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ABSTRACT

This study covers a 300 km long, NE/SW oriented transect including five outcrop sections, and provides
new biostratigraphic data and a sequence stratigraphic interpretation of the Albian, Cenomanian and
Turonian sediments (Kazhdumi and Sarvak Formations) present in Coastal Fars (SW Iran). Two different
carbonate depositional systems are distinguished, one for the Albian and one for the Cenomanian/
Turonian. During the Albian eustatic control was the dominant factor influencing sedimentation, while
during the Cenomanian and Turonian large and small scale tectonics were dominant. This resulted in
significant thickness variations and local diagenetic overprint of the sequence boundaries.

Regional correlations were established constrained by ammonite data, as well as sedimentological and
sequence stratigraphic considerations. In the Albian interval, including the Kazhdumi Formation and re-
dated Mauddud Member, three 3rd order sequences have been distinguished. The depositional system
consists of muddy carbonate ramps, rich in orbitolinid benthic foraminifers, which laterally interfinger
with green marls. Albian deposits are present throughout the area and vary in thickness from 100 to
160 m. Subaerial exposure has only been observed on top of the Albian-3 sequence (Top Mauddud
Member).

In the upper part of the succession, which is of Cenomanian/Turonian age, the depositional system
changed to rudist-rimmed carbonate platforms surrounding local organic-rich, intra-shelf basins. The
thickness in this interval varies greatly, from 0 to 300 m, which was controlled by both large scale (Qatar-
Fars high) and local scale (salt domes) tectonic processes. In this tectonically active setting, three Cen-
omanian and one Turonian 3rd order sequences have been distinguished. Several sequence boundaries
show evidences for long-lasted subaerial exposures (up to 13 Ma), with the local preservation of soil
sequences and continental deposits. The expression of these exposures varies laterally considerably, and
macroscopic evidences are sometimes lacking. Petrographic and C & O stable isotope investigations
supplement classic sedimentology to reveal the record of these exposures.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The mid Cretaceous Albian—Cenomanian—Turonian time inter-
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val is characterised on the Arabian plate by the presence of
extensive shallow water carbonate deposits as well as the presence
of organic-rich intrashelf basins which form the key components of
some of the world's most prolific petroleum systems (e.g. Murris,
1980). Well-known reservoirs of this stratigraphic interval
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include the Natih Formation in Oman, the Mishrif Formation in the
UAE, the Mauddud and Khatiyah Formations in Qatar, and the
Sarvak Formation in Iran (e.g. Al-Sharhan and Narin, 1997; Sharland
et al., 2001; Bordenave and Hegre, 2005).

Sequence stratigraphic studies of these rocks that were carried
out in tectonically quiet areas, established a framework of 3rd order
depositional sequences that can be confidently correlated at the
scale of the eastern Arabian plate (e.g. van Buchem et al., 1996,
2002, 2010; Immenhauser et al., 1999; Raven et al., 2010; Razin
et al., 2010; Sharp et al., 2010). This sequence stratigraphic frame-
work, calibrated in time, was recently used by van Buchem et al.
(2011) to propose a revised correlation between these lithostrati-
graphic units on the Eastern Arabian Plate. In addition, van Buchem
et al. (2011) proposed a distinction between two different deposi-
tional systems: the Albian depositional system, characterized by
the development of low-angle, orbitolinid-dominated, muddy
ramp systems (Orbitolina Limestones in the Kazhdumi Formation
in Iran, and Mauddud Formation in Oman and Kuwait), and the
Cenomanian/Turonian system, characterized by rudist rimmed
platforms surrounding organic-rich intrashelf basins (e.g. upper
part of the Sarvak, Mishrif and Natih Formations). This paper pro-
vides further evidence for this depositional model.

The importance of tectonic activity during the Cenomanian/
Turonian interval is well known (e.g. Ricou, 1971; Ala, 1974;
Setudehnia, 1978; Stonely, 1981 Piryaei et al., 2010, 2011) and has
locally significantly overprinted the expression of the 3rd order
depositional sequences. Setudehnia (1978) already demonstrated
the large differences in preservation of the Sarvak Formation in
Western Iran, which varies from a maximum thickness in the order of
900 m in the Ahwaz area to total absence in the Coastal Fars area. A
major tectonic control during the Cenomanian-Campanian was the
obduction of the ocean crust which took place along the south-
eastern and eastern margins of the Arabian plate, and led to (a) the
re-activation of regional deep-seated normal fault systems that
separated large-scale regionally uplifted and subsiding terrains
within the plate, and (b) local salt tectonic uplift, notably above the
Pre-Cambrian Hormuz salt basin.

This paper focuses on the Albian to Turonian succession, exposed
in the coastal Fars area, where the influence of both local salt tec-
tonics as well as regionally uplifted terrains (Qatar-Fars High) can be
observed in a number of seismic scale outcrops. The purpose of this
paper is threefold, firstly to refine the understanding of the timing
and scale of the syn-sedimentary tectonic activity, secondly to
evaluate its impact on the expression of the depositional sequences,
and thirdly to document the diagenetic and sedimentological
expression of the sequence boundaries in this setting.

2. Geological setting

The Zagros Mountain chain, which stretches along a SE-NW
trend throughout SW Iran, is the result of a complex, multi-phased,
geodynamic evolution that affected the eastern margin of the
Arabian plate from the Late Cretaceous to the Neogene. This
deformation phase started with the obduction of Neo-Tethys ocean
floor sediments during the Late Cretaceous, and continued until the
Neogene, resulting in final closure of the Neo-Tethys and foreland
basin deformation in a compressional regime in the Late Miocene,
when the Arabian and Central Iranian plates collided (e.g. Alavi,
1991; Wennberg et al., 2007). Several tectonic units are distin-
guished in the SE-NW oriented belt and the study area is located
southwest of the suture zone near the front of the Zagros folding
(Fig. 1), where the Zagros is subdivided in two large structural
zones separated by the High Zagros Fault. Superposed on this
pattern are additional N/S oriented main basement-rooted faults
(the Kazerun and Hendijan Fault systems) that were active at

various times throughout the geological history, and separate the
Fars province from the faster subsiding Dezful Embayment and
Lurestan areas in the North-West (Fig. 1). The presence of Pre-
Cambrian salts of the Hormuz Formation, limited to the West by
the Kazerun Fault system, strongly influenced the nature of tectonic
deformation in Fars (Fig. 1).

The coastal Fars province is located in the northern extension of the
axis of the Qatar-Fars arch, a deep-seated tectonic structure that dates
back to the Pre-Cambrian and has influenced sedimentation ever
since (e.g. van Buchem et al., 2011). The orientation of this structure is
parallel to the Kazerun and Hendijan Fault systems (Fig. 1).

The study area is located in a relatively low accommodation zone,
compared to the high accommodation areas in Khuzestan and Lure-
stan province. For instance, in large parts of coastal Fars the upper part
of the Sarvak Formation (Cenomanian/Turonian) is absent, whereas
rocks of this age can reach a thickness of up to 1200 m in Khuzestan
area in the North (James and Wynd, 1965; Setudehnia, 1978). During
the Cretaceous, the coastal Fars area consisted for most of the time of
shallow water carbonate platforms (Fahliyan, Dariyan, Sarvak, llam
Formations; Fig. 2) which experienced several episodes of subaerial
exposures of regional extent. During the Albian, carbonate sedimen-
tation was interrupted by a phase of intrashelf marl deposits (Kazh-
dumi Formation; e.g. James and Wynd, 1965).

3. Material and methods

Five outcrop sections were studied, from NNW to SSE: Kuh-e-
Khormuj, Kuh-e-Khartang, Kuh-e-Namak, Kuh-e-Asaluyeh, and
Kuh-e-Gach (Fig. 1; Table 1). The Khormuj and Khartang sections are
located on the northwestern flank of the Qatar-Fars high, whereas
Asaluyeh and Namak sections are located on the structure. The Gach
section is located on the southeastern flank of the structure.

Sedimentological logs were measured at the decimeter scale,
and sequence stratigraphic interpretations were made following
the sequence definition of Vail et al. (1991). Biostratigraphic sam-
ples were taken at 1.5 m intervals. Microfossil determination was
carried out by A. Hosseini, and where applicable the biozonation of
Wynd (1965) was used.

The diagenetic investigations were made at the macroscopic
scale in the field, and on thin-sections using classical optical mi-
croscope and cathodoluminescence equipment. Several sedimen-
tological and diagenetic elements (pebbles, cements) were sampled
with a dentist microdrill under a binocular for carbon and oxygen
stable isotope analysis (83 Ceart, 8 ®Ocarp), in order to investigate the
diagenesis associated with sequence boundaries. In addition, a total
of 255 carbon isotope analyses of bulk matrix micrites were carried
out in 4 sections for chemostratigraphic and diagenesis purpose
(Table 2): Khormuj (116), Asaluyeh (88 samples), Gach (42 samples),
and Namak (9). All samples were analyzed at the Institute of Geology
and Mineralogy, University of Erlangen-Niirnberg, Germany. Pow-
ders were reacted with 100% phosphoric acid at 75 °C using a Kiel 111
online carbonate preparation line connected to a ThermoFinnigan
252 mass spectrometer. Isotopic values are reported in the standard
d-notation in per mil relative to V-PDB (Vienna Pee Dee Belemnite)
by assigning a 3'3C value of +1.95%0 and a 5'80 value of —2.20%o to
NBS19. Reproducibility was checked by replicate analysis of labo-
ratory standards and is better than +0.02%o (10) for carbon isotope
and +0.05%o (10) for oxygen isotope.

