is variable across the southern part of the
plate (Fig. 2).

Petroleum Systems

The Cenomanian—Turonian petroleum system in
the Arabian Plate in general refers to the carbonate
reservoirs in the Mishrif Formation (and its regional
equivalents) (Fig. 2), and is one of the most prolific and
volumetrically significant petroleum systems known.
Numerous giant and supergiant hydrocarbon fields
produce from these reservoirs within structural and
stratigraphic traps (Fig. 1). Conventional reservoirs
typically occur within grainy rudist-rich carbonates
developed at the margins of intrashelf basins (Jordan
et al., 1985; Burchette and Britton, 1985; Burchette,
1993; Perrotta et al., 2017). The reservoir properties of
the Mishrif carbonates may be enhanced as a result of
karstification and meteoric diagenesis (Wagner, 1990;
Sharp et al., 2010; Hajikazemi et al., 2017; Malekzadeh
et al., 2020), fracturing and/or dolomitisation (Sharp
et al., 2006; 2010; Lapponi et al., 2011).

The late Albian Mauddud Formation is generally a
relatively minor carbonate reservoir compared to the
Mishrif Formation. The main exception to this is in
Kuwait, where the Mauddud Formation is a much more
prolific reservoir as the shales of the overlying Ahmadi
Formation form an effective seal preventing charge to
the Mishrif Formation (Al-Anzi, 1995; Strohmenger
et al., 2006; Cross et al., 2010; Vincent et al., 2020).
The early Turonian Tuwayil Formation is recognized
as a siliciclastic reservoir (Azzam, 1995), although
volumes are relatively minor compared to production
from the Mishrif Formation and equivalents.

Source rocks for the hydrocarbons reservoired
in the Cenomanian—Turonian carbonate reservoirs
include mid-Cretaceous organic-rich carbonates and
marls deposited within the intrashelf basins, such
as the Kazhdumi (Iran), Shilaif (UAE), Safinaya
(Saudi Arabia) and Natih (Oman) Formations. They
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also include major source rocks in the underlying
succession such as the Upper Jurassic — Lower
Cretaceous Sulaiy and Yamama Formations (SE Iraq)
(Abeed et al., 2012); the Middle — Upper Jurassic
Sargelu and Naokelekan Formations (Iraq) (Pitman et
al.,2004; Al Ameri and Zumberge, 2012; Grabowski,
2014; Al-Khafaji et al., 2018); the Middle Jurassic
Sargelu and Lower Cretaceous Garau Formations in
the Abadan Plain (SW Iran) (Bordenave and Huc, 1995;
Dehyadegari, 2019); and intervals in the Precambrian—
Cambrian Hugf Group (Oman) (Terken, 1999).

SEQUENCE STRATIGRAPHIC
FRAMEWORK

Sequence Stratigraphic Model Definition
The sequence stratigraphic model used in this study is a
derivation of the Arabian Plate Sequence Stratigraphic
Model of Sharland et al. (2001) as updated by Davies
et al. (2002) and van Buchem et a/. (2011). The model
divides the stratigraphy into 3rd order depositional
sequences bounded by sequence boundaries. These
sequences have a global signature and are therefore
likely to be related to eustacy (Scott et al., 2000;
Simmons et al., 2007). The sequences display a marked
cyclicity (Davies et al., 2002); typically, platform
successions begin with a sequence boundary which
may show variable evidence for subaerial exposure and
karstification (Wagner, 1990), overlain by transgressive
facies which initially consist of claystones or marls
passing up into clean carbonates during the maximum
flooding interval and subsequent highstand. This
succession represents a backstepping facies pattern
in which clay-rich inner platform sediments were
followed by cleaner, mid-outer platform deposits that
were carbonate-dominated. Carbonate deposition
occurred away from the influence of clays which
suppressed the carbonate factory. Lowstands may be
recognised in intrashelf basins and along the platform
margin and often contain a significant siliciclastic
component.

The third-order sequences recognised are as follows
(from oldest to youngest) (Fig. 2):

K110 (late Albian): This sequence is associated
with a transgression that led to widespread carbonate
deposition typified by the Mauddud Formation. This
followed mostly siliciclastic deposition across the
Arabian Plate during the late Aptian — middle Albian.

K120 (early Cenomanian): The sequence
boundary (SB) at the base of this sequence lies close to
the Albian—Cenomanian boundary and was followed by
a transgression which created intrashelf basins such as
the Shilaif Basin in the UAE and the Natih E Basin in
Oman. There is varying evidence at the K120 sequence
boundary for exposure and erosion of the underlying

K110 sequence; it can be clearly demonstrated in
Kuwait (Strohmenger et al., 2006; Vincent et al., 2020)
but is not evident in Oman (van Buchem et al., 2002).

K130 (middle — late Cenomanian): A major
sequence boundary occurs around the lower/middle
Cenomanian boundary and is associated with erosion
and channel incision (e.g. Grelaud et al., 2006, 2010;
Homewood et al., 2008; Sharp et al., 2010). This was
followed by sea-level rise associated with a middle
Cenomanian maximum flooding surface and its
subsequent highstand.

K140 (late Cenomanian — earliest Turonian):
This depositional cycle is mostly late Cenomanian
in age with a maximum flooding surface coincident
with the onset of OAE2 (e.g. Wohlwend et al., 2016).
A capping sequence boundary occurs within the early
Turonian. This sequence is associated with the Mishrif
Formation in many parts of the Arabian Plate.

K150 (middle Turonian — middle Coniacian):
The middle Turonian sequence boundary (K150 SB of
Sharland et al., 2001) represents a major tectonically
enhanced boundary which defines the top of early —
middle Cretaceous tectonostratigraphic megasequence
APS8 and which is associated with major erosion
and truncation (Jordan et al., 1985; Droste and Van
Steenwinkel, 2004; Soroka et al., 2005; Ghabeishavi
et al., 2009, 2010). Incised valleys up to 65 m deep
have been described from Oman (Droste and Van
Steenwinkel, 2004) and Khuzestan, SW Iran (Azar
et al., 2009). The K150 MFS occurs within the
early Coniacian, and is therefore younger than the
stratigraphic interval which is the focus of this study.
It records widespread transgression across the southern
and eastern parts of the Arabian Plate that post-dates
regional uplift. Fine-grained siliciclastic and carbonate
mudstones (e.g. Laffan Formation) deposited during
this transgression form an important regional top-
seal for Cenomanian—Turonian carbonate reservoirs
beneath the mid-Turonian unconformity.

In addition to the Arabian Plate Sequence
Stratigraphic model surfaces of Sharland ez al. (2001),
this study recognizes two additional sequences within
the Turonian (Fig. 2):

Tul (early — middle Turonian): This sequence
precedes the mid-Turonian erosional unconformity
(K150 SB) and is only variably preserved across the
southern and eastern portions of the Arabian Plate. Itis
associated with the Tuwayil and Ruwaydah Formations.

Tu2 (middle — late Turonian): The base of this
sequence is represented by the K150 SB (sensu
Sharland et al., 2001) and corresponds to the mid-
Turonian tectonostratigraphic megasequence boundary.
The sequence is coincident with regional uplift across
the southern and eastern parts of the Arabian Plate
and is therefore only typically recognized along the
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northern and NW plate margins. Middle-late Turonian
stratigraphy corresponding to this sequence is also
recognized in the lower part of the Surgah Formation
in the Garau Basin, southwest Iran (Moghaddam,
2017; Raziani et al., 2018), which appears to have
been preserved despite mid-Turonian inversion. The
top of this sequence corresponds to the Tu3 SB which
is positioned within the upper Turonian. The Tu3 SB
pre-dates the Coniacian K150 MFS of Sharland et al.
(2001), and hence the Tu2 sequence can be considered
as an additional division within the K150 sequence of
Sharland et al. (2001).

Recognizing and Age Constraining

Sequences at Qutcrop

Outcrops of the mid-Cretaceous stratigraphic interval
occur in the Al Hajar Mountains and the Jebel Akhdar
area in northern Oman and in the Zagros Mountains
of SW Iran, and provide an opportunity to build a
reference model that can be applied in the subsurface
and regionally across the Arabian Plate. These
outcrops have been studied extensively: in Oman
by van Buchem et al. (1996, 2002), Grelaud et al.,
(2006, 2010); Homewood et al. (2008) and Razin et
al. (2017); and in Iran by Razin et al. (2010), Vincent
et al. (2015), Navidtalab et al (2019), Navidtalab et
al. (2020) and Kalanat et al. (2021). The outcrops
are valuable for reference as they enable depositional
sequences to be identified in age-constrained sections
and correlated into the subsurface, and allow the
depositional morphology to be characterized in three
dimensions. In addition, the outcrops provide detailed
sedimentological profiles where vertical evolution of
depositional facies can be characterized.

The Natih Formation is well exposed in northern
Oman, allowing detailed stratigraphic calibration of
the sequences present from a mixture of microfossil,
macrofossil and stable-isotope —based data. The
outcrops represent an excellent location for the age
calibration of the mid-Cretaceous sequences (Fig. 4),
whose correlation to other successions on the Arabian
Plate is shown in Fig. 2. Much of the Natih succession
is rich in shallow-marine benthic foraminifera (e.g.
Simmons and Hart, 1987; Smith ez al., 1990; Kennedy
and Simmons, 1991; Piuz et al., 2014; Vicedo and
Piuz, 2017; Piuz and Vicedo, 2020) and rudists (Philip
et al., 1995). More open-marine sediments are also
present, especially in those parts of the succession
which were deposited in intrashelf basinal conditions
(van Buchem et al., 2002, 2011; Droste, 2010), and
contain ammonites and planktonic foraminifera (e.g.
Kennedy and Simmons, 1991, van Buchem et al.,
2002, 2011; Meister and Piuz, 2015, Wohlwend et al.,
2016; Vicedo and Piuz, 2017). Detailed carbon isotope
studies of the formation have also been carried out
(e.g. Vahrenkamp, 2013; Wohlwend et al., 2016), and

in combination this stratigraphic information allows a
fairly accurate calibration of the Natih succession to
the standard NeoTethyan ammonite zonation for the
late Albian — Turonian (Wright et al., 2017; Gale et
al., 2020) (Fig. 4).

The Natih Formation is divided into seven members,
lettered A-G from top to bottom (Tschopp, 1967),
which have distinctive wireline log characteristics
(Forbes et al., 2010). Notwithstanding that lateral
facies variations due to the presence of intrashelf
basins may cause uncertainty in the precise position of
lithostratigraphic boundaries (Vicedo and Piuz, 2017),
these seven members can be traced from the subsurface
into the outcrop belt with fairly high confidence (van
Buchem et al., 2002; Homewood et al., 2008; Razin et
al.,2017) and can be correlated regionally (Fig. 2). The
seven Natih Members are summarised briefly below.

The Natih G Member represents the uppermost part
of the K110 sequence and is late Albian in age based
on the presence of a carbon isotope event around the
boundary with the Natih F Member which is interpreted
to be associated with the Albian—-Cenomanian
boundary (Wohlwend et al., 2016). The presence of the
benthic foraminifera Orbitolina seifini (e.g. Simmons
and Hart, 1987) supports this age assignment as the
species has a late Albian — early Cenomanian age range
(Simmons et al., 2000).

The Natih F Member marks the base of the
K120 Sequence. Near the base of the member is the
Albian—Cenomanian boundary carbon isotope event
(Wohlwend et al., 2016). The member begins with
transgressive marls which pass up into the intrashelf
basin facies of the Natih E comprising open-marine,
chalky and organic-rich limestones. The K120 MFS
is located at the turnaround point into cleaning- and
shallowing-up carbonates of the upper Natih E,
with a sequence boundary located at the top of the
member expressed as a prominent exposure surface
(van Buchem et al., 2002; Grélaud et al., 2006, 2010;
Homewood et al., 2008; Razin et al., 2017). Late
Albian ammonites (Cantabrigites, Mortoniceras) have
been reported from within the Natih F and the lowest
part of the Natih E (van Buchem ez al., 2011; Luc Bulot,
pers. comm. 2021). The Natih F is therefore most likely
to be latest Albian to earliest Cenomanian in age.

The Natih E Member is almost entirely early
Cenomanian in age. The lower part of the member,
which consists of deep-water intrashelf basin facies,
contains carbon isotope events correlated to those
within the mantelli zone of the early Cenomanian.
This age assignment is supported by the presence
of the ammonite Sharpeiceras (van Buchem et al.,
2011). The boundary between the mantelli and dixoni
zones of the early Cenomanian is uncertain in the
Natih E succession, but the early—middle Cenomanian
boundary carbon isotope event has been detected at the
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top of the member. Support for an early Cenomanian
age assignment for the upper part of the Natih E comes
from the benthic foraminifera and rudists present (e.g.
Simmons and Hart, 1987; Philip ez al., 1995), although
it is now known that much of the distinctive benthic
foraminifera fauna in the uppermost Natih E is in fact
endemic (e.g. Piuz et al., 2014; Vicedo and Piuz, 2017,
Schlagintweit and Yazdi-Moghadam, 2020) and thus
offers no direct age calibration. K120 is thus dated as
early Cenomanian.