4. Sedimentology and stratigraphy
4.1. Depositional environments

The sedimentary facies description is based on macroscopic and
microscopic observations on the faunal content and lithology, and
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Figure 1. Location of the studied sections in the Zagros Mountains of southwest Iran shown on a paleogeographic map of the late Cenomanian (modified and simplified after non-

published data). The location of the Qatar-Fars high is from Sharland et al. (2001).

field observations on sedimentological structures, depositional
geometries and bedding patterns. The environmental interpreta-
tion relies on the microfossil content in combination with
geometrical control (depositional profiles) provided by the seismic
scale outcrops and the regional existing stratigraphic re-
constructions. Two different depositional models each including
several facies associations are distinguished, one for the Albian and
one for the Cenomanian/Turonian. Noteworthy is that the present
interpretations are coherent with already published paleoenvir-
onment models for the Cenomanian-Turonian interval on the
Arabian plate (e.g. van Buchem et al., 1996, 2002; Razin et al., 2010;
Champagne, 2012; Mahdi et al., 2013).

4.1.1. Albian system — low angle, muddy carbonate ramps

4.1.1.1. Orbitolinid-rich wackestone to packstone (mid to inner ramp).
These wackestone and packstone are organized in decimeter to
meter scale beds, displaying a thin and slightly wavy bedding
pattern (Figs. 3, 4, 5, 6). Fossil content can be abundant, in particular
dominated by benthic foraminifers (orbitolinids, trocholinids),
bivalve shells, and echinoderm fragments (Figs. 3, 4, 5).

4.1.1.2. Green marls (shallow intrashelf basin to outer ramp).
The green marls locally display decimeter scale carbonate beds
(Figs. 3, 4, 5, 6). Fossils are locally abundant, including small and
large orbitolinids, bivalves (rarely in situ), echinoderms, and am-
monites (Figs. 3, 4, 5).

4.1.2. Cenomanian/Turonian system — platform to intrashelf basin
system

4.1.2.1. Pisoid-rich, quartz-rich red clays (continental). Paleosoil se-
quences were observed in Khormuj and Khartang sections, with
internal pisoid and glaebule rich-layers and iron crusts. Locally
erosive fluvial conglomerates and sandstones cut through the soil
sequence (Figs. 3, 4).

4.1.2.2. Peloid-rich, bioclastic packstone to grainstone (low-energy
platform top). In this facies association, bedding pattern varies from
decimeter to meter scale (Fig. 6). Meter scale beds can be bio-
turbated, and fossil content includes small benthic foraminifers
(mainly uni- and biseriated, and miliolids), gastropods, bivalve
shells, and green algae (Figs. 4, 5). Micritisation of bioclasts is
common. Rudist-dominated wackestone are locally also observed.
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Figure 2. Revised Albian—Santonian lithostratigraphic scheme of the Fars province. Notable changes were made compared to James and Wynd (1965) based on age revision from

collected ammonites (see the text for explanations).

This facies association illustrates a relatively low energy platform
top environment.

4.1.2.3. Rudist grainstone to rudstone (high-energy platform margin).
Two main kinds of bedding patterns characterize this facies asso-
ciation. Decimeter to meter scale beds, displaying cross-bedding
with bed sets at the meter scale (Fig. 3), are interpreted as
stacked sandwave units. Larger scale clinoforms with a depositional
profile of 35—90 m (Fig. 7), correspond to prograding platform
margin foresets. Bioclasts consist mostly of rudist debris, with
additional echinoderm fragments, undetermined bioclasts, and
small benthic foraminifers (Fig. 3).

4.1.2.4. Bioclastic mudstones and wackestone (toe of platform margin
slope). The bedding pattern consists of thin, cm-scale, parallel beds
with undulating bed tops (Figs. 3, 4, 6, 7). The lithology varies from
marl to mudstone and wackestone with oysters, undetermined
bivalves, rare echinoderm, orbitolinid fragments, as well as bryo-
zoans. Thalassinoides burrows are common, and furrow and scour
features indicate storm influence.

4.1.2.5. Grey marls (intrashelf basin). These uniform and mm-
laminated marls and argillaceous mudstones contain ammonites,
nautiloids, and planktonic foraminifers. Minimum water depth is

Table 1

Coordinates of outcrop sections studied in this work.
Sections Latitude Longitude
Khormuj N28°39'21" E51°24'14"
Khartang N28°31'56" E51°45'09”
Kuh-e-Namak N28°15'16" E51°46'38"
Kuh-e-Asaluyeh N27°35'56" E52°31'31”
Kuh-e-Gach N27°34'46" E54°30'06”

estimated at around 80—90 m, based on laterally existing clinoform
geometries (Fig. 7).

4.2. Sequence stratigraphic framework

The sequence stratigraphic framework was established taking
into account biostratigraphic constraints (ammonites, benthic for-
aminifers), carbon isotope stratigraphy, the evolution of the depo-
sitional system, and the regional tectono-stratigraphic context.
Interpretation of sequence stratigraphy, and used terminology,
follow general principles (e.g. Mitchum and van Wagoner, 1991;
Homewood et al. 1992; Strasser et al. 1999; Catuneanu, 2006).
First the time constraints are presented, followed by the description
of the depositional sequences.

4.2.1. Biostratigraphy and chemostratigraphy

A significant number of ammonites were encountered in the
studied sections. The ammonites found in the Kazhdumi Marls and
Orbitolina Limestones were already reported in Vincent et al.
(2010a,b), and are summarized in Table 3. An abundant fauna
found in the Sarvak Formation of the Khartang section is for the
first time reported and described here (Fig. 3). Other more scattered
assemblages were found in the other sections (Table 3). These
findings are of fundamental stratigraphic significance for the dating
of the lower part of the Sarvak Formation (the Mauddud Member).
Stratigraphically significant species are illustrated in Figure 8.

In the Khartang section an ammonite fauna was collected from a
40 m thick succession of marls and nodular limestone alternations
at the base of the Ahmadi Member which overlays the carbonates
of the Mauddud Member (Figs. 4, 6). Most beds are fossiliferous but
the fauna is more abundant at four different levels. The lower levels
(KHA S01, KHA S02) lie about 15 m above the top Mauddud and
contain exclusively Utaturiceras gr. vicinale (Stolizka). Ten meters
above, another level (KHA S03) is characterized by abundant
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Table 2

Stable isotope results.
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Khormuj section

Asaluyeh section

Gach section

Bulk curve Xtra profile Figure 16
513C 5180 5]3C 5180 513(: 5180 513(: 5180 513C 5180 513C 5180
(%0 VPDB) (%0 VPDB) (%0 VPDB) (%o VPDB) (%o VPDB) (%o VPDB) (%0 VPDB) (%0 VPDB) (%0 VPDB) (%o VPDB) (%0 VPDB) (%o VPDB)
1.67 -551 2.03 —3.84 248 —5.04 1.58 —3.47 3.10 429 1.38 ~-6.39
1.94 -5.14 2.05 —3.88 2.86 —5.61 1.22 —3.72 3.18 —4.45 1.53 -6.21
1.85 —-5.32 1.98 423 232 -5.21 1.16 —3.87 2.89 427 1.76 -585
1.79 —-5.27 2.10 —3.60 227 —5.49 1.51 —3.54 3.11 -439 0.53 -5.08
1.74 —5.47 1.63 —437 1.96 —5.83 1.42 —3.56 277 437 ~0.56 —5.26
1.96 -5.29 2.14 -3.76 1.82 —6.17 1.45 —-3.51 259 443 -1.13 —-8.42
1.86 -5.38 1.86 —3.88 225 —5.88 1.53 —3.53 291 —-4.00 1.91 -6.00
1.64 —5.47 1.79 —4.40 ~-1.15 —5.34 0.52 —4.03 277 411 1.98 —6.48
1.82 -5.38 1.82 -3.96 —4.37 —-5.01 0.75 —3.69 233 421 1.89 -5.60
1.21 -5.98 2.05 —3.66 0.88 —3.73 293 —4.69 1.72 —4.72
1.13 -5.98 1.69 —431 Soil elements (Fig. 15) 0.84 -3.97 2.82 —-4.30 1.61 -3.63
0.63 -5.38 2.14 —3.99 313¢ 3'%0 0.17 —435 2.45 -4.36 1.44 —4.14
(%0 vPDB) (%o VPDB)
1.34 —5.46 1.53 457 —-7.76 451 0.40 —-4.13 2.35 —-4.23 0.68 —-4.77
1.50 -523 2.05 —3.82 —8.82 —4.87 0.76 —4.14 263 —434 0.64 -5.13
1.44 -531 234 -4.28 —7.41 —5.83 1.36 —4.44 3.12 -491 0.11 -3.46
1.75 419 1.96 -3.92 -8.68 ~5.12 1.39 —4.41 3.26 —4.00 -1.52 427
1.67 —454 236 —3.48 1.37 —4.69 3.24 -3.91 0.33 -5.08
1.38 —5.00 222 —455 1.95 —5.33 3.19 —4.04 1.10 ~4.00
1.59 -491 2.06 ~-4.62 1.52 —-4.56 3.16 —4.72 0.72 -3.77
1.54 -5.19 2.10 —427 0.88 —4.60 3.18 —4.46 033 431
1.59 —5.59 2.67 —3.79 1.30 —4.59 333 —4.08 0.58 -435
1.58 —-5.50 1.88 -4.81 1.10 —4.42 3.01 —4.09 0.12 -439
1.24 -5.63 272 —432 2.05 -3.88 3.09 -4.01 035 —5.74
1.14 —5.68 259 —4.52 1.51 —3.84 297 463 0.42 -488
0.66 527 252 —4.46 1.78 —3.64 2.82 —422 0.86 —-458
0.51 —-491 227 ~-4.62 1.60 —4.11 261 —4,08 0.58 -3.84
0.75 -5.26 241 —436 3.05 —451 2.83 —455 0.63 ~-491
-1.07 -5.39 222 —4.64 1.08 —-3.97 2.64 -435 0.75 -5.07
0.92 —-4.14 1.87 -4.70 1.02 —4.02 2.69 -4.19 0.86 —-4.84
0.49 -5.03 1.60 —477 1.78 —4.24 233 437 1.33 —4.92
1.12 —-5.32 1.45 —4.69 2.96 —3.44 2.70 —-3.69 1.61 -217
0.98 —5.54 1.29 -4.08 2.05 —3.43 252 -3.90 2.10 -3.21
1.12 -5.07 1.15 —4.55 1.54 —4.18 238 -3.88 2.14 -3.29
1.06 -5.80 1.53 -3.36 2.12 —4.64 2.58 —4.00
1.11 -5.38 1.20 -3.82 1.82 —-3.78 2.72 -4.16
0.90 -5.16 -2.89 —4.61 2.18 —4.66 235 415
1.20 —555 0.67 —458 2.14 —4.19 3.26 —434
1.17 —-5.06 1.33 —2.85 3.56 —430 3.09 -5.20
1.21 —-5.20 1.36 -3.85 1.89 —4.52 2.75 -6.07
0.85 —4.08 2.19 —3.81 2.64 —431 3.43 -527
1.24 —-5.06 1.77 —4.41 3.44 —431 1.30 -3.28
1.17 -5.73 224 —4.44 3.40 —4.18 1.07 -3.20
0.93 —5.46 2.96 —4.15 3.60 -4.18
0.95 —5.42 3.94 —4.20 3.11 —4.41
1.03 -5.18 3.04 —-4.52 2.89 —4.67 Namak section
1.70 -3.61 2.68 —4.00 3.05 —4.30 3¢ 3'%0
(%0 VPDB) (%0 vPDB)
1.65 -394 259 -3.96 3.05 —4.04 2.33 —3.46
1.29 —-3.57 249 —-4.29 3.00 -4.30 2.53 -3.85
1.25 —4.45 1.38 —4.82 3.02 -4.12 2.05 42
1.35 —-433 033 —4.74 2.59 —4.13 222 -4.11
242 -3.99 1.13 -4.51 2.65 -3.97 2.46 —-422
2.10 —4.14 -1.36 —4.41 2.67 433 2.81 -4.15
1.70 —4.62 2.17 —3.82 29 413
224 -3.69 2.67 -3.88 298 —452
225 -394 3.00 —4.09 3.21 -3.92

Utaturiceras gr. vicinale and Sharpeiceras schlueteri Hyatt. The fourth
level (KHA S04) occurs about 10 m below the Sarvak limestone cliff
(Figs. 4, 6) and is dominated by Sharpeiceras. This fauna indicates
the Early Cenomanian Mantelli Zone. Utaturiceras has been reported
to occur in the lower part of the Cenomanian in South India,
Madagascar, the Middle East, southern England, Germany and
Japan (see Matsumoto et al., 2003 for discussion). When well dated
(Lewy and Raab, 1978; Wiedmann and Schneider, 1979; Wiedmann
et al.,, 1989; Wright and Kennedy, 1996; Matsumoto et al., 2003), the

genus is characteristic of the lowermost part of the Early Cen-
omanian (Carcitanense Subzone). Sharpeiceras schlueteri Hyatt first
appears in the upper part of the Carcitanense Subzone and ranges to
the upper part of the Dixoni Zone (Wright and Kennedy, 1987). The
overlap between Utaturiceras and Sharpeiceras suggests that KHA
S03 represents the upper part of the Carcitanense Subzone while
KHA S04 correlates with the Saxbii Subzone. It should be noted that
Gale et al. (1996) suggested that a Schueteri Subzone should be
introduced in the Mantelli Zone between the Carcitanense zubzone
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Figure 3. Sedimentological log of the Khormuj section, with sequence stratigraphic interpretation and bulk carbonate 3'>C curve (legend on Fig. 4).

and the Saxbii Subzone. This interval most likely correlates with the
range of Sharpeiceras schlueteri at Khartang.

Orbitolinids were also used to date the lower part of the studied
succession (Orbitolina Limestones and Kazhdumi Formation).
These results were previously reported in Vincent et al. (2010a,b)
and Schroeder et al. (2010).

Bulk 3'3C curves were constructed along the Khormuj, Asaluyeh,
and Gach sections (Figs. 3, 5) to provide an independent correlation
tool in addition to the biostratigraphic constraints. C isotope stra-
tigraphy is very explicit in specific time intervals, such as the
worldwide recognized C positive excursion associated with the
Cenomanian—Turonian OAE (Oceanic Anoxic Event) 2 (e.g. Jenkyns,
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2010). The latter positive excursion is clearly identified in the upper
part of the Khormuj (Fig. 3) and Gach (Fig. 5) sections. This is an
element of correlation, locally and at the scale of the Arabian plate
(e.g. Vahrenkamp, 2013), but not a direct accurate dating marker
since the positive excursion extends from the Late Cenomanian to
the Early Turonian (Elrick et al., 2009; Erba, 2004). Still, it bounds
up the Sarvak Formation in an interval where indicative fauna are
extremely rare.

4.2.2. Depositional sequences

A total of seven large-scale sequences are distinguished in the
studied area, three in the Albian, three in the Cenomanian and one
possibly of early Turonian age. Based on their duration they classify

as 2nd and 3rd order sequences (sensu Vail et al., 1991). Detailed
information about the individual stratigraphic sections is provided
in Figures 3, 4, and 5, whereas regional correlations are shown in
Figure 9. They are described hereafter.

The latest Aptian and Albian sequences are represented by the
dominantly marly Kazhdumi Formation, which includes from base
to top (1) the condensed iron-rich sandstones of the ‘Burgan
Sandstone equivalent’ (sensu James and Wynd, 1965), (2) the
Orbitolina Limestones, and (3) the limestones of the Mauddud
Formation. The large scale sedimentological evolution of this in-
terval starts with shallow water, orbitolinid-rich wackestone at the
base to yellow/green marls of the Kazhdumi Formation in the
middle, showing a gradual increase in carbonate rich beds
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Figure 6. Overviews of Khormuj (A), Khartang (B), and Namak (C) sections, with the
positions of the main sequence boundaries.

culminating in the muddy, orbitolinid and trocholinid-rich
wackestone of the Mauddud Formation at the top. This overall
evolution is very clearly expressed in the weathering pattern of
these formations in the Khormuj section (Fig. 3). Within this overall
evolution three large-scale depositional sequences are
distinguished.

4.2.2.1. Latest Aptian/Early Albian (Alb-1) sequence. The basal unit
of the studied interval is formed by the ‘Burgan Sandstone

Figure 7. Remarquable sedimentary features and architectures in the Khormuj section.
A — Onlaps of shallow marine carbonates above the SB 3 are later eroded (toplaps) by
deeper marine carbonates B — Onlaps of shallow marine carbonates above the SB 3,
and overview of the development of the sequence Ce-3 including the 80 m thick
rudist-rich prograding wedge of the Sarvak platform. The downlap surface marks the
MFS of the sequence Ce-3; C — Overview of the sequence Tu, bounded by two expo-
sures described in detail in the text.

equivalent’, a 5 m-thick bed of iron-rich, locally glauconitic, silici-
clastic deposits observed in the Khormuj and Khartang sections. In
the other sections this sequence is absent and only represented by a
hardground surface. The siliciclastic unit marks a sharp break with
the carbonate sedimentation of the underlying Dariyan Formation,
and is interpreted as a strongly condensed shallow marine deposit.
No age dating is at present available for this unit.
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Table 3
List of the stratigraphically significant ammonite fauna collected in the different
sections with their stage and zone attributions.