Sequence K130 begins at the clear sequence
boundary between the Natih D and E Members and
extends up to the sequence boundary at the Natih C-B
transition. The Natih D Member contains transgressive
shales and marls which pass up into the cleaning- and
shallowing-up highstand carbonates of the Natih C,
within which an MFS is located. The Natih D and C
Members can be assigned to the rhotomagense zone
of the middle Cenomanian. The short duration inerme
zone may be present within the Natih D, but there is
no direct evidence for its presence. Assignment to the
rhotomagense zone is supported by the presence of
the middle Cenomanian carbon isotope event in the
upper part of the Natih D Member (Wohlwend ef al.,
2016). The ammonites Acompoceras and Neolobites
Sfourtaui which have been found in the lower part of
the Natih B Member suggest an age no younger than
the rhotomagense zone (Meister and Piuz, 2015).
Sequence K130 is thus of middle Cenomanian age
(rhotomagense zone).

Sequence K140 extends from the base of the Natih
B to an erosion surface within the Natih A. The Natih B
consists of intrashelf basin facies, with the K140 MFS
located approximately at the downlap surface which
introduces the highstand progradational carbonates of
the Natih A. The lowest part of the Natih B belongs to
the rhotomagense zone of the middle Cenomanian. No
definitive evidence for the presence of the jukesbrowni
zone of the middle Cenomanian is present. However
the zone is assumed to occur within the Natih B, below
the middle/late Cenomanian boundary carbon isotope
event which occurs within the middle of the member
(Wohlwend et al., 2016). Above this, the upper part
of the Natih B contains late Cenomanian (guerangeri
zone) ammonites including a distinctive Neolobites
vibrayeanus fauna (Meister and Piuz, 2015).

The lower part of the Natih A Member contains
evidence for both the guerangeri and geslinianum
ammonite zones (e.g. Metoicoceras) (e.g. Meister and
Piuz, 2015). Overlying this within the lower Natih A
is the Cenomanian/Turonian boundary carbon isotope
event (Wohlwend et al., 2016), suggesting that the
Jjuddi zone of the latest Cenomanian is condensed. The
location of the boundary is supported by the presence
of ammonites and planktonic foraminifera typical of
the Cenomanian—Turonian transition (Kennedy and

Simmons, 1991; Meister and Piuz, 2015; Wohlwend et
al.,2016). Sequence K140 is thus of middle Cenomanian
— early Turonian age with an MFS located in the
uppermost guerangeri zone of the late Cenomanian.

The upper part of the Natih A is clearly Turonian in
age, although how young it ranges within the Turonian
is uncertain. Early Turonian (nodosoides — upper
coloradoensis zone) ammonite faunas (e.g. Fagesia)
are present within the upper Natih A (Kennedy and
Simmons, 2001; Meister and Piuz, 2015). Wohlwend
et al. (2016) found a carbon isotope event towards
the top of the Natih A that they associated with a
middle Turonian event. A late Turonian ammonite
Coilopoceras requienianum has been reported from
near the top of the formation (van Buchem et al.,
2002) but this has been disputed (Luc Bulot, pers.
comm. 2021) and the specimen may be Choffaticeras
of early — middle Turonian age. A Turonian age for at
least part of Natih A is indicated from the foraminiferal
fauna (Dohia planata, Dictyoconella minima) reported
from the subsurface (Forbes et al., 2010).

Conceptual models for the development of
Cenomanian intrashelf basins
Cenomanian—Turonian intrashelf basins on the Arabian
Plate have been extensively studied. van Buchem et
al. (1996) proposed a model for the development of
intrashelf basins in a carbonate platform setting based
on a study of the Natih Formation in Oman. This model
was expanded by van Buchem et al. (2002) and Razin et
al. (2017), and is consistent with studies of the Sarvak
Formation in SW Iran (Razin ef al., 2010). The model
is considered to be broadly applicable to Cenomanian—
Turonian intrashelf basins developed in the southern
part of the Arabian Plate, in tectonically quiescent
settings which are largely isolated from siliciclastic
input. Under these conditions, the intrashelf basins
which develop are symmetric and are characterized
by margins that are broadly comparable along their
entire perimeter in terms morphology, thickness and
depositional facies. In addition to the Natih intrashelf
basin, the Shiliaf intrashelf basin (UAE, Saudi Arabia
and offshore Iran) and the Sarvak intrashelf basin (SW
Iran) (Fig. 1) conform to this category.

An alternative model is required for areas more
proximal to the Arabian Shield where the input
of siliciclastic material was more significant. The
“Migratory Carbonate Suppressed Belt” model
presented by Davies et al. (2002) and Davies et al.
(2019) characterizes the mid-Cretaceous depositional
system near the western margin of the Arabian Shield
in northern Saudi Arabia, Kuwait and southern
Iraq. In these settings, the siliciclastic input mostly
impacts the inboard basin margin while the outboard
margin remains relatively unaffected, resulting in
the development of a strongly asymmetric intrashelf
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basin or homoclinal ramp system. The asymmetric
intrashelf basin model is typified by the Najaf Basin
in southern Iraq. The deposition of the early Turonian
Tuwayil Formation (K150 LST) in the Shilaif Basin
also conforms to the lowstand component of this
model, although there is a tectonic overprint related
to hinterland uplift.

Herein, we consider the development of
Cenomanian—Turonian intrashelf basins in terms of
these two end-member models (Fig. 5 and Table 1).
This has significant implications for the prediction of
petroleum systems elements. For instance, asymmetric
intrashelf basins such as the Najaf Basin (SE Iraq)
exhibit significant variations between the inboard and
outboard basin margins in terms of carbonate reservoir
presence and quality. In addition, siliciclastic input
within the asymmetric intrashelf basin model impedes
source rock development, with the intraformational
shales and marls forming important seals.

Both the symmetric and asymmetric intrashelf basin
models assume a relatively quiescent tectonic setting,
and this is the case for the majority of the Cenomanian
intrashelf basins considered. However, sectors of the
Sarvak intrashelf basin in SW Iran appear to have
developed in an extensional setting with structurally
controlled margins (e.g. Navidtalab et al., 2020).
Structural control on the Garau Basin in western Iran
and NE Iraq (Fig. 1), which was a long-lived intrashelf
basin lasting throughout the Cretaceous (van Buchem
etal.,2010), has also been proposed (Navidtalab ez al.,
2014). Water depths in the Garau Basin likely reached
several hundreds of metres and were significantly
greater than those in more short-lived Cenomanian
basins such as the adjacent Najaf Basin (Aqrawi and
Horbury, 2008). A NW-SE trending transtensional
margin through central Iraq into southwest Iran is likely
to have formed the transition zone between the Garau
and Najaf intrashelf basins (Buday, 1980).

LATE ALBIAN -TURONIAN
DEPOSITIONAL SEQUENCES

The results of the sequence stratigraphic analysis of
the late Albian —Turonian interval of the Arabian Plate
are presented in the following paragraphs. Large scale
depositional geometries and lateral facies changes are
illustrated in regional well and outcrop correlations
in Figs 6 to 10. Palacogeography and depocentre
evolution are shown in GDE maps (Figs 11, 12) and
isopach maps (Fig. 13). The main palaeogeographical
and morphological features of each depositional
sequence are summarised below with a focus on the
southern and central parts of the Arabian Plate. Table
2 (page 160) presents a comparison of the depositional
sequences and includes additional observations from
SW Iran and the northern margin part of the plate.

Late Albian (K110) (Fig. 12a)

The late Albian marks a transition from a siliciclastic-
dominated muddy ramp system to a broad, low-angle
carbonate ramp across much of the Arabian Plate. The
K110 MFS is the most extensive of the three Albian
transgressions documented on the plate by Sharland
et al. (2001), with waning siliciclastic influence
throughout the transgression (van Buchem et al., 2011).
The carbonate ramp is represented by the Mauddud
Formation in the UAE, Kuwait and south Iraq (van
Bellen et al., 1959; Strohmenger et al., 2006; Cross et
al.,2010; Alsharhan et al., 2014; Vincent et al., 2020),
the lower part of the Mauddud Formation in Qatar,
the Mauddud Member or basal part of the Sarvak
Formation in Iran, and the Natih G in Oman (Fig. 2).

Early Cenomanian (K120)

(Figs 11 a,b, 12b and 13a,b)

During the transgression of the early Cenomanian
K120 sequence, a fundamental change in the
palacogeography of the Arabian Plate occurred
with the initiation of several intrashelf basins which
were in general surrounded by flat-topped, shallow-
water carbonate platforms (Fig. 12b). Significant
bathymetric relief was established, resulting in lateral
facies changes from the shallow-water, mixed muddy
and grainy carbonate platform tops and margins to
deeper-water, basinal carbonate mudstones which
may have had significant organic matter contents.
Thus organic-rich carbonates of the Shilaif Formation
were deposited in the Shilaif Basin (UAE and offshore
Iran), in which deposition occurred throughout the
Cenomanian (Burchette, 1993; Burchette and Briton,
1985; Vahrenkamp et al., 2015; Perrotta et al.; 2017,
Franco et al., 2018; Alipour et al., 2021) (Figs 6
and 11). Within these carbonates, three Cenomanian
depositional cycles have been recognized (e.g. Perrotta
et al.; 2017; van Laer et al., 2019) and relate to the
K120, K130 and K140 depositional sequences (see
Fig. 6, Shilaif Basin well).

The early Cenomanian intrashelf basin in the
southern Arabian Plate extends beyond the UAE into
the Rub’Al Khali area of Saudi Arabia and into Oman
and southwest Iran (Fig. 11a). In Saudi Arabia, the
equivalent of the basal part of the Shilaif Formation
is the Safinaya Formation which is composed of
organic-rich carbonates and marls (Fig. 6) (van Laer
et al., 2019) and which has TOC contents of up to 14
wt% (Newell and Hennington, 1983). The equivalent
organic-rich interval in Oman is the Natih E (Fig. 6)
which was deposited in maximum water depths of ~60
m as determined by clinoform heights (van Buchem et
al., 1996; Droste, 2010).

In Iraq, the Cenomanian Najaf intrashelf basin
has been described by various authors (Aqrawi ef al.,
1998; Aqrawi et al., 2010a, b; Aqrawi and Horbury,
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Table |I. Summary of the phases of development for symmetric intrashelf basins with minor siliciclastic
influence, and asymmetric intrashelf basins with a more significant siliciclastic influence.

Model
Stage
(Systems
Tract)

Symmetric intrashelf basin

Asymmetric intrashelf basin

e.g. Natih Basin (Oman), Shiliaf Basin (UAE,
offshore Iran and Saudi Arabia), Sarvak Basin
(onshore Iran)

e.g. Najaf Basin (southern Iraq and Kuwait)

1. Early
Transgressive
Sytstems
Tract

The model starts at the SB assuming a relatively
flat carbonate platform top. This is broadly
representative of the Mauddud/Natih F-G
carbonate platform. Fine-grained siliciclastics
retrograde across the platform before
aggradational carbonates re-establish as the
siliciclastics retrograde inboard.

The model starts at the SB assuming a relatively
flat carbonate platform top. Siliciclastics mostly
influence the inboard margin proximal to the
Arabian Shield hinterland (e.g. southwestern
margin  of the Najaf intrashelf basin).
Aggradational carbonates are established on the
outboard isolated margin, but are suppressed as
aresult of silicilastic influence on the inboard
margin.

2. Late
Transgressive
Systems
Tract

The rate of sea-level rise accelerates and
intrashelf basin areas begin to differentiate from
the platform. The carbonate system within the
areas which become the intrashelf basin are
unable to keep pace with sea-level rise and are
drowned. However, the carbonate system within
the platform interior continues to aggrade
throughout the TST. This differential aggradation
along the perimeter margins of the intrashelf
basin creates a symmetric morphology,
assuming relative tectonic quintessence (Razin et
al., 2010, 2017). The intrashelf basins become
restricted and anoxic, resulting in the deposition of
organic-rich carbonates.

Carbonate production is also suppressed within
intrashelf basin areas. This reflects the dual
factors of sea-level rise and siliciclastic input. The
basinal facies are characterized by oligosteginid-
rich marls with an apparent lack of organic-rich
horizons, presumably due to siliciclastic dilution.
The isolated outboard carbonate margin
demonstrates differential aggradation akin to the
symmetric basin model. However, carbonate
production is more suppressed on the inboard
margin adjacent to the sediment supply, resulting
in a mixed carbonate-siliciclastic homoclinal ramp
system. The contrasting rates of carbonate
production between the inboard and outboard
margins result in the asymmetric morphology of
the basin.

3. Highstand
Systems
Tract

Progradation of the carbonate margins occurs as
carbonate production outpaces accommodation.
Grainy carbonate shoals with rudist-rich
grainstones and rudstones are characteristic of
the HST along the margins of the intrashelf basins
and track the trajectory of the shelf break. In
single- sequence intrashelf basins e.g. the Natih
A-B basin (K140 sequence), the HST
carbonate progrades may completely
accommodation.

infill

On the isolated outboard margin, progradational
rudist-rich shoals characterize the HST (e.g.
Mishrif shoals on the eastern margin of the Najaf
intrashelf basin). On the inboard margin,
homoclinal ramp carbonates are established as
the siliciclastic influence is diminished by high
relative sea-level. The inboard and outboard
margins exhibit different morphological styles
and carbonate depositional facies.