Section  Sample Species Stage Zone

Khormuj KOJ 03A  Knemiceras cf. syriacum Middle Albian

(intermediate form)

KOJ 05 Knemiceras cf. dubertreti Middle Albian
Khartang KHA 02B  Oxytropidoceras sp. Middle Albian
KHA 04B  Knemiceras gr. syriacum Late Albian Cristatum
KHA SO1  Utaturiceras gr. vicinale early Early
Cenomanian
KHA S02  Utaturiceras gr. vicinale early Early
Cenomanian
KHA S03  Utaturiceras gr. vicinale Early
Sharpeiceras Cenomanian
KHA S04  Sharpeiceras Early
Cenomanian
Namak NAM V02 Knemiceras syriacum Late Albian Cristatum
NAM V03c Knemiceras gr. uhligi Late Albian Inflatum
NAM V04 Knemiceras uhligi Late Albian Inflatum
NAM V05 Knemiceras uhligi Late Albian Inflatum
Asaluyeh ASL GB 05 Knemiceras syriacum Late Albian Cristatum
ASL RS 01 Knemiceras syriacum Late Albian Cristatum
Gash GASH 01  Knemiceras persicum late Early Mammillatum/
Albian/early = Dentatus
Middle Albian

A similar lithological unit in a comparable stratigraphic position
has been observed offshore Qatar, where it is associated with the
last phase of the siliciclastic infill of a large incised valley systems
(Raven et al., 2010). Raven et al. (2010) and van Buchem et al. (2010)
have interpreted this unit as a separate, strongly condensed
sequence of latest Aptian/Early Albian age. In the absence of paly-
nological age dating of the ‘Burgan Sandstone equivalent’, and
based on the strong lithological resemblance and comparable
stratigraphic position, both units are believed to be time equivalent,
and thus of latest Aptian and earliest Albian age.

4.2.2.2. Middle/early Late Albian (Alb-2) sequence. The basal
sequence boundary is formed by the top surface of the iron-rich
sands, which is iron oxi/hydroxide-crusted, and shows no

Utaturiceras gr. vicinale

evidence for subaerial exposure. The upper sequence boundary is a
slightly iron oxi/hydroxide-crusted surface topping an upward
thickening trend of carbonate beds, and abruptly overlain by yel-
low/green marls. Uncertainty about the exact position of this
boundary exists in the Gach section (Fig. 9).

A clear expression of the typical facies and bedding pattern
evolution of this sequence is observed in the expanded Khormuj
section (Figs. 3 and 6). The basal part is formed by orbitolinid-rich
wackestone and packstone with occasional ammonites, overlain by
green fossiliferous marls with large orbitolinids and ammonites,
whereas in the upper part of the sequence thickening-up carbonate
beds return. This sequence shows a variation in thickness from a
maximum of 100 m in Khormuj (Fig. 3) to a minimum thickness of
50 m in Gach (Fig. 5).

Age control provided by the ammonites, shows that oldest units,
of Early/Middle Albian age (Knemiceras persicum Collignon and
Knemiceras syriacum von Buch), are represented by the Orbitolina
Limestone units at the base in the Khormuj and Khartang sections,
and a basal yellow/green marl unit in the Gach Section (Fig. 5). The
basal sediments of this sequence in Assaluyeh have been dated as
early Late Albian age (Knemiceras syriacum von Buch and Knemi-
ceras subcompressum Hyatt). A regional onlap pattern onto the
Qatar-Fars high is thus suggested. Whereby regional deposition of
the yellow/green Kazhdumi marls was established in the region in
the (Early part?) of the Late Albian (Fig. 9).

4.2.2.3. Late Albian (Alb-3) sequence. The basal sequence boundary
is described above. The top sequence boundary is represented by
the top surface of the Mauddud Formation (surface 1; Fig. 9). This
surface has different expressions throughout the region, varying
from an iron oxi/hydroxide-crusted surface, overlain by Ahmadi
marls in the Khormuj and Khartang sections, to a weathered sub-
aerial exposure surface representing a long hiatus (Cenomanian
and Turonian) in Namak and Asaluyeh. Further details about this
surface are provided below.

This sequence shows a lateral variation in facies. It is entirely
carbonate dominated in the northern sections, whereas in the
southern sections it is marly at the base and subsequently cleaning

(Table 2)

Samples KHA S01-02
¥

Samples KHA S03-04 (Table 2)

Figure 8. Stratigraphically significant ammonite fauna Photos 1/2: Utaturiceras gr. vicinale from the Khartang section, samples KHA S01-02 Photos 3/4: Sharpeoceras from the

Khartang section, samples KHA S03-04.
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up to a carbonate facies. A typical element of the carbonate facies is
the high concentration of the orbitolinid and trocholinid benthic
foraminifers. A decimeter to meter scale horizontal bedding is
observed, but no cross-bedding. This sequence varies in thickness
from 50 m in Khormuj, to 95 m in Asaluyeh, and 30 m in Namak.
The overall depositional model is a low-angle muddy ramp.

The age of this sequence is interpreted as middle Late Albian to
late Late Albian, which is based on the ammonites found below and
above this sequence (see detailed information provided in the
biostratigraphy section above).

The Cenomanian/Turonian rocks are represented by the middle
and upper part of the Sarvak Formation. Three Cenomanian se-
quences and one possibly Early Turonian sequence are distin-
guished. These are well preserved in the Khormuj and Khartang
area, which is used as reference, while they are poorly preserved in
the Gach section, and entirely absent in the Asaluyeh and Namak
sections (Fig. 9).

4.2.2.4. Early Cenomanian sequence (Ce-1). The basal sequence
boundary corresponds to the top surface of the Mauddud Forma-
tion (surface 1) and is described above. The top sequence boundary
(surface 2; Fig. 9) is expressed as a facies change, locally overlaying
a hardground.

The Khormuj and Khartang sections show a very similar facies
succession, starting with a marly, fossiliferous (ammonite-rich in
the case of Khartang) facies at the base, evolving into grainstone
and packstone, locally with cross-beddings (in Khormuj, with
decimeter bedsets), in the upper part of the sequence. This evolu-
tion is interpreted as an overall shallowing-up trend from a muddy
intrashelf basin setting to a grainy shallow water carbonate plat-
form setting. Regionally, this sequence shows significant variations
in thickness, ranging from approximately 100 m in the Khormuj
and Khartang area, to complete absence in the nearby Namak and
Asaluyeh sections.

The age of this sequence is Early Cenomanian based on the
ammonite fauna present in the Khartang section (see above).

4.2.2.5. Middle Cenomanian sequence (Ce-2). The basal sequence
boundary is described above. The upper sequence boundary (sur-
face 3) is erosional and marks a sharp facies change in the Khormuj
section, and is a hardground also marking a sharp facies change in
the Khartang section (Fig. 4).

In Khormuj, the facies is a coarse grainstone with steep-angled,
tangential cross-bedding and a depositional relief in the order of
25 m. In nearby Khartang no large scale cross-bedding was
observed, and the succession is slightly thinner and muddier too,
suggesting a more internal, intra-platform setting.

Correlation with the Gach section is uncertain. A 25 m thick unit
of marls and limestones is present above the Mauddud Formation
(Fig. 5) of which the exact biostratigraphic attribution is uncertain,
microfossils giving a broad Cenomanian age. However, low 3'3C
values between +0.5%0 and +1%., with a negative isolated data
(—1.5%o) located in the trangressive facies (Figs. 5, 9) are recorded in
this unit. A very similar 83C pattern characterizes the Ce-2
sequence in the Khormuj section where 3'>C values also range
between +0.5%0 and +1%o with a negative point (—1.1%0) also
located in the transgressive phase (Figs. 3, 9). This similarity may
indicate a contemporaneous deposition. Understanding the origin
of such low 3'3C value above sequence boundaries in transgressive
facies is far beyond the scope of this work. However, reducing
conditions in the transgressive interval are attested in the Gach
section by the presence of pyrite, and one could easily imagine an
input of 8'3C depleted carbonate generated as a by-product of
sulfate reduction (e.g. Dickson et al., 2008). Another explanation
could be the input of '>C-rich carbonate ions from microbial

degradation of organic matter, often present in the transgressive
argillaceous facies in the area (unpublished data).

4.2.2.6. Late Cenomanian sequence (Ce-3). The basal sequence
boundary is described above. The top sequence boundary (surface
4)is a distinctly developed subaerial exposure surface, except in the
Gach section where it corresponds to stacked hardgrounds and iron
crusts (Fig. 5). It is described more in depth in the next section.

The sequence boundary is overlain and onlapped by a 10 m thick
unit of channelized shallow-marine, miliolid-rich packstone, which
are subsequently truncated by the overlying intrashelf basinal
facies (Fig. 7). A well-developed interval of deeper marine intra-
shelf basinal facies represents the trangressive systems tract in
both the Khormuj and Khartang sections (Figs. 3, 4). The upper part
of the sequence is represented in the Khormuj section by a spec-
tacular 90 m thick, rudist-rich unit of prograding clinoforms. These
are interpreted as the coarse grained margin of the carbonate
platform, and suggest that the intrashelf basin was at least
90 m deep (Fig. 7). In the Khartang section, the sequence has a
comparable thickness, but here no evidence for large scale clino-
forms have been observed. In contrast, the succession is charac-
terized by decimeter and meter-scale horizontal bedding and
shows an overall coarsening upward trend. The environment is
interpreted as a more internal platform setting.

This sequence is inferred to be of Late Cenomanian age.

4.2.2.7. Early (?) Turonian sequence (Tu-1). The top sequence
boundary (surface 5) is a distinctly developed subaerial exposure
surface, except in the Gach section, where it only appears as an
intensively bioturbated surface (Fig. 5). From a geochemical point of
view, in both Khormuj and Gach sections, the positive 8'3C peak of
the OAE2 is followed by a sharp shift to lighter values (Figs. 3, 5).
The top surface is further described in the next section.

The sequence starts with a package of paleosoils, which is 4 m
thick in the Khormuj area, and 1 m thick in the Khartang section
(Figs. 3, 4, 9). This is overlain by open marine carbonates, marking a
relative rise in sea level.

Based on the biostratigraphic attribution of Wynd (1965) a
possible Turonian age is suggested for this sequence in both
Khormuj and Khartang. Supporting evidence for this age comes
from the bulk 8'3C curve of the Khormuj section, which shows a
remarkable consistent positive peak in the shallow-marine car-
bonates above the paleosoil reaching about +4%o (Fig. 3). Such high
values were reported all around the world, characterizing the OAE2
event, but again tend to extend between the Late Cenomanian and
the Early Turonian. In the Gach section, a 10 m thick unit is tenta-
tively attributed to the Tu-1 sequence (Figs. 5, 9). The biostrati-
graphic attribution is uncertain but a Turonian age is possible. The
3'3C curve shows, a consistent positive peak up to about +3.5%o in
the shallow-marine carbonates of the regressive part of the
sequence, a very similar pattern to what is observed in Khormuj
section (Figs. 5, 9).

4.2.2.8. Mid Turonian/Coniacian exposure and Santonian flooding.
The top boundary of Tu-1 sequence is overlain in the Khormuj
section by a pluri-meter thick paleosoil package which contains
fluvial micro-conglomerates and pisoliths (Fig. 4 and see below),
and in the Khartang section by a 4 m thick conglomerate (Fig. 4).
These deposits are abruptly overlain by deep marine marls and
argillaceous limestone with oysters and planktonic foraminifers of
the Surgah Formation. The first dated beds above the flooding are of
Santonian age. A similar transgression is observed in the Gach
section, but here the overlaying marls are of Campanian age (Gurpi
Formation; Fig. 9). This means that at least most of the Turonian
and the Coniacian are absent, or extremely condensed in
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Figure 10. Khormuj section — late Cenomanian paleosoil sequence associated with the SB4 Photo 1: Lower part of paleosoil sequence. Note the olive gray dominant color. Photo 2:
Upper part of the paleosoil sequence, with a pisoid-rich level (P, below the dashed black line). Note the red dominant color. Photo 3: Detail of the iron pisoid-rich layer in the
paleosoil sequence. Photo 4: Subvertical tube-like cemented feature (arrow) interpreted as fossilized roots. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

dominantly continental deposits, on the northwestern flank of the
Qatar-Fars high (Khormuj and Khartang), which corresponds to a
hiatus of at least 3 Ma. On the southeastern flank (Gach) the hiatus
includes the Santonian, suggesting a non-deposition and/or
condensation of at least 7 Ma.

On the axis of the Qatar-Fars high, the stratigraphic record is
even less complete. In both Namak and Asaluyeh sections, all the
Cenomanian and Turonian sequences are absent, and all the
sequence boundaries from 1 to 5 are stacked at the top of the
Mauddud (Figs. 5, 9). The late Albian shallow-marine carbonates of
the latter formation are immediately capped by deep water argil-
laceous limestone with planktonic foraminifers giving a Santonian
age (Fig. 5). This represents a hiatus of at least 13Ma.

5. Expressions of sequence boundaries

In this section the diagenetic expression of two of the above
defined sequence boundaries is presented in detail. These have
been chosen for the presence of clear evidence for subaerial
exposure and their importance in understanding the overall evo-
lution of the depositional system.

They were studied in detail in the Khormuj section where they
are best expressed and easily accessible. Additional observations
were made in several other sections, however in these locations the
expression was more subdued, and has less clear sedimentological,
petrographic, or geochemical expression.

5.1. Surface 4: top Ce-3 sequence boundary (Sarvak Formation)

The Cenomanian 3 Sequence is overlain by a several meter thick
interval of fine grained siliciclastics in the Khormuj section (Fig. 3).
The succession is composed of 4 units and develops above a 25 cm
thick transition zone beginning with severely altered limestone and
ending with nodules of chalky limestone floating in a clay matrix.
The first unit corresponds to a 2.05 m thick bed of olive gray clays
with minor amount of silt (Fig. 10, photo 1). The second unit is a
25-30 cm thick pisoid-rich red to brick-red colored layer (Fig. 10,

photos 2, 3), overlain by a third unit of 25—30 cm thick olive
green gray clayey silt. The last unit corresponds to a 1 m thick silty
clay interval with a mottled color distribution becoming more
consistently red to brick-red to the top (Fig. 10, photo 2). Some sub-
vertical calcified features are interpreted as root traces also occur in
this overall interval (Fig. 10, photo 4). Five samples were taken for
clay fraction analysis, and all of them with the exception of the
sample taken in the upper meter contain only kaolinite. The up-
permost sample is still dominated by kaolinite but also revealed
traces of illite and smectite.

This thick siliciclastic succession is interpreted as evidence for a
major period of soil development, alternating colors reflecting
oxygenated vs. reducing conditions, with possibly the super-
position of several paleosoils. The almost exclusive Kkaolinite
mineralogy is indicative of a tropical weathering profile, causing
the formation of authigenic clay minerals as alteration product of
weathered aluminum-silicates (e.g. Chamley, 1989). While the
topmost 2 samples of the underlying sequence display slightly
depleted bulk 3'3C, one sample taken about 4 m below the paleosoil
contact displays a very negative value (—2.89%o; Fig. 3). This
probably illustrates a heterogeneous recrystallization of the lime-
stone below the top surface involving light carbon from the soil
zone CO; (e.g. Allan and Matthews, 1982; Joachimsky, 1994).

In the Khartang section, the same stratigraphic interval corre-
sponds to a 1 m thick of red to brick red clays overlying the iron oxi/
hydroxide-crusted top surface of the underlying sequence (Fig. 11,
photos, 1, 2).

In the Gach section, this sequence boundary is more difficult to
place with accuracy, since several iron oxi/hydroxide-crusted sur-
faces and 3 purple-stained hardgrounds are stacked in a 3 m thick
rudist-rich boundstone bedset (Fig. 11, photo 7). The surfaces 3 and
4 are stacked within the following succession:

e a 40 cm thick rudist boundstone immediately overlays a first
hardground. It is itself overlain by a 40 cm thick coralgal
boundstone, without well-expressed surface between the two
layers. The uppermost 10 cm of the unit correspond to a shell-
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Figure 11. Expression of the main sequences boundaries in Khartang, Namak, Asaluyeh, and Gach sections Photo 1: Khartang section — Sequence Tu bounded by SB 4 and SB 5.
Photo 2: Khartang section — Overview of the red paleosoil developed above at the SB 4 above the top Ce 3 sequence. Note the thick oxidized iron crust capping the limestone. Photo
3: Khartang section — Thick fluvial conglomerate unit above the SB 5 and the top Sarvak. Photo 4: Khartang section — Detail on the Fe oxi-hydroxide-rich polygenic conglomerate
with faint cross-bedding. Photo 5: Namak section — Top Mauddud surface stacking SB 1 to 5. The pitted aspect illustrates either a weakly evolved epikarst or a simple bioturbated
surface. Photo 6: Asaluyeh section — Top Mauddud surface stacking SB 1 to 5. The surface is irregular and the limestone are intensively chalkified. Photo 7: Gach section —
Condensed interval with 3—4 purple stained hardgrounds in rudist boundstone, corresponding to the stack of SB 3 and SB 4. Photo 8: Gach section — Sharp top Sarvak surface, i.e. SB
5. It consists of a simple bioturbated surface on top of shallow-marine carbonates. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

and algae-rich packstone capped by a hardground which dis-
plays abundant borings, filled with overlying grainy material,

e a new coralgal boundstone with a thickness of 40 cm develops
above. It is capped by a purple hardground also displaying
abundant perforations,

e laying on the previous hardground, another 60 cm thick rudist
boundstone is present. The top of this boundstone consists of a
Fe crust,

e 2 90 cm thick miliolid-rich grainstone overlays the crust. No
surface has been distinguished on the top of this grainstone
which is overlain by a last rudist boundstone of 40 cm thick. This
boundstone is capped by a third purple hardground, very similar
to the previous.