4. Lowstand
Systems
Tract

In long-lived multi-sequence intrashelf basins
such as the Shilaif basin, there is remaining
accommodation during the LST. In these
instances, the LST is typically suppressed as
exposure of the platform dramatically reduces the
areal extent of carbonate productivity and the
amount of shedding into the basin. The LST wedge
is areally limited and basinal LST deposits are
often condensed. Exposure of the platform top
gives the potential for karstification of HST
carbonate shoals.

Exposure of the homoclinal ramp on the inboard
margin enables siliciclastic bypass into the
intrashelf basin. This is expressed as a siliciclastic
LST wedge that has the potential to infill
accommodation along the inboard margin of the
basin. On the outboard margin, the
carbonate LST wedge is areally limited as
carbonate productivity is suppressed during
platform exposure. The LST deposits are
envisaged to be highly asymmetric in terms of
morphology, thickness and depositional facies.

2008; Mahdi et al., 2013; and Mahdi and Aqrawi,
2014) However, the configuration and morphology
of the basin and the depositional facies are not well
understood (e.g. see Fig. 12a of Aqrawi et al., 1998
versus Fig. 7.34 of Aqrawi et al., 2010a). Within the
basin succession, mudstone-wackestones characterized
by simple, non-keeled planktonic foraminifera and
calcispheres are present in the Rumaila Formation
(Al-Naqib, 1967; Agrawi and Khaiwka, 1989; Mahdi et
al.,2013) and indicate deposition in sub-basinal water
depths of ~40-60 m. Locally, the fauna recognized

within the Rumaila Formation is dwarven implying
some environmental restriction (Jassim and Buday,
2006).

These facies contrast with the rudist-rich, shallow-
marine carbonates of the Mishrif Formation on the
eastern basin margin (e.g. Aqrawi et al., 2010a,
b; Cantrell et al., 2020). However the westward
extent of the intrashelf basin facies is not clear.
Palacogeographic maps and well correlations (Aqrawi
and Horbury, 2008) indicate that these facies extended
as far as the Fallujah-1 well in the NW of the basin
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during the early Cenomanian, but only sparse
information for the Cenomanian Mahliban, Fahad
and Maostsi Formations is available for this area and
descriptions date back to van Bellen et al. (1959).
The dip-orientated well correlations in Figs 7 and 8§,
which are based on wireline log profiles and observed
thickness changes, tend to challenge the interpretations
of Aqrawi and Horbury (2008). The correlations show
that the sections in wells such as Safawi-1, Shawiya-1
and Ubaid-1 (Fig. 7), as well as Mileh Thathar-1,
Samarra-1 and Fallujah-1 (Fig. 8), represent a mixed
carbonate-siliciclastic homoclinal ramp succession on
the western margin of the basin. This interpretation
results in a significant reduction in the areal extent of
the Najaf intrashelf basin (Figs 11 and 12) relative to
that depicted in previous studies (Aqrawi and Horbury,
2008; Aqrawi et al., 2010).

It is also noteworthy that proximal to distal
accommodation change across the Najaf Basin is more
subtle than that in contemporaneous intrashelf basins
in the UAE and Oman. In addition, there is also no
evidence for the presence of organic-rich intervals in
deeper-water facies in the Najaf Basin, probably due
to dilution attributed to an increased siliciclastic input.
This contrasts with the age-equivalent, organic-rich
Shilaif Formation and the Natih E which are important
source rocks.

The K120 highstand is characterized by strong
progradation of the shelf margins of the early
Cenomanian intrashelf basins (Fig. 11b). Carbonate
clinoforms are observed on seismic data from Oman
in the Natih E Member and record the partial infill of
the intrashelf basin (Droste and Van Steenwinkel, 2004;
Grélaud et al., 2006, 2010; Homewood et al., 2008).
Progradational shelf margins are also documented
in the Shilaif Basin (Burchette and Briton, 1985;
Burchette, 1993; Wharton, 2015; Vahrenkamp et al.,
2015; Perrotta et al., 2017; Franco et al., 2018; Lii et
al.,2018) (Fig. 6) and in intrashelf basins in Khuzestan,
SW Iran (Vincent et al., 2015; Navidtalab et al., 2020;
Kalanat et al., 2021) (Fig. 9).

A shallowing-upward trend from deeper-water
basinal facies to platform-margin packstones and
grainstones is observed in well sections from the
eastern margin of the Najaf Basin during the K120
HST (see Dehluran field well, Fig. 8). Progradation
of the platform margin is inferred to have filled
accommodation within the northern segment of the
basin (see wells Kifl-1 and Afag-1, Fig. 8).

In Fars Province, SW Iran, the K120 sequence is
absent at a composite unconformity related to uplift and
non-deposition across the Qatar-Fars Arch (Vincent
etal.,2015) (Fig. 13A). By contrast, a thick sequence
of shallow-water carbonates is interpreted within the
K120 sequence in Khuzestan, SW Iran (e.g. at the
Ahwaz field) (Kazem Zadeh, 2016).

Middle Cenomanian (K130)

(Figs 11¢, 12¢ and 13c¢, d)

The base of the middle Cenomanian is regarded to
have coincided with a significant global sea-level
low (e.g. Hancock, 2004). On the Arabian Plate, this
sea-level low (K130 LST) is expressed as a regional
exposure surface in platform locations (Hollis, 2011;
van Buchem et al., 2011). In Oman, a relative sea-
level fall of ~30 m is estimated based on the depths of
incisions into the top of the Natih E (Grélaud et al.,
2006, 2010; Homewood et al., 2008).

In the Shilaif intrashelf basin (Fig. 12c¢), the
reduced areal extent of the carbonate factory during
the lowstand (Fig. 11c) resulted in less carbonate being
shed from the margins into the basin centre. Therefore,
the lowstand is typically represented by a relatively thin
interval of deep-marine carbonates, marls and shales
or by a condensed submarine hardground (Fig. 6).
Forced regressive carbonate wedges similar to those
observed within the Aptian Shu’aiba Formation (e.g.
Yose et al., 2010; Maurer et al., 2013) are in general
not well documented in the Cenomanian of the Arabian
Plate but shallow-marine carbonate lowstand deposits
are recognized in the Natih E of Oman (Droste and
Van Steenwinkel, 2004; Grélaud, 2005; Grélaud et al.,
2006, 2010; Homewood et al., 2008). The lowstand
deposits offlap progradational highstand packages and
infill remaining accommodation space (Fig. 10c). Thus
the middle Cenomanian isopach thick in the Natih E
intrashelf basin in Oman is related to lowstand infill
(Fig. 13c¢).

Relative sea-level lows and the onset of
transgressions in intrashelf basins on the Arabian
Plate are often associated with shaly or marly
facies rich in oligosteginids (“calcispheres”) (Razin
et al., 2010). Oligosteginids are tiny spherical or
oval microfossils, of uncertain origin, but typically
regarded as calcareous dinoflagellate cysts (Wendler
et al., 2010a). Oligosteginid facies are recognized in
intrashelf basin successions in the Ahmadi Formation
in Iraq (Aqrawi and Horbury, 2008), the Natih
Formation of Oman (e.g. Kennedy and Simmons,
1991), the Sarvak Formation of Iran (e.g. Adams et
al., 1967; Kalanat and Vaziri-Moghaddam, 2019) and
the Derdere Formation of SE Turkey (e.g. Simmons
et al., 2020). Sea-water temperature and salinity may
locally control oligosteginid abundance, but nutrient
supply appears to be a key factor (Dias-Brito, 2000)
which is why oligosteginids can be associated with
shelf-margin to upper slope environments (Adams et
al., 1967; Fligel, 2010) such as the margin of the Garau
intrashelf basin in Iran (Adams et al., 1967). However,
high nutrient flux can occur in other settings, such as
homoclinal ramps proximal to major fluvial sources
(e.g. Ahmadi Formation of the Najaf Basin, Iraq). As
such, it seems likely that oligosteginid abundance can
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Fig. 7. Regional well correlation through southern Iraq and SW Iran. From east to west, the correlation extends across depositional dip from the platform interior in the Dezful Embayment of Iran, through the Mishrif oilfield trend within the eastern platform margin of SE Iraq, into the southern part of the Najaf intrashelf basin in southern
Iraq and onto the mixed siliciclastic-carbonate ramp on the western margin proximal to the Arabian Shield. Well data is derived from Aqrawi and Horbury (2008), Zeinalzadeh and Sajjadian (2009), Grabowski Jr (2014) and Saleh and Awadessian (2019). Lithostratigraphic terms are taken from the original author and in some instances are
diachronous with the sequence stratigraphy.The chronostratigraphy provided is based on the application of the sequence stratigraphic model. See Fig. 6 for legend.
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Fig. 8. Regional well correlation through western Iraq, central Iraq and SW Iran. From east to west, the correlation extends across depositional strike from the Garau Basin in Iran, through the platform interior of Iran and the eastern platform margin of SE Iraq, into the northern part of the Najaf intrashelf basin and finally across the interior

ramp of the western margin towards the Rutbah High in the Western Desert of Iraq.Well data is derived from Gayara and Al-Sheikhly (1988), Taghavi et al. (2006), Aqrawi and Horbury (2008), Grabowski Jr (2014) and Navidtalab et al. (2019). Lithostratigraphic terms are taken from the original author and in some instances are diachronous

with the sequence stratigraphy.The chronostratigraphy provided is based on the application of the sequence stratigraphic model. See Fig. 6 for legend.
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Fig. 9. Northwest to southeast regional correlation through Iran.The correlation is comprised of a mixture of logged outcrop sections and subsurface well sections.The correlation highlights variability in the thickness of sequences related to palaeogeographic setting, and the preservation of sequences related to structural domain and tectonic
overprint. Data is derived from Sharp et al. (2010), Piryaei et al. (201 1), Mehmandosti et al. (2013),Vincent et al. (2015), Kazem Zadeh (2016), Kalanat and Vaziri-Moghaddam (2019), Navidtalab et al. (2019), Navidtalab et al. (2020), Shoghi et al. (2020), and Kalanat et al. (2021). Lithostratigraphic terms are taken from the original author and in
some instances are diachronous with the sequence stratigraphy.The chronostratigraphy provided is based on the application of the sequence stratigraphic model. See Fig. 6 for legend.
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Fig. 10.West to east regional correlation through the northern part of the Arabian Plate across Egypt, Jordan, Lebanon, SE Turkey and northern Iraq.The correlation comprises a mixture of logged outcrop sections and subsurface well sections.The correlation highlights the drowning of the mid-Cretaceous carbonate platform in the late
Cenomanian —Turonian. Data is derived from Saint-Marc (1981), Andrews (1992), Coskun (1996), Bauer et al. (2003), Schulze et al. (2004), Kent (2010), Garland et al. (2010), Al-Qayim et al. (2016), and Sarraj and Mohialdeen (2020). Lithostratigraphic terms are taken from the original author and in some instances are diachronous with the
sequence stratigraphy.The chronostratigraphy provided is based on the application of the sequence stratigraphic model. See Fig. 6 for legend.
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Fig. | 1. Gross depositional environment maps covering a full cycle of relative sea-level change within the early-
middle Cenomanian.The map surfaces provide a snapshot of the palaeogeography and depositional facies
across the Arabian Plate for a specific time-slice within the sequence stratigraphic model related to:

(A) the Maximum Flooding Surface (MFS), (B) the Highstand Systems Tract (HST), and (C) the Lowstand
Systems Tract (LST). Note that the GDE maps show the depositional extent of facies which may not

necessarily equate to the preservation extent.

occur across a range of depositional settings that may
transcend the gross depositional facies used within
this study.

In Oman, onshore Iran and SW Saudi Arabia, the
K130 is a low accommodation sequence in which
intrashelf basin facies are not developed (van Buchem
etal.,2002; Vincent et al., 2015) (Fig. 12¢). Alternating
cycles of fine-grained siliciclastics and carbonates
within the middle Cenomanian can be correlated with
some confidence across the carbonate ramp system
which extended across Oman and eastern Saudi Arabia
(Fig. 6). Reasons for the absence of intrashelf basin
facies within the K130 sequence in the southernmost

Arabian Plate are not clear, but may be related to
partial suppression of the carbonate factory due to
increased siliciclastic supply following the K130 LST.
Alternatively, it could be related to the relatively slow
rate of sea-level change during the K130 TST which
enabled the carbonate system to keep pace with sea-
level rise, resulting in relatively uniform aggradation
across the platform.

Because the aggradation of platform carbonates
during the K130 transgression was relatively uniform,
the Shilaif intrashelf basin retained its early Cenomanian
configuration into the middle Cenomanian (Fig. 12c).
Aggradational rudist grainstone shoals are recognized
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along the margin of the basin in the UAE (Burchette,
1993; Burchette and Briton, 1985; Perrotta et al., 2017;
Li et al., 2018) and Saudi Arabia (Wharton, 2015).
Carbonate shoals may have developed on topographic
highs distal to the Shilaif basin margin, for example in
the Umm Al Dalkh field in the UAE (Burchette, 1993;
Neo, 1996; Basu et al., 2015) (Fig. 13d).