Noteworthy is the absence of significant rudist dissolution, as
well as the consistent low but positive and increasing bulk 33C
values in this interval (Fig. 5). Despite any petrographic investiga-
tion was made in this zone, these observations may indicate the
absence of exposure and continuous marine conditions.

5.2. Surface 5: top Tu-1 sequence boundary

The top of the Sarvak platform displays another complex suc-
cession in the Khormuj section illustrated in Figure 12. Above
intensively altered rudist-rich limestone, this succession is
composed of two main sets: (1) a layer of variegated red brown
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prior to faulting (see explanation in the text).
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Figure 14. Khormuj Turonian (SB 5) paleosoil micro-photographs Photos 1/2: Incident light microphotographs illustrating: the complexity of the pisoid internal nature, the
complex zonation patterns, the difference in crystallinity of the Fe oxi/hydroxides reflected in the difference of reflectance, as well as the way the different pisoids are glued
together. Note the internal early micro-fractures (F) and reworking features on the pisoids. Photo 3: Detail of internal cracks/micro-fractures inside pisoids under cath-
odoluminescence (CL). The cracks are cemented by a zoned bright luminescent calcite. Photo 4: Opaque Fe oxi/hydroxide-rich “pseudo-nodules” of which some are fractured. Photos
5/6 (PL, polarized light/CL): Sparitic pebbles in the micro-conglomerate. The central one possesses a nicely zoned luminescence fabric. Zonations are cut at the fragment edges
illustrating an early erosion and transport. Photos 7/8 (PL/CL): Microsparitic brown to bright luminescent pebble with zoned bright yellow calcite cemented cracks. These pebbles
may be interpreted as crystallaria. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

colored clays with locally the presence of pisoid-rich levels espe-
cially at the base of the layer, (2) a bed of conglomerate reworking
pebbles from the underlying clays and altered Sarvak limestone.
The latter coarse grained bed shows an erosive basal contact with
the underlying clays which consequently display a variable thick-
ness (Fig. 12). Locally the conglomerates immediately lie on the
pisoids just above the Sarvak limestone (Fig. 13). On the contrary,
the clay layer is particularly well developed and/or preserved in
fault-related depressions, which directly indicates a period of sig-
nificant tectonic activity (Fig. 13).

A high resolution study of the siliciclastic succession reveals 5
main units (Fig. 12). Above a layer of clay-rich nodular limestone,
the unit 1 corresponds to beige colored clays (>50 cm thick),

generally devoid of carbonate components, with pisoids. Very
locally some coarse crystalline rudist relicts occur in this lithology.
The following dark red to brick red clay—silt unit 2 (80—120 cm
thick), sometimes displays Fe oxi/hydroxide concretionary features.
The latter locally display tube-like outline resembling root features.
Within the matrix locally some irregular Fe oxy/hydroxide clasts/
nodules are floating. They sometimes are composite, i.e. clast in
clast, sometimes with the development of real pisoids (Fig. 14,
photos 1, 2). The impression arises here that this could be a prod-
uct of a kind of ferralitisation/bauxitisation process. Locally some
small pebbles, less than 2 cm in length are floating in the matrix.
Typical are the presence of zoned bright luminescent calcite
cemented cracks inside and around the pebbles and pisoids (Fig. 14,
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photo 3). Pisoids and pebbles are surrounded by circumgranular
calcite-filed cracks (Fig. 14, photos 1, 2). Furthermore some frac-
tures occur with slickenslide-like features. Whether the latter
relate to pedogenesis is unclear. The unit 3 is similar to the previous
unit but is less reddish colored, and more homogeneous (30 cm
thick, at maximum). This unit is locally eroded by the overlying
coarse grained deposits (Fig. 12). Here some “pseudo-nodules”
occur with, in the center, some pisoid-like structures surrounded
by a Fe oxi/hydroxide rim and some white colored material. In thin-
section most of the “pseudo-nodules” are opaque (Fig. 14, photo 4).
Under cathodoluminescence they are either bright or dull
luminescent.

Unit 4 corresponds to the first bed of the coarse grained suc-
cession. It is a micro-conglomeratic unit (up to 120 cm thick)
consisting of flat to irregularly rounded, sometimes aligned pebbles
(Fig. 12). They are somewhat elongated, 2 cm in length and
maximum 1 cm in diameter. The term “pebbles” is used here to
describe reworked and transported clasts, which are very compa-
rable to the clasts described in the previous units, however the
latter seem to have been formed in situ. Pisoids are also common at
the base of this unit. The pebble alignment gives rise to some faint
cross-bedding as well as some parallel bedding. Locally imbrication
features between pebbles occur as well as pebbles incision struc-
tures between individual sets. Some calcite cement has been
recognized filling the former interparticle pore-space, but the
matrix between the pebbles consists of red clay in the uppermost
part of the unit. In thin section different type of pebbles can be
recognized: (1) microsparitic dull luminescent, dark brown semi-to
non-transparant pebbles which are crosscut with nicely zoned
often bright luminescent calcite cracks, (2) sparitic pebbles with
nicely zoned luminescence fabric, however which clearly have been
eroded and transported since the zonations are cut at the fragment
edges (Fig. 14, photos 5, 6), (3) micritic/microsparitic brown to
bright luminescent with calcite cemented cracks resembling crys-
tallaria (Fig. 14, photos 7, 8). Especially noteworthy is that bright
yellow zoned luminescent pebbles regularly occur next to dull
luminescent pebbles, illustrating the high degree of mixing of the
different pebbles. Some of these pebbles seem to consist of car-
bonate mudstone with faint cracks and thus could correspond to
glaebules (e.g. Allen, 1986). Above this thick bed, the unit 5 consists
of more thin-bedded poorly sorted micro-conglomerates, with
some cross-bedded “pebble-stone” with faint channel-type in-
cisions (Fig. 12).

Units 1 to 3 are interpreted as remains of a paleosoil horizon.
This is mainly based on the presence of glaebules with
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uppermost Sarvak Sequence Tu in the Khormuj section. Note the classical fast carbon
rock-buffering compared to oxygen along a meteoric water line.
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Figure 16. Stable isotope profiles in topmost Sarvak limestone, below the SB 5 in the
Khormuj section. Noteworthy is the absence of continental deposits (paleosoil, micro-
conglomerates) above the extremely recrystallized Sarvak limestone (thin section
photo), immediately overlain by Surgah marls/argillaceous limestone. Despite this
absence clear soil evidence is visible on the 3'3C profile (see the text for further
explanation).

circumgranular cracks and crystallaria (e.g. Sehgal and Stoops,
1972), as well as the existence of root-like features. In order to
confirm the pedogenetic nature of the in situ “pseudo-nodules” in
unit 3, which are comparable to the ones present in the lower units,
one “pseudo-nodule” was analyzed with regard to its stable carbon
and oxygen isotopic composition. The 3'3C signature of —7.76%o is
in line with a pedogenetic origin whereby the depleted signature
points to involvement of soil-derived CO,. The units 4 and 5 are
interpreted as subaerial fluvial deposits of products of soil erosion,
where glaebules and other weathering products from former soils
are reworked. Noteworthy is the virtual absence of quartz grains in
these units, supporting the weathering of carbonate dominated
lithologies in the hinterland. Different pebbles were analyzed with
regard to their stable carbon and oxygen isotopic composition
(Fig. 15). The 3'3C of these pebbles varied from —8.82 to —7.41%.
This signature is clearly in line with a pedogenetic origin whereby
the depleted signature, as already mentioned above, points to
involvement of soil derived CO,. Also the 3'80 signature with values
of —4.87 to —5.83%o points to involvement of meteoric water, as for
the in-situ pseudo-nodule (Fig. 15).

In an attempt to infer whether the limestone below the
sequence boundary corresponding to the surface 5 were affected by
processes in relation to exposure and paleosoil development, plugs
sampled every 50 cm over an interval of 5 m, were analyzed for
stable isotope analysis (Fig. 16). Notice that on the selected profile
the Sarvak limestone is not covered by a paleosoil, the Surgah de-
posits starting immediately above the Sarvak altered limestone
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(Figs. 13, 16). The 3'®0 in the sampled limestone varies
between —5%o and —6.2%o, which compared with Turonian marine
signatures (e.g. Veizer et al., 1999) clearly is depleted. The most
likely explanation is that the limestone recrystallized due to the
infiltration of meteoric water; indeed the top Sarvak microfacies is
extremely crystalline, and identifying allochems is almost impos-
sible. However, considering the tectonic history of the Zagros range,
similar oxygen isotope values and petrographic characteristics
could reflect “simple” recrystallization during burial. The 3'3C of
the limestone below 1 m—1.5 m away from the top surface vary
between +1.8%o and +3.0%o (Fig. 16). The latter are in line with the
early Turonian marine signature (e.g. Veizer et al., 1999), and thus
indicate that despite a strong recrystallization, the 8'3C signature of
the limestone was not affected. However the 3'3C signature in the
uppermost 1 m of limestone is clearly depleted (<—1%o; Fig. 16).
The latter can best be explained by the infiltration of soil derived
CO2 (e.g. Allan and Matthews, 1982; Joachimsky, 1994). Despite the
absence of conclusive field evidences of paleosoil development in
the studied profile (Fig. 16), stable isotope recorded the existence of
paleosoil(s) at the top Sarvak, which has been eroded prior to the
deposition of later deep marine sediments. A similar abrupt shift to
light 3'3C values is also observed in the bulk 3'3C curve (Fig. 3),
which samples come from a profile with a well-developed paleosoil
sequence. This means that the structuration of the top Sarvak
occurred after the development of a continuous continental suc-
cession, at least at a local scale.