Late Cenomanian — earliest Turonian (K140)
(Figs 11d and 12e, f)

In the southern part of the Arabian Plate in Oman,
eastern Saudi Arabia and onshore Iran, the late
Cenomanian — earliest Turonian K140 sequence
resembles the early Cenomanian K120 sequence in that
it is characterized by the development of platform to
intrashelf basin relief during a rapid, high-amplitude
transgression with the accumulation of organic-rich
sediments in intrabasinal depressions (van Buchem et
al. 2011). In Oman, the K140 sequence is associated
with a phase of intrashelf basin development, with
the deposition of organic-rich carbonates with TOC
contents of up to 14 wt% in the Natih B (van Buchem
et al., 2002). A positive 8'*C isotope excursion
characteristic of the Cenomanian—Turonian boundary
event is identified at the base of the Natih A (Wohlwend
etal.,2016) (Fig. 4). This was contemporaneous with
the renewed development of intrashelf basins in SW
Iran and the recognition of a 3"*C isotope excursion
within basinal facies of the Sarvak Formation (Vincent
et al., 2015; Kalanat and Vaziri Moghaddam, 2019)
(see Fig. 9, Khormuj and Chenar Bashi outcrops).
This excursion is also recognized in the upper part of
the Shilaif Formation in the UAE (Vahrenkamp et al.,
2015; Hennhoefer et al., 2019; Perrotta et al., 2017)
(see Fig. 6, Shilaif Basin well).

The development of an intrashelf basin to the
SW of the established Shilaif basin platform margin
is inferred to have taken place in the Rub’ Al Khali
area of Saudi Arabia (Fig. 12d). Here, organic-rich
intrashelf basin facies are interpreted to occur based on
elevated gamma-ray log responses within carbonate-
rich intervals associated with elevated contents of
molybdenum (Craigie, 2015) (see Fig. 6, Rub’ al Khali
well 4). These facies follow a similar stratigraphic
pattern to that observed within the Natih A-B intrashelf
basin in Oman (van Buchem et al., 2002; Droste and
Van Steenwinkel, 2004) (see Fig. 6; Natih West 81
well). A thick sequence of rudist bank carbonates
identifiable on the K140 sequence isopach (see Fig. 6,
Rub’ al Khali well 5 and Fig. 13e) separates the Rub’al
Khali intrashelf basin in Saudi Arabia from the Shilaif
intrashelf’basin in the UAE (Craigie, 2015). Newell and
Hennington (1983) described organic-rich carbonates
with TOC contents of 10 wt% in the ‘lower Mishrif”
below the Cenomanian—Turonian boundary, which is
likely to correlate with the K140 sequence.

In southern Iraq, accommodation within the Najaf
intrashelf basin appears largely to have been infilled
by the K140 sequence, resulting in a homoclinal ramp
morphology in this area during the late Cenomanian
to earliest Turonian. Lagoonal facies with isolated
grain-rich carbonate shoals in the Mishrif Formation
are widespread on the isolated eastern basin margin
(Aqrawi et al., 2010a, b; Mahdi et al., 2013; Mahdi
and Aqrawi, 2014; Cantrell et al., 2020). An overall
shallowing trend within the Mishrif Formation and its
equivalents is interpreted across southern Iraq. The
813C isotope excursion characteristic of the OAE2
event has been identified within the upper part of the
Mishrif Formation (mA unit) in the Rumaila field
(Ryder et al., 2013; Lehmann et al., 2017), and is
stratigraphically above deeper-water intrashelf basin
facies (Zhu et al.,2016). Based on the application of the
age-constrained sequence model used in this study, we
infer that the uppermost part of the Mishrif Formation
above the 6"*C isotope excursion may extend into the
earliest Turonian. However, it should be noted that
there is no documented biostratigraphic evidence to
unequivocally support a Turonian age for the Mishrif
Formation in Iragq.

In the western and central parts of the Najaf area,
the Mishrif Formation (and lateral equivalents) is
overlain by the Kifl Formation (Figs 7 and 8) which
consists of interbedded carbonates and anhydrite
(Aqrawi and Horbury, 2008; Grabowski Jr,2014). The
age and depositional environment of the Kifl Formation
is contentious. The formation is conventionally placed
below the mid-Turonian unconformity (e.g. Aqrawi
et al., 2010; Mahdi and Agrawi, 2014; Grabowski
Jr, 2014). Deposition of the Kifl Formation has been
interpreted to have occurred in an isolated, restricted
basin (e.g. Aqrawi and Horbury, 2008; Aqrawi et
al., 2010a), or alternatively in an evaporitic lagoon
behind the Mishrif shelf margin (e.g. Al-Naqib, 1967;
Grabowski Jr, 2014). The alternative interpretation
presented here assigns the Kifl Formation to above
the mid-Turonian regional unconformity (K150
SB). As such, the Kifl Formation is regarded as
early transgressive facies at the start of the next
tectonostratigraphic megasequence that pre-dates
the deposition of the Khasib Formation in the late
Turonian to early Coniacian. Given the magnitude
and length (~5 Ma) of the mid-Turonian unconformity,
it seems unlikely that the predominantly evaporitic
Kifl Formation could have been preserved if it was
deposited prior to mid-Turonian uplift. It is proposed
that the Kifl Formation was deposited within restricted
lagoons across a variable topographic surface post
mid-Turonian uplift. In the Basrah area, the Kifl
Formation is observed between ‘obvious’ Mishrif and
‘obvious’ Khasib (Gaddo, 1971), where it is associated
with lacustrine and pedogenic facies of very similar
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Fig. 12. Maximum Flooding Surface Gross Depositional Environment Maps for the depositional sequences
recognized in the late Albian — Turonian. (A) K110 MFS - late Albian; (B) K120 MFS - early Cenomanian;

(C) K130 MFS - middle Cenomanian; (D) K140 MFS - late Cenomanian; (E) Tul MFS - early Turonian;

(F) Tu2 MFS - middle—late Turonian. Note that the GDE maps show the depositional extent of facies which may

not necessarily equate to the preservation extent.

character to the Laffan Formation in Iran (A. Horbury
and B.Vincent, pers. comm., 2022), which although
Coniacian in age, rest with clear unconformity above
eroded Cenomanian (Vincent et al., 2015).

Early-middle Turonian (Tul) (Fig. 12e)

The Tul SB is superimposed with the mid-Turonian
K150 SB across large parts of the Arabian Plate,
forming a tectonically-enhanced, compound sequence

boundary (Figs 6, 7, 8, 9 and 14). Turonian sequences
in the southern and eastern Arabian Plate are strongly
overprinted by tectonic uplift and show variable
preservation (van Buchem et al., 2011). Meteoric
diagenesis and karstification associated with the
composite mid-Turonian unconformity is recognized
regionally within carbonate platforms (Jordan et al.,
1985; van Buchem et al., 2002; Hollis, 2011; Chen et
al.,2021).
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In southwest Iran, the Sarvak Formation probably
extends into the Turonian (Omidvar et al., 2014) and the
Tul SB is recognized as an intra-Sarvak disconformity
and karstified surface (Rahimpour-Bonab et al., 2013;
Mehrabi and Rahimpour-Bonab, 2014; Hajikazemi
et al., 2017; Malekzadeh et al. 2020) (see Fig. 9,
Ahwaz 355 well). It should be noted that unequivocal
biostratigraphic evidence for a Turonian age for the
uppermost Sarvak platform is lacking, although this is
not the case in more open-marine facies of the Sarvak
Formation (Sharp et al., 2010; Schlagintweit and
Simmons, 2022). Zone 29 of Wynd, (1965) within the
upper Sarvak platform (the Valvulammina—Dicyclina
Assemblage Zone), was renamed the Moncharmontia
apenninica —Nezzazatinella — Dicyclina Assemblage
Zone by Omidvar et al. (2014) with the observation
that this is Turonian in age, mainly because of the
presence of Moncharmontia apenninica. However,
Schlagintweit and Yazdi-Moghadam (2021) have
convincingly shown that M. apenninica can occur
in Cenomanian strata, leaving the age of this zone
open to question. As such it is possible that the intra-
Sarvak disconformity assigned to the Cenomanian—
Turonan boundary (Rahimpour-Bonab et al., 2013;
Mehrabi and Rahimpour-Bonab, 2014; Hajikazemi
et al., 2017; Malekzadeh et al. 2020) and recognized
in this study as Tul SB, could be older. A plausible
alternative interpretation could be to recognize this
disconformity as the late Cenomanian K140 SB. Sharp
et al. (2010) recognized signifcant forced regression
within the Sarvak Formation in the late Cenomanian
in the Anaran area of Lurestan Province but noted
that the latest Cenomanian to early Turonian is absent
in proximal settings.This implies erosion related to
the mid-Turonian unconformity down-cut into the
late Cenomanian within platform areas, with the
overlying middle-late Turonian stratigraphy assigned
to the younger tectonostratigraphic megasequence
deposited post mid-Turonian uplift. In distal settings
towards the margin of the Garau Basin, the correlative
conformity to the mid-Turonian unconformity (K150
SB) is interpreted within the upper part of the Sarvak
Formation (see Fig. 9, Anaran NW Dome outcrop) with
the latest Cenomanian to earliest Turonian inferred
to be absent or possibly condensed at a submarine
hardgound (Sharp et al., 2010).

In the UAE, the Tul LST is recorded within the
Tuwayil Formation and represents a significant change
within the Shilaif intrashelf basin fill from carbonates
to siliciclastics (see Fig. 6, Shilaif basin well)
(Azzam, 1995). An early Turonian age for the Tuwayil
Formation is inferred from its stratigraphic position
above the Cenomanian—Turonian boundary event 6"*C
isotope excursion documented in the upper sequence of
the Shilaif Formation (K140 sequence) (Vahrenkamp et
al.,2015; Perrotta et al., 2017; Hennhoefer et al., 2019)

(see Fig. 6, Shilaif basin well). The Tuwayil Formation
consists of siliciclastic mudstones with shoreface and
shallow-marine sandstones (Azzam, 1995) which
filled the majority of the remaining accommodation
space within the intrashelf basin (Al-Zaabi et al.,
2010; Vahrenkamp et al., 2015; Franco et al., 2018).
The switch from carbonates to siliciclastics is related
to regional Turonian uplift and erosion of the Arabian
Shield hinterland (Al-Zaabi et al., 2010; Franco et
al., 2018; Davies et al., 2019). Reactivation of deep-
seated basement structures in the SW UAE channelled
the Tuwayil siliciclastics within the intrashelf basin
(Azzam, 1995; Al-Zaabi et al., 2010).The initial
phase of Tuwayil Formation siliciclastic deposition
was coincident with carbonate progradation along the
margins of the Shilaif Basin (e.g. Al-Zaabi et al., 2010;
Franco et al., 2018). Carbonate lowstand wedges have
been identified in some wells (see Fig. 6, Rub’ Al Khali
well 1), but are areally restricted and only extend a
short distance into the intrashelf basin with most of the
accommodation being infilled by siliciclastics.

Early-middle Turonian carbonates of the Ruwaydah
Formation (Tul MFS) overlie the siliciclastics of
the Tuwayil Formation (Vahrenkamp et al., 2015;
Franco et al., 2018; Van Laer et al., 2019) (Fig. 6).
The Ruwaydah Formation consists of planktonic
foraminiferal and oligosteginid-rich wackestones
in central Abu Dhabi, indicating deposition within
a deeper-water environment (Al Zaabi et al., 2010;
Taher and Al Zaabi, 2015). High energy, peloidal shoal
facies have been reported at the platform margin, while
lower energy wackestones, packstones and mudstones
characterize the platform interior (Al Zaabi et al.,
2010) (Fig. 12e¢).

Middle — late Turonian (Tu2) (Fig. 12f)
There is no evidence for the preservation of middle-
late Turonian stratigraphy in the southern part of the
Arabian Plate. As only a single depositional sequence
(Tul sequence) within the Ruwaydah Formation is
recognised (Al-Zaabi et al., 2010; Vahrenkamp et al.,
2015; Van Laer et al., 2019), a hiatus spanning the
middle-late Turonian (Tu2 sequence) is inferred prior
to the deposition of the Laffan Formation (and regional
equivalents) in the early Coniacian (K150 sequence)
(Fig. 12f). This is consistent with the occurrence of
regional uplift and erosion across the southern part of
the Arabian Plate at this time (Sharland et al., 2001).
The Tu2 sequence is recognized within a distal
setting towards the margins of the Garau Basin in
Lurestan Province, SW Iran (see Fig. 9, Anaran
NW Dome outctop) (Sharp et al., 2010) that was
presumably isolated from mid-Turnonain uplift
and hence records an apparently continous marine
succession through the mid-late Turonian. A complete
succession of Turonian stratigraphy is also recognized
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along the northern margin of the plate (see Table 2).
Outcrops in the onshore Levant, particularly the well-
documented sections in Jordan (e.g. Powell and Moh’d,
2011), provide a type-section for the Turonian of the
Arabian Plate. In Jordan, a prominent salina/sabkha
gypsum bed at the top of the Shueib Formation (see
Fig. 10, Silla outcrop) (Schulze et al., 2005; Powell
and Moh’d, 2011) marks the culmination of significant
regression and the mid-Turonian K150 SB. This
surface is contemporaneous with the major erosional
unconformity noted across much of the Arabian Plate.