In the Khartang section, also on the northern flank of the Qatar-
Fars high, the outcrop quality did not allow to study the top Sarvak
zone in detail. However, there is no evidence of paleosoil above the
top Sarvak, which is quite sharp and much less recrystallized than
in Khormuj (i.e. allochems are clearly recognizable). Above the
shallow-marine limestone, a 4 m thick Fe oxi/hydroxide-rich
polygenic conglomerate with faint cross-bedding shows mud
clasts, reworked pisoids, and reworked fragments of shallow-
marine limestone (Fig. 11, photos, 3, 4). This conglomerate is
interpreted as a fluvial to fluvio-deltaic deposit.

In the Gach section, the Turonian unconformity is less well-
expressed despite it represents a longer gap in sedimentation. A
sharp contact between bioturbated (Thalassinoides burrows)
shallow-marine limestone and planktonic foraminifer-rich marls
illustrates a rapid flood in a continuously marine environment
(Fig. 11, photo, 8). Neither karst nor paleosoil evidence were
observed, but a shift to lighter 3'>C values, not negative
(around +1%o), nevertheless does occur below the surface (Fig. 5).
While the shift to negative 3'3C values is related to the exposure-
related diagenesis alteration in Khormuj, the downward shift in
the Gach section may be an effect of early marine diagenetic pro-
cesses as described by Dickson et al. (2008). However, this shift
could also illustrate the worldwide recorded decrease of the 3'3C
marine signal in the Turonian after the OAE2 event (e.g. Elrick et al.,
2008).

In the Asaluyeh section, the Turonian unconformity corresponds
to the stack of the surfaces 1 to 5 and represents a more than 10Ma
hiatus, but it only appears as an irregular erosive surface (Fig. 11,
Photo 6) which could be interpreted as a weakly developed epi-
karst. However, apart a strong alteration (“chalkification”) of the
underlying limestone, no real evidence of karst (abundant vugs,
caves, geopetal silts,...) or long lasted exposure was observed.
Moreover, the bulk §'3C curve does not show any apparent alter-
ation except a slight decrease in the 10 uppermost meters below
the surface (Fig. 5).

In the Namak section, the same >10 Ma hiatus (surfaces 1-5)
corresponds to a sharper surface however displaying a pitted
aspect (Fig. 11, Photo 5), and which could either be a weakly evolved
epikarst, or more simply a bioturbated surface. Some biomolds are
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Figure 17. Stable isotope profiles in topmost Mauddud limestone, below the SB 1-5 in
the Namak section. Any macroscopic exposure evidence was observed in the field, and
no clear isotopic evidence neither, except possibly the continuous slight upward
decrease of the 5'°C (see the text for further explanation).

present, but not significantly enlarged, which is not a clear evidence
for an exposure on top. More critical is the patchy erratic distri-
bution of chalky to tight limestone in the top 30 m of the Mauddud
Formation. Such a pattern could reflect a possible karst-related
alteration. Similarly to what was done in Khormuj, plugs sampled
every 50 cm over an interval of 3 m below the surface, were
analyzed for stable isotope analysis (Fig. 17). The 3'0 which varies
between —3.85 and —4.52%s, is depleted with respect to the marine
Cenomanian signature (e.g. Veizer et al., 1999). Some alteration by
meteoric water is a likely explanation, but burial recrystallization
could also explain such depletion. All samples possess a positive
d13C signature, which varies between +2.05 and +3.21%o,
compatible with Cenomanian marine 5'3C values (e.g. Veizer et al,,
1999). However, the 3'3C curve displays a consistent continuous
decrease of about 1%o from the base of the profile up to the top
Mauddud surface, i.e. the Turonian unconformity (Fig. 17). More-
over, the latter surface corresponds to a positive shift of
about +0.5%0 in both the 8'3C and §'®0 curves (Fig. 17). Low 3'3C
values below a surface are not necessarily evidence of exposure-
related modifications (Dickson et al., 2008), but the consistent
pattern of both 3'3C and $'®0 along a 3 m thick interval may
probably not be explained only by sulfate reduction processes in
normal marine conditions. Indeed, the Namak stable isotope
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pattern can be best explained by a palaeokarst and/or paleosoil-
related alteration, the uppermost and highly altered zone having
been eroded during following marine transgression. A similar
conclusion can be proposed for the Asaluyeh section. Immenhauser
and Rameil (2011) recently warned about a too fast interpretation
of such surfaces, but the duration of the hiatus and the isotope
profile in Namak support the idea of a critically important surface
which is not only a submarine bioturbated starved surface. Indeed,
it is also difficult to imagine the development of paleosoils and
fluvial micro-conglomerates in Khormuj and Khartang, and not on
the axis of the Qatar-Fars high.

6. Discussion
6.1. Sequence stratigraphy

An essential contribution to the stratigraphy of NW Iran pre-
sented in this paper is the improved dating of the Mauddud plat-
form, which has been problematic in the past using benthic
biozones (Setudehnia, 1978). The earliest Cenomanian age obtained
for the transgressive interval overlaying the Mauddud Member,
places it in the latest Albian. The combination of the age dating, the
change in depositional system from muddy orbitolinid/trocholinid-
rich ramp in the Mauddud to the rudist-rich rimmed platforms
above, and the well-developed transgressive event, support the
correlation with the plate-wide recognized transgression MFS K110
of Sharland et al. (2001). It makes the Mauddud Formation in
coastal Fars time equivalent to, for example, the Mauddud Forma-
tion in Lurestan (Sharp et al., 2010) and Iraq, and the Natih Fand G
Members in Oman (van Buchem et al., 2011).

The marls and muddy carbonate ramps of the Albian sequences,
represented by the Kazhdumi Formation and Mauddud Member,
are present along the entire coastal Fars transect and show modest
variations in thickness. Evidence of a positive relief in the Asaluyeh/
Namak area during deposition of the Alb-2 sequence is provided by
the thickness variation (100—50 m) and the gradual onlap of the
Kazhdumi marls on the Dariyan platform (Vincent et al., 2010a,b).
First deposits of the Kazhdumi Formation are of early to middle
Albian age in Khormuj and Gach, and of late Albian age in Khartang
and Asaluyeh (Fig. 18). The thickness of the Alb-3 sequence,
including the Mauddud platform, shows little thickness variation
along the transect (30—40 m). Within the Mauddud a lateral vari-
ation in the sedimentary facies is however observed, indicating a
slightly shallower, more confined depositional environment in the
Asaluyeh and Namak sections, and deeper water environments
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along the flanks of the Qatar-Fars high, notably in the marly Gach
section (Fig. 18). These observations indicate that the Albian was a
time of relative tectonic quiescence in this area.

The tectonically quiet Albian sedimentation is in strong contrast
with the Cenomanian/Turonian deposition, when dramatic varia-
tions in thickness developed ranging from 350 m in Khormuj to
total absence in Namak and Asaluyeh. Recent work in Interior Fars
by Piryaei et al. (2010, 2011) reported thickness variations from 150
to 450 m for the same number of Cenomanian and Turonian se-
quences, and Razin et al. (2010) reported a total thickness of 400 m.
This range corresponds to the thickness reported for the Cen-
omanian/Turonian Natih Formation in Oman, which is approxi-
mately 350 m. It thus appears that a thickness in the 300—400 m
range is representative for this succession in the southeastern part
of the Arabian Plate. Thickness reduction or total absence is
attributed to slower relative subsidence or uplift. In the studied
area a distinction can be made for the Asaluyeh outcrop, which is
situated on the northern tip of the large, N—S oriented anticlinal
structure of the Qatar-Fars arch. Since there is no Cambrian salt
present over the latter structure, regional tectonic uplift is held
responsible for the absence of the Cenomanian and Turonian strata.
In the case of Namak the situation is different; here a salt plug is
definitely acting, and visible on geological maps and outcrops.
Based on the absence of evidence of erosional products, and the
good preservation of the Albian Mauddud carbonates, it is assumed
that these areas were relative highs and did not receive any sedi-
ment during Cenomanian and Turonian times. This does imply that
tectonic uplift and probably compression started already in the
earliest Cenomanian in the Coastal Fars area.