DISCUSSION

Evolution of Accommodation Space

across the Arabian Plate

There are large variations in the preserved thickness of
Cenomanian—Turonian stratigraphy across the Arabian
Plate (Fig. 14). In platform settings in Oman, Saudi
Arabia, UAE and Iraq, the Cenomanian—Turonian is
typically 300-500 m thick (Figs 6, 7 and 8). However,
in SW Iran the thickness of the interval varies from
>800 m in Khuzestan Province (e.g. at the Ahwaz field;
Kazem Zadeh, 2016) to 0 m in parts of Fars Province
(Vincent et al., 2015) (Fig. 9).

Comparing sequence isopach maps and GDE
maps (Fig. 13) demonstrates the evolution of
accommodation space across the Arabian Plate.
Changes in accommodation space are due to
the interplay between relative sea-level change,
palacogeographic setting and tectonic regime. Across
the majority of the plate, palaecogeographic trends
began to differentiate in the early Cenomanian from an
expansive and relatively flat carbonate ramp system in
the late Albian (K110). An exception to this occurred
in the Garau Basin in SW Iran and NE Iraq, interpreted
as a re-entrant of NeoTethys which was inherited from
the Albian and which was maintained throughout the
Cenomanian—Turonian. As a result, a complete, deep-
water Cenomanian—Turonian succession is preserved
in the basin although it is only ~100 m thick (Fig. 14)
(Navidtalab et al., 2019).

In general, the Cenomanian sequences were
deposited on the passive Arabian Plate margin during
relatively quiescent tectonic conditions. The composite
thickness of the Cenomanian across much of the
plate was controlled by differential rates of carbonate
aggradation in response to relative sea-level changes
and the development of condensed intrashelf basin
successions (Razin et al., 2010, 2017). For instance, the
Cenomanian is relatively thin (<200 m) in the Shilaif
Basin compared to the platform margin succession
(>400 m). However, the Turonian succession in
the intrashelf basin is thicker (100-200 m) than the
corresponding platform succession (<100 m) as the
remaining accommodation space was largely infilled

by siliciclastics of the Tuwayil Formation (Tul LST)
(Fig. 6).

In SW Iran, regional transects demonstrate
significant changes in the thickness and preservation
of the Cenomanian—Turonian depositional sequences,
as well as variations in the palaeogeography (Figs 9
and 14). There is a partial correlation between the
development of Cenomanian intrashelf basins in
Iran and the occurrence of WNW-ESE and ENE-
WSE trending basement faults such as the Sarvestan,
Nezambad and Kazerun faults in Fars Province (Figs
9, 11 and 12) (Navidtalab et al., 2020; Kalanat et al.,
2021). There is a regional differentiation between the
southern Fars Province and the area to the north of the
Kazerun Fault. Significant subsidence occurred to the
north during the Aptian and Albian (van Buchem et
al., 2010), a trend that continued into the Cenomanian
where a very thick sequence of shallow-water Sarvak
Formation was accommodated in the Ahwaz area
(e.g. Kazem Zadeh, 2016). During the Albian there
was no evidence for differential tectonic subsidence
in southern Fars Province, where the Cenomanian is
relatively thin to completely absent and was influenced
by salt tectonics (Vincent et al., 2015).

Palaeohighs reactivated in the Cenomanian (e.g.
Gad-e-Safid and Gachsaran) are recognized within the
Dezful Embayment (Mehrabi and Rahimpour-Bonab,
2014). Variability in the intensity and duration of
karstification at unconformity surfaces assigned to the
mid-Cenomanian (K130 SB), Cenomanian—Turonian
boundary (probable Tul SB) and mid-Turonian
(K150 SB) has been associated with the presence of
these palaecohighs (Mehrabi and Rahimpour-Bonab,
2014). Mehrabi and Rahimpour-Bonab (2014) related
the reactivation and uplift of these structural highs
during the Cenomanian to compression associated
with the transition from a passive margin to an active
margin along the eastern periphery of the Arabian
Plate. However, the mid-Cenomanian (K130 SB) and
Cenomanian—Turonian boundary (probable Tul SB)
unconformities pre-date the transition to an active
margin which occurs within the mid-Turonian (K150
SB) (Sharland ez al., 2001). As such, it seems likely that
only the mid-Turonian unconformity is associated with
the compressional phase that occurred as a precursor to
obduction in the Late Cretaceous (Searle et al., 2014).

An alternative interpretation for the presence of
active highs and horst-graben architecture during
the Cenomanian invokes an extensional regime that
occurred prior to Turonian inversion (Navidtalab
et al., 2020; Kalanat et al., 2021). Extension along
basement structures gave rise to troughs while
contemporaneous salt movements created structural
highs. The influence of local salt movement on the
thickness of the Cenomanian—Turonian stratigraphy
was also recognized by Vincent et al. (2015), and
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Fig. 14. Mega-regional correlation highlighting the thickness and preservation of Cenomanian—Turonian
sequences across the Arabian Plate.Thickness changes are principally related to palaecogeographic setting,
while preservation is related to the structural domain and tectonic overprint. Note the absence of late
Cenomanian and Turonian sequences across basement-cored structural highs such as the Burgan Arch and the

Qatar Arch.

halokinesis implies that there was structural control
on the development of at least some Cenomanian
intrashelf basins in Iran. Regional extension here is
compatible with plate-wide studies that indicate a
transtensional regime in the mid-Cretaceous elsewhere
in Africa-Arabia (Guiraud and Bosworth, 1997).

However, not all intrashelf basins in onshore
Iran necessarily had structural control. Razin et al.
(2010) documented the development of an intrashelf
basin in the High Zagros related solely to differential
aggradation of a carbonate platform in response to
relative seal-level rise, with no tectonic subsidence.
The timing of intrashelf basin development during the
Cenomanian in Iran and Oman is contemporaneous,
which may imply a regional control linked to the rate
and magnitude of relative sea-level change.

Turonian Uplift and Tectonic Overprint

The Turonian sequences were deposited within an
active margin compressional phase and hence the
thickness of these sequences has a strong tectonic
overprint. In the southern and eastern parts of the
Arabian Plate, the composite Turonian unconformity
(K150 SB) locally cuts down and truncates older
Cenomanian sequences (Fig. 14). For instance, the
upper part of the K140 sequence is truncated in parts
of Oman (van Buchem et al., 2011) (see Fig. 6, Natih
West-81 well), while the Cenomanian K120, K130
and K140 sequences show variable preservation in the
eastern Mishrif Platform in the UAE and Iran (Jordan
et al., 1985; Videtich et al., 1988; Pascoe et al., 1995;
Piryaei et al., 2011). Long-lived basement-cored
structural features were reactivated and preferentially
uplifted as a result of Turonian compression. The late
Cenomanian (K140) and the entire Turonian (Tul and
Tu2) is absent across the Qatar Arch in offshore Qatar

(van Buchem et al., 2014), while the early Cenomanian
(K120) subcrops beneath the unconformity across
the Burgan Arch in Kuwait (Davies et al., 2002)
(Fig. 14). There is also considerable truncation of the
Cenomanian to early Turonian stratigraphy along the
Safaniyah-Nowrooz-Hendijan Arch in the northern
Arabian Gulf (Al-Laboun, 1977; Baniasad et al., 2021).
The Mishrif Formation is absent from the area around
the Lekhwair Arch in SE UAE (Franco et al., 2018),
indicating erosion into the Albian or the underlying
succession. In parts of Fars Province in SW Iran, the
Cenomanian and Turonian are absent within outcrop
sections along the structural trend of the Qatar-Fars
Arch (Vincent et al., 2015) (see Fig. 9, Namak and
Asaluyeh outcrops).

Mid-Turonian uplift and erosion clearly has a
strong regional control on the preserved thickness of
the Cenomanian stratigraphy as reflected in the mega-
regional correlation of the Cenomanian-Turonian
sequences (Fig. 14). However, in Fars Province, variable
preservation beneath the mid-Turonian unconformity
is limited to the Cenomanian and does not extend into
the Albian, which is stratigraphically complete with
limited thickness variation (Vincent et al., 2015). This
suggests that the absence of Cenomanian stratigraphy
at outcrop sections in Fars Province may be related
to non-deposition during the Cenomanian across an
active structural high that formed an extension to the
Qatar-Fars Arch (Vincent et al., 2015) as opposed to
subsequent erosion during mid-Turonian uplift. In the
latter case, a more pronounced erosive profile that cuts
down into the Albian stratigraphy would be expected.
Further evidence for a syn-depositional structural
control on Cenomanian facies and thickness variations
in SW Iran was documented by Navidtalab et al. (2020)
and Kalanat et al. (2021) (see previous discussion).
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IMPLICATIONS FOR
PETROLEUM HABITAT

Distribution of Petroleum Systems Elements

The sequence stratigraphic model presented here
provides a framework within which to predict the
distribution of petroleum systems elements within the
Cenomanian—Turonian succession across the Arabian
Plate. The distribution of petroleum systems elements
can often be directly related to the palacogeography
and morphology of the depositional systems, giving
confidence to predictions in areas where there is little
data control for the purposes of near-field and frontier
exploration.

Source Rocks

The majority of hydrocarbons reservoired within
the Cenomanian—Turonian stratigraphic interval are
derived from older source rocks. However, Cenomanian
—Turonian source rocks are significant in parts of the
Arabian Plate and charge (or at least contribute to) mid
-Cretaceous reservoirs. The distribution of these source
rocks is in general controlled by the development of
intrashelf basins in which there was bottom-water
anoxia. Within symmetric intrashelf basins (Fig. 5B),
organic-rich carbonates and marls are associated with
the late TST as intrashelf basin morphology developed
(Razin et al., 2010; 2017). However in asymmetric
intrashelf basins, the input of siliciclatics has the
potential to dilute the organic matter content in deep-
water shales and marls, suppressing the development
of source rock intervals as demonstrated in the Najaf
basin in southern Iraq (Fig. 5A).

Organic-rich carbonates and marls charge
Cenomanian—Turonian reservoirs in Oman (Terken,
1999), the UAE (van Lear et al., 2019), Saudi Arabia
(Newell and Hennington, 1983) and offshore Iran
(Bordenave, 2014; Hosseiny et al., 2016). Organic-rich
carbonates are also recognized within Cenomanian—
Turonian deep-water facies in the northern part of the
plate. Thus self-sourcing mid-Cretaceous petroleum
systems have been reported in both Turkey (Demirel
et al., 2001) and Jordan (Liining and Kuss, 2014).
For instance at the Hamzeh oilfield in Jordan, late
Cenomanian — early Turonian source rocks of the
Shueib Formation charge a mid-Turonian carbonate
reservoir in the Wasi As Sir Formation (Liining and
Kuss, 2014) (see Fig. 10; Hamzeh 4 well).

Organic-rich carbonates within the Shilaif and Natih
Formations are regarded as emerging unconventional
resource plays in the UAE (van Lear et al., 2019) and
Oman (Mohsin et al., 2018). The maximum extent of
these source rocks within each depositional sequence
can be represented by the MFS Gross Depositional
Environment (GDE) maps (Fig. 12) which are the basis
for source presence screening.

Reservoirs

Cenomanian — Turonian carbonates with high primary
reservoir quality typically occur within rudist bioherm
and shoal facies which were deposited adjacent
to the margins of intrashelf basins (Burchette and
Briton, 1985; Burchette, 1993; Mahdi et al., 2013;
Perrotta et al., 2017). These facies are preferentially
developed within HSTs (Fig. 5), and potential reservoir
fairways are therefore present within the HST of
each depositional system as rudist biostromes and
shoal environments tracked the progradation of shelf
margins. Progradational belts can be captured within
each depositional sequence on the HST GDE map (Fig.
13), which is the basis for reservoir presence screening.

Seal
The Cenomanian-Turonian petroleum system is
bounded by a Late Cretaceous top seal across large
parts of the Arabian Plate which overlies the mid-
Turonian unconformity (K150 SB) and which typically
consists of a claystone or fine-grained carbonate unit
within the K150 sequence (van Buchem et al., 2011).
In the UAE, claystones within the Coniacian Laffan
Formation form an effective top seal for both structural
and stratigraphic traps (Al-Zaabi et al., 2010), including
those with a subcrop component (Franco et al., 2018).
Fine-grained siliciclastic and tight carbonate units
may also form intraformational seals. Claystones are
typical of the LST in asymmetric intrashelf basins and
the early TST within platform settings (van Buchem et
al.,2002; Razin et al., 2010; 2017) (Fig. 5). Important
intra-reservoir seals include siliciclastic units within
the lower and upper members of the Ahmadi Formation
in Kuwait and SE Iraq (Youssef et al., 2019) (Figs 7
and 8), the Natih C and Natih D in Oman (van Buchem
et al., 2002) (Fig. 6), the Ahmadi-Wara and Rumaila
Formations in Kuwait and Saudi Arabia (Alsharhan et
al.,2014; Youssefet al.,2014,2019; El Gezeery et al.,
2015), the Khatiyah Formation in Qatar (van Buchem
et al., 2014), and the Tuwayil Formation in the UAE
and Saudi Arabia (Lii et al., 2018) (Fig. 6).
Fine-grained, tight carbonates can also constitute
lateral seals for stratigraphic traps and may result
from either depositional facies changes or diagenetic
processes. For instance, a change in depositional facies
from rudist-rich grainy carbonates to micritic lagoonal
carbonates could facilitate a stratigraphic trapping
opportunity, with lagoonal carbonates forming the
lateral seal. However, such stratigraphic traps are in
general subtle and difficult to predict.

Controls on Carbonate Reservoir Quality

Reservoir quality within Cenomanian—Turonian
carbonate reservoirs on the Arabian Plate is complex.
Carbonate facies deposited across a wide range of
depositional environments may exhibit high porosity
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Fig. 15. Porosity — permeability plots for the Mishrif Formation. Data is compiled from various publications
including Aqrawi et al. (1998) and Perrotta et al. (2017). Data from the Mishrif Formation demonstrates a
primary control on reservoir quality related to depositional facies in platform margin settings.

but heterogenous permeability (Burchette and Britton,
1985; Jordan et al., 1985; Hollis, 2011) and a particular
porosity value may be associated with a range of
permeabilities spanning 2-3 orders of magnitude
(e.g. <I to >1000s of mD). Porosity systems can be
variable as the carbonates often display ubiquitous
micropores together with primary macropores (inter-
and intraparticle) and secondary dissolution pores
creating a dual or triple porosity system (Hollis,
2011). Fracturing, dolomitization and large-scale
karstification are added complexities which may be
superimposed on an already heterogenous pore system
(Sharp et al., 2010; Hollis, 2011).

The prediction of reservoir quality in Cenomanian—
Turonian carbonates at a regional scale is therefore
challenging. However, there is a general association
between the distribution of grainy, rudist-rich
carbonate facies and high reservoir quality (Hollis,
2011). Dissolution of rudist bioclasts results in the
development of relatively large biomoulds (up to 1 mm
diameter) which provide the majority of the primary
macroporosity within the carbonates (Hollis, 2011).
These macropores are likely to be more interconnected
than micropores, and hence rudist-rich biostrome and
shoal facies have significantly higher permeability
than basinal or platform interior facies assuming all

other factors are equal. This is demonstrated in Fig.
15 which shows porosity-permeability data taken from
the Mishrif Formation in platform margin locations in
Iraq (Aqrawi et al., 1998) and the UAE (Perrotta et
al., 2017). This control on reservoir quality is to some
extent predictable at a regional scale from GDE maps,
as rudist-rich facies mostly occur along the margins of
intrashelf basins. However, there is complexity in the
facies’ detailed distribution (e.g. Mahdi and Aqrawi,
2014; Lii et al., 2018) as localized rudist buildups can
also occur within intrashelf basins (Burchette, 1993;
Neo, 1996; Basu et al., 2015) and in back shoals in
the platform interior (Li et al., 2018). Reworking of
fragmented rudist material to form grainstones and
rudstones both downslope as calciturbidites and into
platform interior settings as sand sheets (probably due
to storm events) may also occur. Indeed, the latter may
cause difficulties in effective reservoir management,
particularly where waterflooding is employed to
improve secondary recovery (Cross et al., 2010).
While the distribution of rudist-rich facies is
important, it is not necessarily a prerequisite to attain
high reservoir quality and there are numerous examples
of productive reservoirs which were deposited in
platform interior settings. For instance, Sarvak
reservoirs in the Zagros fold-and-thrust belt of SW Iran
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are interpreted to have been deposited a considerable
distance away from the margins of any intrashelf
basin (Taghavi et al., 2006). In these instances,
diagenesis and/or fracturing may improve reservoir
quality and compensate for relatively low primary
matrix permeability (Taghavi et al., 2006; Casini et
al., 2011; Hollis et al., 2011), and reservoirs with
high primary reservoir quality may also be enhanced
by these secondary processes (Cantrell et al., 2020;
Majeed et al., 2021). Tectonic fracturing may result in
a dual permeability system which in turn may promote
subsequent dolomitization by providing pathways for
hydrothermal fluids (Sharp et al., 2006, 2010; Lapponi
et al., 2011). Hydrothermal dolomites commonly
enhance reservoir quality but are not stratigraphically
predictable (Sharp et al., 2010).

Meteoric diagenesis may also impact upon the
quality of Cenomanian—Turonian carbonate reservoirs.
Prolonged subaerial exposure as a result of relative
sea-level fall and/or tectonic uplift may result in
karstification of the tops of carbonate platforms.
Karstification beneath major sequence boundaries
has been recorded from outcrop, seismic, whole core
and stable isotope studies (Burchette and Britton,
1995; Jordan et al., 1995; Botton-Dumay et al.,
2002; Grélaud et al., 2006, 2010; Homewood et al.,
2010; Rahimpour-Bonab et al., 2013; Hajikazemi et
al., 2017; Vincent et al., 2020; Cantrell et al., 2020;
Malekzadeh et al. 2020; Chen et al., 2021). However,
the impact of karstification on reservoir quality is
complex and difficult to demonstrate away from
outcrop, as karst features are typically much larger in
scale than thin sections and core plugs. Depending on
the circumstances, karstification has the potential either
to enhance reservoir quality through the creation of a
secondary permeability network, or degrade reservoir
quality as paleosols can infill karst vugs, occlude
existing pores and create flow baffles (Hollis, 2011).

Permeability enhancement and permeability
reduction can occur at different depths within the
same karstified reservoir, creating intervals with
very heterogenous permeability (Botton-Dumay
et al., 2002). Preferential dissolution of rudist
debris beneath karst surfaces may create very high
permeability (>100 mD) zones that enable early
breakthrough of formation waters (Hollis et al., 2010),
resulting in complications for reservoir development
and management. The following factors should be
important when considering karst and its impact
upon reservoir quality: duration of exposure; relief;
magnitude of relative sea-level change; nature of the
exposed substrate; climate; depth to water table; the
presence and fill of incised valleys (e.g. sand or shale);
clay infiltration of caves, fissures and dolines; grain
mineralogy and propensity to dissolution (aragonite
vs high Mg vs low Mg calcite allochems); differential

cementation; salt movement; and whether soils or
coaly swamps are present (Burchette and Britton, 1995;
Grelaud et al., 2006, 2010; Ghabeishavi et al., 2009;
Cross et al., 2010; Sharp et al., 2010; Burchette et al.,
2010; Hollis, 2011; Deville de Periere et al., 2017,
Assadi et al., 2018; Xiao et al., 2020).

The likelihood of encountering karst features
varies within the Albian—Turonian succession. The
most significant karstified surface is the composite
mid-Turonian unconformity (K150 SB) which resulted
from tectonic uplift and a relatively long duration
of exposure (up to 3 Ma) across a highly variable
topographic profile. This surface is recognized
regionally and is associated with dissolution features,
vugs and brecciated cavities, vadose cements, dolines,
paleosols, bauxites, incised channels and channel fills
at various locations across the southern part of the
Arabian Plate (Videtich et al., 1988; Burchette and
Britton, 1995, Jordan et al., 1995; Botton-Dumay et al.,
2002; Droste and Van Steenwinkel, 2004; Zarasvandi
et al., 2008; Sharp et al., 2010; Hollis, 2011; Deville
de Periere et al., 2017; Assadi et al., 2018).

Another significant karstified surface occurs at
the base of the middle Cenomanian K130 SB and
results from a widely recognized relative sea-level
fall (e.g. Hancock, 2003; van Buchem et al., 2011).
A regional exposure surface occurs beneath the K130
SB in platform locations (Hollis, 2011; van Buchem
et al., 2011), with evidence of channel incision in
Oman (Grélaud et al., 2006, 2010; Homewood et al.,
2008). Disconformities with associated karst features
have been reported, at least locally, for all recognized
sequence boundaries within the Cenomanian—Turonian
interval. For instance, karst features are documented at
the top of the Mauddud Formation in Kuwait beneath
the K120 SB (Cross et al., 2010; Vincent et al., 2020)
and at the “Mishrif Disconformity” in southern Iraq
beneath the K140 SB (Mahdi et al.., 2013; Mahdi and
Aqrawi, 2014; Cantrell et al., 2020). A Cenomanian—
Turonian boundary disconformity within the Sarvak
Formation in Iran is also recognized (Rahimpour-
Bonab et al., 2013; Mehrabi and Rahimpour-Bonab,
2014; Hajikazemi et al.., 2017; Malekzadeh et al.,
2020), but in this study we assign it to the early
Turonian Tul SB although we acknowledge that
this surface could potentially be older (see previous
discussion).

Exploration Opportunities in Stratigraphic Traps
As the Arabian Plate is a mature petroleum province with
few large-scale structural prospects remaining undrilled,
exploration opportunities within the Cenomanian—
Turonian petroleum system predominantly consist of
stratigraphic traps. Exploration of this play requires
a detailed understanding of depositional facies
changes which can be achieved within the sequence
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stratigraphic framework proposed in this study. GDE
maps provide the basis for play screening, as they
characterize depositional facies variations through the
full cycle of relative sea-level change and show the
spatial distribution of petroleum systems elements.
Furthermore, field or prospect scale reservoir studies
are more valuable when they can be placed within the
context of a regional model. There is considerable
value to be gained from analogues elsewhere on the
Arabian Plate, but only if they can be identified and
understood within a regionally consistent framework.

Recent discoveries reported in stratigraphic traps
such as the Eridu field, SE Iraq (Lukoil, 2017), and
the Mishrif discoveries on the western margin of the
Shilaif intrashelf basin in the UAE (Lii et al., 2018;
Jaya et al., 2020; Xiao et al., 2020), highlight the
remaining potential within the stratigraphic play. At the
Eridu field, the limited information available (Lukoil,
2017) suggests that the Mishrif reservoir comprises
an isolated rudist biostrome, and this appears to be
similar to the stratigraphic trapping mechanism at the
Dujaila field (Sadooni, 2005; Khawaja et al., 2021) as
illustrated by Mahdi and Aqrawi (2014).

Recent exploration and appraisal wells in the UAE
emphasise the complexity of the stratigraphic play as
the oil-water contact is not structurally controlled,
with water-bearing reservoirs located up-dip from oil
discoveries (Lii et al., 2018; Jaya et al., 2020). Controls
on the stratigraphic trapping mechanism are not well
understood, and there is considerable uncertainty
regarding the configuration, volumes and connectivity
of'the oil pools (Jaya et al., 2020). Diagenetic processes
may account for the trapping mechanism (Jaya et al.,
2020) although this has not been demonstrated.

It is possible that stratigraphic traps with a similar
configuration could result from variations in primary
depositional facies. Thus shoal and biostrome facies
with well-developed, interconnected macropores
may be oil saturated, while adjacent open platform
or lagoonal facies with ubiquitous micropores at the
same depths within a common structure may have
high irreducible water saturations. For example, there
are a number of oilfields in the Dezful Embayment
(SW TIran) (e.g. Abteymur) and southern Iraq (e.g.
Nahr Umr) where interpreted oil-water contacts are
shallowest on the crests, deepest on the flanks, and at
intermediate depths in-between. Petrophysical analyses
indicate a single free-water level across these fields.
While fault compartmentalization has been proposed
to explain these observations, even though faulting has
not been identified on seismic data, a viable alternative
model places microporous rocks at the crests of the
structures and macroporous rocks on the flanks.

In examples from the Sarvak and Mishrif
Formations, the distribution of pore systems can be
a consequence of sequence stratigraphic layering.

However, lateral facies changes such as those observed
on the margins of the Shilaif Basin (Lii et al., 2018;
Jaya et al., 2020) may produce similar results with thick
transition zones in more crestal areas and deeper, more
abrupt oil-water contacts on the flanks. Thus, deeper,
dry oil with a negligible water cut is recovered from
flank wells rather than from crestal locations in such
fields (e.g. Abteymur, SW Iran). Hydrodynamically
inclined oil-water contacts due to Oligocene tectonic
tilting has been identified in the Al-Shaheen field,
offshore Qatar (van Buchem et al., 2014), and the Sirri
fields, offshore Iran (Bashari, 2021), and thus should
be considered elsewhere.

The charging mechanism for the discoveries
on the western margin of the Shilaif Basin in the
UAE relies on lateral migration (>100 km) from the
thermally mature Shilaif kitchen (Xiao ef al., 2020).
A karstified exposure surface between the Mishrif
Formation reservoir and the Tuwayil Formation top-
seal (corresponding to the Tul SB) may have acted as
a carrier bed for the laterally migrating hydrocarbons
(Xiao et al., 2020). This emphasizes the importance
of characterizing the extent and nature of karstified
surfaces which may potentially act both as carrier beds
and thief zones to breached traps. The latter mechanism
may explain exploration failures in offshore eastern
Abu Dhabi (Burchette and Britton 1985) and offshore
Iran (Baniasad et al., 2021).