It is important to note that at the scale of the Arabian Plate, the
three Cenomanian sequences, and possibly the Turonian sequence,
are correlatable and have a very similar stratigraphic architecture
(High Zagros: Razin et al., 2010; interior Fars: Piryaei et al., 2010,
2011; Lurestan: Sharp et al, 2010; Oman: van Buchem et al,
2002). It comprises shallow water carbonate platforms, with a
foraminifer and bivalve-dominated interior part, and rudist rud-
stone and grainstone dominating rims that in downslope
(50—100 m) direction grade into intrashelf basinal wackestone and
mudstone that are locally organic-rich (van Buchem et al., 2011).
What is apparent from all these studies, however, is that the loca-
tion and extent of the Albian, Cenomanian and Turonian intrashelf
basins shifts through time. This has significant implications for the
distribution of both reservoir and source rocks. Another charac-
teristic stratigraphic feature are the subaerial exposure surfaces on
top of the Cenomanian Ce-3 and the Turonian Tu sequences.
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Figure 18. Stratigraphic model based on the correlation of the 5 studied sections, at the SB 5. Noteworthy is the extreme partitioning of sedimentation during the Cenomanian and
Turonian along the panel after the end of the Mauddud platform (above SB 1). The multiphase rise of the Qatar-Fars high in the regional geodynamic setting explains this complexity
(see the text for further explanation). Note the stacking of all the Cenomanian—Turonian sequence boundaries on the Qatar high.
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Bauxite and soil development were observed at these surfaces in
several locations in Iran (James and Wynd, 1965; Hajikazemi et al.,
2010; Razin et al., 2010; Sharp et al., 2010), but much less in the
southern part of the Arabian plate, despite some exposures are
reported in the UAE (Champagne, 2012; Deville de Periere et al.,
2011), and has been attributed to the impact of the beginning of
obduction and the possible development of a foreland bulge (e.g.
Hollis, 2011).

To summarize, both in the Albian and in the Cenomanian/
Turonian, well expressed depositional sequences have been
recognized which are attributed to known eustatically-controlled
3rd order sea level variations. From the earliest Cenomanian on-
wards, this pattern is locally overprinted by strong tectonic activity,
acting at both the regional and local scale. A key tectonic factor in
this is the distribution of the Cambrian Hormuz salts and the
presence of a long term structural high, extending from coastal Fars
to the Qatar (Fig. 1), which has been active at different periods
throughout the Phanerozoic (van Buchem et al., 2011). Noteworthy
is that the endmost Cenomanian to early Turonian period, known
as the highest long term sea-level for the Cretaceous (Haq, 2014),
corresponds in the study area to the record of some of the most
beautiful examples of exposures at the scale of the Arabian plate,
which emphasizes the role of tectonics on the sedimentary suc-
cession. The termination of the carbonate platforms happened in
the Turonian and Coniacian with the onset of ophiolite obduction
(e.g. Burchette, 1993; Baaske et al., 2006).

6.1.1. Impact of diagenesis on reservoir properties

Near the Cenomanian—Turonian boundary, a widespread
exposure is recorded on the northwestern flank of the Qatar-Fars
high at the top of the Sequence Ce-3 (surface 4; Fig. 9). It is al-
ways difficult to consider outcrops as good diagenetic and petro-
physical analogues to subsurface reservoirs. However, in the
Khormuj and Khartang sections no extensive cementation was
observed below the paleosoils. The underlying limestone is inten-
sively recrystallized, but they also display abundant non-plugged
molds and vugs, as well as a patchy “chalky” aspect, demon-
strating the alteration of the micrite texture. Moreover, they display
limited chemical compaction features (stylolites, solution seams),
probably because of an early mineral stabilization during
freshwater-related eogenesis, a phenomenon known to efficiently
preserve primary porosity in limestone below exposure surface
during burial (Wagner and Matthews, 1982; Moore, 2002; Budd
et al,, 1995; Melim et al., 2002; Heydari, 2003; Dewever et al.,
2007). Exposure-related diagenesis may have preserved and/or
enhanced reservoir properties in the highstand of the Sequence Ce-
3, potentially over a considerable area (Fig. 18). On the southeastern
flank of the Qatar-Fars high, no evidences of exposures were
observed.

The Sequence Tu displays shallow marine carbonates on the
northwestern flank of the high, where it is bounded by two expo-
sure surfaces, whereas the carbonates are significantly deeper on
the southeastern flank (Fig. 18). Sediment loading-related subsi-
dence and eustatic variations may explain the shallow marine
sedimentation in Khormuj and Khartang, whereas a structural
flexure may be invoked to explain the deeper deposits in Gach. The
large geographical extension of the exposure associated to the
surface 5 on the northwestern flank of the high is explained by a
regional uplift of the Qatar-Fars structure. Compressional move-
ments due to ophiolite obduction can easily be invoked to explain
this uplift at the end of the Cenomanian since other evidences of
this tectonic activity were already reported on the Arabian plate
(see discussion above).

The paleogeography at the surface 5, above the Sequence Tu, is
similar to that at surface 4, with widespread continental record on

the northwestern flank and marine highly condensed deposits on
the southeastern flank (Fig. 18). Exposure-related diagenesis was
also similar to what has been observed below surface 4 in Khormuj,
with a significant preservation and/or enhancement of the reser-
voir properties of the affected possibly early Turonian limestone
(Fig.18). This positive role of this exposure has also been reported in
Upper Sarvak subsurface reservoirs of the Dezful embayment, to
the north of the study area (Taghavi et al., 2006).

Noteworthy is that on the axis of the Qatar-Fars high, the po-
tential reservoirs are located in the early Cenomanian Mauddud
shallow-marine carbonates (Fig. 18). The depositional facies of the
Mauddud platform, dominated by mud-supported orbitolinid-rich
textures (Fig. 5), are less favorable than the Sarvak grain-supported
rudist-rich facies. However, similarly to what has been observed in
the Sarvak below the late Cenomanian and early Turonian expo-
sures, the uppermost Mauddud shallow-marine carbonates in
Namak and Asaluyeh sections display a patchy “chalky” alteration,
and also limited chemical compaction features. Despite the evi-
dences of exposure at the top Mauddud are not obvious, it never-
theless seems that exposure-related diagenesis altered the
limestone and preserved and/or enhanced reservoir properties.
Except if fractured, the Mauddud resulting reservoirs would be
dominated by microporosity and display high porosity but low to
moderate permeability. On the contrary, the Sarvak reservoirs, may
be less porous than the Mauddud, would definitely potentially be
more permeable due to the occurrence of interconnected
macroporosity.

This different behavior of mud-supported versus grain-
supported textures affected by meteoric diagenesis in the Cen-
omanian—Turonian is well illustrated by Hollis (2011), at the scale
of the Arabian plate. Deville de Periere et al. (2011) demonstrate the
impact of the Top Mishrif Unconformity, which is equivalent to the
Top Sarvak surface, on the development of microporous reservoirs
in offshore UAE. Closer to the study area in southern Iraq, Mahdi
et al. (2013) report the influence of the Mishrif Disconformity
(equivalent to surface 4), and the Khasib-Mishrif Unconformity
(equivalent to surface 5) on the enhancement/preservation of
reservoir properties in the shallow marine carbonates equivalent to
the top sequences Ce-3 and Tu.

7. Conclusions
The following conclusions are drawn from this study:

e New dating of the Mauddud Member places it in the latest
Albian, and makes it thus time-equivalent, for example, to the
Mauddud Formation in Iraq and the Natih F and G Members in
Oman;

e Two Albian, three Cenomanian and one Turonian 3rd order se-
quences have been distinguished in Coastal Fars, which corre-
late well to time-equivalent sequences reported from other
parts of Iran and the Arabian Plate;

e The Albian period is characterized by tectonic quiescence,

whereas the Cenomanian/Turonian interval is characterized by

dramatic thickness variations (350—0 m) which are attributed to
both regional (Qatar High) and local (salt plugs) tectonic uplifts;

The tectonic activity in the Cenomanian and Turonian, a period

of global high relative sea-level, lead to widespread subaerial

exposures at the scale of southwest Iran, like in other places of
the Arabian plate. Exposure(s) associated with two key
sequence boundaries in the end Cenomanian and Turonian

(surfaces 4 and 5) display variable expressions at the macro-

scopic scale in the field (which can be applied to core-scale as

well), from thick paleosoil sequences to sharp slightly pitted
surfaces, with no direct link with the estimated duration of the
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sedimentary hiatus. Thorough petrographic and stable isotope
investigation are even necessary to demonstrate the record of
exposures in questionable surfaces;

Long-lasted (more than 1Ma) exposures with thick soil devel-
opment and/or karst alteration modify significantly the 3'%0 of
the underlying carbonate through a thick interval, but on the
contrary do not modify deeply the 5!3C signature except in the
uppermost 2 m below the surfaces. Consequently, the bulk 3'3C
of shallow marine carbonate can be used as a constraining tool
for sequence stratigraphic correlations. The positive 3C
excursion associated with the OAE2 characterizes the Turonian
3rd order sequence;

Although no direct poroperm measurement were performed in
this study, a comparison with published data at the scale of the
Arabian plate shows that the diagenetic alterations associated
with the exposures in the Cenomanian and Turonian may have
impacted significantly the reservoir properties below the se-
quences boundaries, enhancing and/or preserving poroperm in
all kind of facies.
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