Screening for Subcrop Traps

Variable preservation beneath the mid-Turonian
regional unconformity (K150 SB) results in a
Cenomanian —Turonian subcrop across the southern
and central parts of the Arabian Plate. In areas where
grainy rudist-rich and/or karstified carbonates are
truncated by the unconformity, and the unconformity
is overlain by an effective seal, there is a high potential
for a subcrop play (Fig. 16) (Simmons and Davies,
2016). Burchette and Britton (1985) emphasised
the importance of bottom seal integrity to create a
configuration where bottom and top seals merge
at the unconformity surface, preventing continued
migration up-dip. Unlike diagenetic traps and updip
porosity pinch-outs which are complex but localized
phenomena, the potential for subcrop stratigraphic
traps can be predicted at a regional scale. Numerous
hydrocarbon accumulations in the Cenomanian—
Turonian succession have a subcrop component which
is either solely responsible for trapping or complements
an existing trap. Examples include the Fateh field, UAE
(Jordan et al., 1985; Videtich et al., 1988; Pascoe et al.,
1995), the Natih field, Oman (van Buchem et al., 2002),
the Sirri A, B, C and D fields offshore Iran (Farzadi,
2006; Ghajari et al., 2013), and the Al Shaheen and
Guiriel fields, offshore Qatar (Botton-Dumay et al.,
2002; van Buchem et al., 2014; Deville de Periere et
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quality (grainstone or bioherm facies) or secondary
reservoir enhancement (karstification). The results of

al.,2017). This play concept has also been under recent
appraisal in offshore UAE (e.g. Franco et al., 2018).

the subcrop screening (Fig. 17) show trends which

GDE maps can be used to screen for this subcrop

play. By mapping the preservation limits on each

are consistent with the distribution of fields producing
from Cenomanian—Turonian reservoirs, many of which

GDE map surface, the maps can be processed to give

have a subcrop component. The trends include (Fig.

17):

the subcrop extent within each sequence. The HST

maps (Fig. 13) can be used to assess the extent of

1. The Mishrif trend in SE Iraq which is associated
with giant and supergiant fields such as Rumaila and

potential reservoir facies beneath the subcrop based
on the prediction of either high primary reservoir
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Fig. 17. Map showing the simplified and generalized extent of potential carbonate reservoirs within Cenomanian
— Turonian subcrop beneath the regional Turonian unconformity. Overlay shows oil and gas fields with a
carbonate reservoir interval of Cenomanian—Turonian age. Note that the screening output reconciles with
prolific reservoir trends (labelled), many of which have a subcrop component: (1) the Mishrif trend of SE Iragq;
(2) the Sarvak trend of the Dezful Embayment, Iran; (3) the Mishrif trend on the Eastern Platform, UAE;

(4) the Natih trend of northern Oman; (5) the Mishrif trend, offshore flank of the Qatar Arch; (6) the Mishrif
trend, Burgan Arch and Safaniyah-Nowrooz-Hendijan Arch, Kuwait and PNZ; (7) exploration opportunities

within the Rub’ Al Khali area of Saudi Arabia.

Majnoon and which accounts for ~30% of Iraq’s
oil reserves (Mahdi et al., 2013). In this trend, high
primary reservoir quality occurs in shoals and patch
reefs.

2. The Sarvak trend in the Dezful Embayment, SW
Iran, where the reservoir properties of platform interior
facies have been significantly enhanced as a result of
karstification related to sea-level fall and Turonian
uplift (Rahimpour-Bonab et al., 2013; Malekzadeh
et al., 2020). Sarvak reservoirs account for >20% of
Iranian oil reserves (Bordenave and Hegre, 2010) in
fields such as Azadegan, Ahwaz and Gachsaran.

3.The Mishrif trend on the eastern margin of
the Shilaif Basin, UAE, which includes giant and
supergiant fields such as Fateh (Jordan et al., 1985;

Videtich et al., 1988; Pascoe et al., 1995), Umm al
Dalkh (Neo, 1996) (UAE) and the Sirri A, B, C and
D fields, offshore Iran (Farzadi, 2006; Ghajari et al.,
2013). This trend is characterized by excellent primary
reservoir quality in shelf margin shoals and biostromes,
with reservoir quality further enhanced through
karstification beneath the mid-Turonian unconformity.

4. The Natih trend in northern Oman, including
fields such as Fahud and Natih, where reservoir quality
is significantly enhanced as a result of karstification
beneath the mid-Turonian unconformity (K150 SB)
(van Buchem et al., 2002).

5. The Mishrif trend offshore Qatar, where
differential erosion on the flanks of the Qatar Arch
has generated a subcrop profile with karstification of
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micritic, microporous platform top carbonates (e.g.
Deville de Periere ef al., 2017; Botton-Dumay et al.,
2002).

6. The Mishrif trend across southern Kuwait and the
Partioned Neutral Zone. Differential truncation beneath
the mid-Turonian unconformity here was illustrated
by Al-Laboun (1987) along the Safaniyah-Nowrooz-
Hendijan Arch and by Davies et al. (2002) along the
flanks of the Burgan Arch.

The subcrop screening also highlights significant
exploration opportunities away from known fields.
For instance, there are high-graded areas within the
Rub’ Al Khali of Saudi Arabia (7). This area is more
frontier, but the results of this screening process predict
high primary reservoir quality with the potential for
karstification beneath the Turonian unconformity.

CONCLUSIONS

Based on data sourced from the published literature
and the application of a well-dated and -documented
sequence stratigraphic model, a high resolution
sequence stratigraphic analysis has been made of the
Cenomanian—Turonian interval of the Arabian Plate.
This model has achieved a stratigraphic resolution
that is beyond previously published maps, and is
illustrated with palaeogeographic maps, isopach maps
and regional well log and outcrop correlations.

This high resolution time framework has allowed
illustration at the scale of the Arabian Plate of (i)
large-scale patterns of sedimentation including
the initiation and infill of intrashelf basins, (ii) the
significant palacogeographic changes that occurred
within individual 3 order depositional sequences,
and (iii) the impact of local tectonics on facies
patterns and depocentre shifts. This proves the point
that a regional — plate-wide — sequence stratigraphic
approach is essential in order to understand and predict
stratigraphic architecture and with that reduce risk
in exploration. The regionally consistent framework
facilitates and underpins the entire exploration
workflow from well interpretation and correlation to
GDE mapping and play screening.

The distribution of petroleum systems elements
within the Cenomanian—Turonian succession is closely
related to the palacogeography of the depositional
systems and particularly to the style and evolution
of intrashelf basins. The configuration of petroleum
systems elements differs between symmetric intrashelf
basins which were isolated from siliciclastic input
(e.g. the Shilaif and Natih Basins) and asymmetric
intrashelf basins where there was a significant
siliciclastic influence on the inboard basin margin
(e.g. the Najaf Basin). Symmetric intrashelf basins
are characterized by source rock development in the
transgressive systems tract, while rudist-rich carbonate

reservoirs track the progradational shelf margins during
highstands. Intraformational claystone seals are typical
of the early TST within platform settings and record
shoreline retrogradation across the top of the exposed
platform.

Asymmetric intrashelf basins are typically not
associated with source rock development due to
siliciclastic dilution. Rudist-rich carbonates with
reservoir potential may occur on the outboard margin
but are suppressed on the siliciclastic-prone inboard
margin. There is high potential to encounter claystone
seals resulting from siliciclastic input during the
lowstand and its subsequent retrogradation across the
homoclinal ramp during the TST.

The sequence attributed plate-scale dataset used
in this study is unique and offers some important
new insights into the evolution of accommodation
space. In SW Iran, the preserved thickness of the
Cenomanian—Turonian interval varies from >800 m in
Khuzestan to 0 m in parts of Fars Province, and was
principally controlled by tectonics. Notwithstanding
local tectonic overprint, three Cenomanian sequences
can be correlated with confidence at the scale of the
Arabian Plate. Within each sequence, significant
thickness changes may be related to palacogeographic
variations, with condensation occurring in intrashelf
basins and differential aggradation on carbonate
platforms. The development of intrashelf basins may
have occurred during relative tectonic quiescence as
a response to eustatic variations (e.g. in Oman), or in
more tectonically active areas undergoing extension
(e.g. Fars Province, Iran).

Tectonic overprint related to the mid-Turonian
unconformity (K150 SB) is evident in the southern
part of the Arabian Plate and impacts the preservation
of early Turonian and in some cases Cenomanian
sequences. The expression of the uplift is variable,
as demonstrated by the presence of a relatively thick
and complete Turonian sequence in the northern
Arabian Plate which was deposited contemporaneous
to regional uplift in the southern plate.Variable
preservation beneath the Turonian unconformity
results in a subcrop trap play. This play has exploration
potential across large parts of the Arabian Plate where
rudist-rich, karstified carbonates occur beneath the
unconformity and are overlain by a regional-scale
claystone seal.
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The Cenomanian — Turonian succession of the Arabian Plate

Table 2. Descriptions of the depositional sequences documented in this study across the entirety of the Arabian
Plate.The descriptions are divided by broad geographic area, sequence and systems tract (where applicable).

Southern Plate Northern Plate
Sequence syl.srt:cTs (Oman, UAE, Saudi Arabia, Qatar, Bahrain, (Northern Iraq, southeast Turkey, Syria, (Siaustthevrv’;sptlf::n)
Kuwait and southern Iraq) Lebanon, Jordan, Israel and Sinai)
Extensive carbonate platform corresponding to
TST Transition from siliciclastic muddy ramp to Rudist reefs developed along northwestern ”ée Ior‘]” er panlofztg?1Sa/r_\vak Form;atlo'n (xan
Late Albian extensive carbonate platform (van Buchem et margin of the plate (Bein, 1976; Steuber and G = gm ?' & K )- hn r?)g:ept_lon ) tle
K110 al., 2011). Carbonate shoal reservoirs Bachmann, 2002; Gardosh, 2002) (Fig. 10a). In | ~2ray asin in ermansnan Frovince in fran
Sequence recognized within the Mauddud Formation in northern Iraq, reservoirs within the Qamchuga WIER (8 @liieilElzd fn?m i Araplan
d 9 q 9, I A [T N carbonate platform during the Albian
(Fig. 12a) Kuwait (Strohmenger et al., 2006; Cross et al., | Formation consist of alternating limestones and N
HST 2010) dolostones (Al-Qayim et al., 2010). (N_avndl_alab etal., 20.19) and formed a ang-
. v ) lived intrashelf basin throughout the mid-
Cretaceous (Fig. 12a).
Early Platform exposure and karstification Associated with a major karst surface in Fars
Cenomanian recognized in Kuwait (Vincent et al., 2020). In A karstified surface is recognized in northern Province, Iran, which locally condenses the
K120 LST Oman, there no evidence for subaerial Iraq (Al-Qayim et al., 2010) and southeast entire Cenomanian and Turonian interval
Sequence exposure with a marine hardground at the top Turkey (Celikdemir et al., 1991). (Vincent et al., 2015) (see Fig. 9; Namak and
(Fig. 12b) of the Natih-G (van Buchem et al., 2011). Asaluyeh outcrops).
Retrogradation during the early TST is
associated with the deposition of fine grained Siliciclastics associated with the retrogradation
marine siliciclastics, which can form regional of the Arabian Shield shoreline during the early | Characterized by the development of intrashelf
seals (van Buchem et al., 2002; Youssef et al., | TST are recognized in Jordan (Schulze et al., basins. Hemipelagic carbonates within the
2019; Davies et al., 2019) (Figs 6, 7 and 8). 2005) and Sinai (Bauer et al., 2003). Sarvak Formation are recognized within
intrashelf basinal areas in onshore Iran (Razin
Platform drowning during the late TST is Intrashelf basin development in southeast et al., 2010; Piryaei et al., 2010; Vincent et al.,
TST associated with development of intrashelf Turkey is associated with platform drowning 2015; Navidtalab et al., 2020; Kalanat et al.,
basins in Oman, UAE, Saudi Arabia and during the late TST. The Derdere Formation 2021) (Figs 9 and 12b). Organic-rich
southern Iraq (van Buchem et al., 2002; Mahdi | consists of deeper-water facies in its lowermost | carbonates were deposited within the northern
Earl and Agrawi, 2014; Vahrenkamp et al., 2015) parts (C)zkan and Altiner, 2019; Simmons et al., portion of the Shilaif intrashelf basin which
Cenomaynian (Fig. 11b). Organic-rich carbonates deposited 2020) and contains organic-rich carbonate extends into the Iranian offshore (Hosseiny et
K120 within these intrashelf basins are important units which have source rock potential (Demirel al., 2016),
Sequence source rocks (van Buchem et al., 2002; van et al., 2001) (see Fig. 10; Karakopru 1 well).
(Fig. 12b) Laer et al., 2019).
: Extensive carbonate platforms are recognized
Associated with the strong progradation of across the northern part of the Arabian Plate
intrashelf basin shelf margins (Droste and (iui:hbindelr ezt aI.,IZSOO; ﬁauer,at ﬂl 2200131;
Steenwinkel, 2004; Vahrenkamp et al., 2015) Schulze et al., 2005; Powell and Moh'd, 2011). Progradational infill of intrashelf basins within
.HST (Fig. 11b). Charagteri;ed by rudist-rich‘grainy The intrashelf basin in southeast Turkey is thg Iranian opshore. }—_iigh energy (udist—richl
(Fig. 11b) facies belts with clinoform geometries o . . grainstone facies are widely recognized (Razin
: infilled by carbonate progradation. A shallowing AS N
(Wharton, 2015). These progradational belts wards succession is recognized with the etal., 2010; Vincent et al., 2015) (Fig. 11B).
have high reservoir potential (Perrotta et al., DUD U N ecogni .
2017; Lu et al., 2018). eredere Formqtlon ((;ellkdelmlr etal., 1991;
’ ’ Ozkan and Altiner, 2019; Simmons et al.,
2020).
Significant relative sea-level fall of ~30 m (as Sllgr:glf::tt:A?f;sn;gmgoagirg?;l;i_lzpng?a:m
Middle determined from incision into the top of the -
Cenomanian | | oo | Natih E in Oman) (Grélaud et al, 2006, 2010; | An']‘;’g'g’:g gﬁ:‘nﬁh;%j ;f"ﬁ]";‘g::epﬁgg;mthis Karstiied disconformity within the Sarvak
K130 (Fig. 11c) Homewood et al., 2008). A regional subaerial S Wyt l;e - e.rim el wily o’lder Formation in Iran (Mehrabi and Rahimpour-
Sequence 9. exposure surface marked by karstification sequence byoundyaries vv?th - Igiatus spanning Bonab, 2014; Malekzadeh et al., 2020).
(Figii2c) IR plaéform areas (Hollis, 2011; van the Late Albian to Campanian (Packer et al.,
uchem et al., 2011).
Low relief muddy carbonate ramp with
alternating carbonate and siliciclastic cycles in
platform areas (van Buchem et al., 2002;
Droste and Steenwinkel, 2004; Craigie, 2015)
(Fig. 7). K130 is a low accommodation
depositional sequence in Oman and Saudi A stratigraphic hiatus is recognized within the
Arabia that lacks intrashelf basin development middle Cenomanian within platform areas of The aerial extent of intrashelf basins in Iran is
TST (Figs 12c and 13c). northern Iraq (Ameen and Gharib, 2013; reduced in the Middle Cenomanian relative to
Ghafur et al., 2020) (Fig. 2). the Early Cenomanian (Piryaei et al., 2010;
Continuation of deep-marine hemipelagic Razin et al., 2010; Vincent et al., 2015; Kalanat
Middle deposition in long-lived Cenomanian intrashelf Along the northwestern margin of the plate, et al., 2021). This follows the regional pattern
Cenomanian basins such as the Shilaif Basin in UAE mixed siliciclastics and shallow marine of low accommodation within the K130
K130 (Vahrenkamp et al., 2015) and Najaf Basin in carbonate facies are recognized within a sequence as observed in Oman and Saudi
Sequence southern Iraq (Agrawi and Horbury, 2008) (Fig. homoclinal ramp system (El-Araby, 2002; Arabia. The Iranian intrashelf basins that
(Fig. 12¢c) 12c). Farouk et al., 2017). There is evidence for local continue into the Middle Cenomanian may
Relatively stable shelf margins surrounding the | drowning of the carbonate ramp in the Coastal have a structural control as they partially
Shilaif and Najaf intrashelf basins are Plain of Israel (Lipson-Benitah et al., 1990; coincide with WNW-ESE and ENE-WSE
characterized by aggradation and minor Buchbinder et al., 2000; Gardosh et al., 2008) trending basement faults (Navidtalab et al.,
progradation (Fig. 13d). The K130 HST is a and the formation of an isolated intrashelf basin 2020) (Fig. 12c).
HST prolific reservoir interval within southeast Iraq in Jordan (Schulze, 2003) (Figs 10 and 12c).
(Fig. 13d) | associated with rudist grainstone shoals within
the Mishrif Formation (Fig. 6) (Agrawi et al.,
2010; Mahdi et al., 2013; Mahdi and Agrawi,
2014; Yixiang et al., 2016; Cantrell et al.,
0).
Late The K149 LST is not ‘VP'C%‘”V assog:nla\eld with The transgressive surface is recognized as a
Cenomanian channe] incision or extgnswe karstification .at drowning unconformity across the . .
- early the regional scale (Hollis, 2011). However, in northernwestern margin of the plate Exposure surface within the Sarvak Formation
T . south-eastern Iraq, meteoric diagenesis and . . N in platform successions, but not typically
uronian LST Karstificati A (Buchbinder et al., 2000; Bauer et al., 2003; : Y N e
K140 arstl_flcatlon of carbonate reservoirs is Schulze et al.. 2005: Gertsch et al.. 2008: assoc@ted_ with ex_tens_lve karstification or
Sequence re(.:ogrjlze.d beneath the Late lCenomanlan Wendler et al '20106) and in nonhérn Iran meteoric diagenesis (Vincent et al., 2015).
(Fig. 12d) ‘Mishrif Disconformity’ (Mahdi et al., 2013; (Karim ar.1’d Taha, 2009) (Fig. 11)
) Mahdi and Agrawi, 2014; Cantrell et al., 2020). ! i i
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Late
Cenomanian
- early
Turonian
K140
Sequence
(Fig. 12d)

TST

Characterized by the renewed generation of
intrashelf basins in Oman and Saudi Arabia
(van Buchem et al., 2002; Craigie, 2015) and
continuation of hemipelagic deposition in the
Shilaif and Najaf intrashelf basins (Fig. 12d).

HST
(Fig. 13f)

Strong progradation of shelf margins filled
accommodation within intrashelf basins in
Oman and Saudi Arabia (van Buchem et al.,
2002; Droste and Steenwinkel, 2004;
Vahrenkamp et al., 2015) (Fig. 13f). This
highstand sequence is associated with prolific
reservoirs intervals within the Natih-A (van
Buchem et al., 2002) and Mishrif Formation of
UAE (Burchette and Britton, 1995;
Vahrenkamp et al., 2015; Franco et al., 2018).
In southern Iraq, the Najaf intrashelf basin was
infilled with a succession of shallowing
upwards carbonates of the Mishrif Formation.

Platform drowning along the northwestern
margin of the plate characterized by the
deposition of condensed deep marine
ammonite-rich carbonates, marls and black
shales (Lipson-Benitah et al., 1990; Buchbinder
et al., 2000; Bauer et al., 2003; Schulze et al.,
2005; Gertsch et al., 2008; Wendler et al.,
2010b) (Fig. 10). In northern Iraq, the K140
sequence is also associated with platform
drowning and the deposition of the Dokan and
Gulneri formations (Haddad and Amin, 2007)
(see Fig. 10; Taq Taq well, and Fig. 12d). The
Gulneri Formation consists of organic-rich
hemipelagic facies, rich in planktonic
foraminifera recording deep-marine conditions
within tilted half-graben ramp systems. The
Gulneri Formation is assigned to the late
Cenomanian based on association with the
9513C isotope excursion characteristic of OAE2
(Al-Sagri, 2015). However, it has also been
dated as early Turonian (e.g. Haddad and
Amin, 2007). The Deredere Formation in
southeast Turkey also records deeper water
facies within its uppermost part (K140
sequence) (Ozkan and Altiner, 2019; Simmons
et al., 2020).

Renewed development of intrashelf basins in
onshore Iran (Razin et al., 2010; Vincent et al.,
2015) (Fig. 12d).

A potential hiatus or extremely condensed
section is recognized in the latest Cenomanian
to earliest Turonian at the Anaran NW Dome
outcrop section on the margin of the Garau
Basin (Sharp et al, 2010) (Fig. 9). The latest
Cenomanian OAE2 event stratigraphy is not
detected at this otherwise stratigraphically
complete outcrop.

Early-middle
Turonian
Tu1
Sequence
(Fig. 12¢)

LST

Tectonically enhanced lowstand associated
with meteoric diagenesis and karstification on
top of carbonate platforms (van Buchem et al.,

2002; Hollis, 2011). The Tu1 SB can be
superimposed with the K150 SB to form a
composite unconformity result of regional

Turonian uplift (van Buchem et al., 2011).In the
Shilaif intrashelf basin the Tu1 LST is recorded
by thick siliciclastics of the Tuwayil Formation

(Al-Zaabi et al., 2010; Vahrenkamp et al., 2015;

Franco et al., 2018) (see Fig. 6; Shilaif Basin

well).

Typically, a submarine hardground within
platform drowning succession (Bauer et al.,
2003; Schulze et al., 2005)

Maijor karstification surface that significantly
enhances reservoir quality within the Sarvak
Formation (e.g. Ahwaz 355 well; Fig. 9)
(Rahimpour-Bonab et al., 2013; Mehrabi and
Rahimpour-Bonab, 2014; Hajikazemi et al.,
2017; Malekzadeh et al. 2020). A correlative
conformity is interpreted at a submarine
hardground in deeper-water settings (e.g.
Anaran NW Done outcrop; Fig. 9) (Sharp et al.,
2010).

Early-middle
Turonian
Tul
Sequence
(Fig. 12e)

TST

HST

Early-middle Turonian carbonates of the
Ruwaydha Formation overly siliciclastics of the
Tuwayil Formation in the vicinity of the Shilaif
Basin (Vahrenkamp et al., 2015; Franco et al.,
2018; Van Laer et al., 2019) (Fig. 6).

The top of the Natih A in parts of southeast
Saudi Arabia may extend into the middle
Turonian. The uppermost cycle of organic-rich
carbonates recognized in the correlation of
Droste and Van Steenwinkel, (2004) is
interpreted within the Tu1 sequence, but age
constraint cannot be confirmed (see Fig. 6;
Hamidan-1 well).

Along the northern margin of the Arabian Plate,
deep-marine deposition is recorded during the
Tu1 sequence across the drowned carbonate

platform in Sinai (Bauer et al., 2003), Israel
(Buchbinder et al., 2000), Jordan (Schulze,

2003; Farouk et al., 2017) and Lebanon (Saint-
Marc., 1981) (Fig. 12e). In northern Irag, deep

water carbonate facies of the Kometan

Formation were deposited during the Turonian

within inclined half graben ramp structures
(Haddad and Amin, 2007) (Fig. 10).

In southeast Turkey, the Karababa-A Member
spans the Turonian based on biostratigraphy
and carbon isotopes (Milayim et al., 2020).
The Karababa-A Member is an organic-rich

carbonate with average TOC of 1.4 wt.%

(Demirel and Guneri, 2000) and was deposited
within an intrashelf basin or restricted lagoon

environment (Celikdemir et al., 1991) (see Fig.
10 - Karakopru 1 and Akcakale 1 wells, and

Fig. 12e).

Within the Dezful Embayment of Iran shallow-
marine carbonate deposition may have
continued into the early Turonian (e.g. Ahwaz
and Marun fields) (see Fig. 9; Ahwaz-355 well).
The Nezzazatinella-Dicyclina biozone ofWynd,
(1965) is recognized within wells from these
fields suggesting a possible early Turonian age
for the uppermost part of the Sarvak Formation
(Rahimpour-Bonab et al., 2013; Omidvar et al.,
2014). However, definitive proof of early
Turonian Sarvak Formation in platform settings
is lacking from the microfauna present
(Schlagintweit and Simmons, 2022).

Middle-late
Turonian
Tu2
Sequence
(Fig. 12f)

LST
TST

HST

There is no evidence for the preservation of
middle-late Turonian stratigraphy within the
southern part of the Arabian Plate. This
sequence is absent at the composite Turonian
unconformity (K150 SB).

In the onshore Levant, mixed carbonate-
siliciclastic ramp systems are documented
within the middle-late Turonian (Buchbinder et
al., 2000; Bauer et al., 2003; Powell and Moh'd,
2011). High energy carbonate facies are
recognized (Saint-Marc, 1981; Bauer et al.,
2003; Schulze et al., 2005) (Figs 10 and 12f).

In northern Iraq, the middle-late Turonian is
represented by deep-marine hemipelagic
facies of the Kometan Formation (Haddad and
Amin, 2007), while in southeast Turkey, it is
represented by organic-rich carbonates of the
Karababa-A Member (Mulayim et al., 2020)
(Figs 10 and 12f).

Middle-late Turonian stratigraphy in southwest
Iran is generally absent at the regional
Turonian unconformity. An exception is

documented at the Anaran NW Dome outcrop

section on the margin of the Garau Basin. At
this locality the uppermost part of the Sarvak

Formation contains deeper-water micrites and

wackestones that span the M. schneegansi
biozones indicating deposition into the middle-
late Turonian on the slope of this long-lived
depocenter (Sharp et al., 2010) (Fig. 9).






