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ARTICLE INFO ABSTRACT

Editor: A Dickson Tropical rimmed platforms represent a much more efficient protection from coastal erosion than carbonate
ramps. Understanding the controlling factors of platform geometry is therefore crucial to predict the fate of
rimmed platforms under global-warming conditions. Here, we present detailed biostratigraphic, sedimentolog-
ical, geochemical, and high-resolution carbon-isotope analyses of mid-Cretaceous (Albian-Cenomanian) car-
bonate rocks well exposed in the Khormoj section located in the Zagros Mountains of southern Iran. Sixteen
microfacies were identified, allowing us to define the superposition of different platform geometries, a carbonate
ramp in the Albian and a rimmed platform in the Cenomanian. Biostratigraphic and carbon-isotope analyses
allowed us to identify the OAE1b, OAE1d, and Middle Cenomanian events in the Khormoj section. The paleo-
depth changes documented by carbonate microfacies testify to two transgressive events that can be correlated
with long-term eustatic curves during the ramp stage. The Albian ramp was formed by orbitolinids under high
siliciclastic input whereas the Cenomanian rimmed platform was built by rudists during clear water conditions.
These two carbonate factories have drastic different carbonate sedimentation modes. The orbitolinid factory is
characterized by a low carbonate production rate and fine carbonate grains resulting in ramp geometry, whereas
the rudist factory is characterized by a high carbonate production rate and coarse carbonate grains leading to a
rimmed platform geometry.
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1. Introduction

Modern tropical platform carbonates are mostly rimmed by reefs
built by hermatypic corals (e.g., Bahamas or Great Barrier Reef;
Schlager, 2005; Jones, 2010; Reijmer, 2021). The reef at the rimmed
platform margin serves as a barrier that drastically reduces wave energy
(e.g., by 97%), thus providing an efficient protection against coastal
erosion in regions populated by ~200 million people worldwide (Fer-
rario et al., 2014).

However, rimmed platforms are only one type of carbonate platform.
A very different type is homoclinal ramps that lack any slope-break
(Pomar, 2001; Fliigel, 2010) and thus do not offer an effective coastal
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protection. The key difference between these two end member is their
depositional geometry, which is controlled by the ratio between car-
bonate production and accumulation, influenced in turn by temperature
(Pomar, 2001; Schlager, 2005), relative sea-level change (Williams
et al., 2011), trophic level (Mutti and Hallock, 2003), siliciclastic input
(Pomar and Hagq, 2016), and other factors (Sultana et al., 2022).

The geometry of carbonate platforms grown along the Arabian pas-
sive continental margin changed repeatedly from ramp to rimmed
during the mid-Cretaceous (van Buchem et al., 2002, 2011; Droste,
2010; Razin et al., 2010). Third-order relative sea-level changes have
been proposed as one mainly controlling factors while ramps and rim-
med platforms forming during transgression and highstand stages,
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Fig. 1. Geology of the study area. (A) Simplified tectonic map of southern Iran (redrawn from Homke et al., 2009). MZT: Main Zagros Thrust; HZF: High Zagros
Fault; MFF: Mountain Front Fault. (B) Geological map of the Khormoj area (redrawn from the 1:250,000 map). (C) Studied Khormoj stratigraphic section.

respectively (Razin et al., 2010). How short-term sea-level changes in-
fluence the relationship between carbonate production and accumula-
tion? The other factors that potentially influence such a relationship
need to be fully investigated in order to improve on our knowledge of
the relative role played by several interacting controls and thus predict
the response of carbonate platforms to accelerated global warming.

Mid-Cretaceous carbonate successions accumulated at low latitudes
along the Arabian southern margin of Neotethys are spectacularly
exposed in the Zagros fold-belt of southern Iran. In this article, we
present a biostratigraphic, sedimentological, elemental-geochemistry,
and high-resolution carbon-isotope study of Albian-Cenomanian car-
bonate strata exposed in the Khormoj section in southern Iran. Our
principal aim is to investigate the processes that controlled the change in
platform geometry through time.

2. Geological setting

The Zagros fold-thrust belt, extending from SE Turkey to S Iran
(Fig. 1A), consists of four NW-SE-trending sub-parallel structural do-
mains (from NE to SW): the Sanandaj-Sirjan zone, the High Zagros belt,
the Zagros folded zone, and the Mesopotamian-Persian Gulf foreland
basin (Homke et al., 2009). The studied area, belonging to the Zagros
folded zone (Fig. 1B), was part of the southern passive margin of the
Neo-Tethys Ocean, where carbonate-dominated strata accumulated
during the mid-Cretaceous in tropical platforms including several intra-
shelf basins (Ziegler, 2001; Alavi, 2004). A major geodynamic change

took place by the late Cenomanian, when the passive-margin succession
recorded ophiolite obduction eventually followed by Cenozoic collision
with the Central Iranian block (Alavi, 2004; Allen and Armstrong, 2008;
Saura et al., 2015).

The measured section exposing Aptian to Cenomanian strata (Day-
rian, Kazhdumi, Mauddud and Sarvak formations) is located to the
northwest of the Persian Gulf (Fig. 1A). A previous sedimentological
study of this succession was reported by van Buchem et al. (2010) and
Vincent et al. (2015). The Kazhdumi Formation was assigned to the
early-middle Albian based on two ammonite species collected from the
lower part of the unit. In the absence of biostratigraphic evidence, a late
Albian age was assigned to the Mauddud Formation based on sequence
stratigraphy (Vincent et al., 2015) and the Sarvak Formation was
assigned to the Cenomanian based on carbon-isotope correlation (Vin-
cent et al., 2015).

The Kazhdumi and Mauddud formations are described as carbonate
ramps (Razin et al., 2010; van Buchem et al., 2011; Vincent et al., 2015),
whereas the Sarvak Formation has been considered either a rimmed
platform based mainly on field observations (Razin et al. (2010) and
Vincent et al. (2015)) or a carbonate ramp or shelf mostly based on
microfacies analysis (Ghabeishavi et al, 2010; Mehrabi and
Rahimpour-Bonab, 2014; Esrafili-Dizaji et al., 2015; Rikhtegarzadeh
et al., 2017; Mohajer et al., 2022).
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Fig. 2. Outcrop photographs. (A) Burgan ironstone and its stratigraphic boundaries with underlying Dariyan and overlying Kazhdumi fms.; (B) Closer view of
boundary between Dariyan Fm. and Burgan ironstone; (C) Closer view of boundary between Burgan ironstone and Kazhdumi Fm.; (D) Nodular limestone in
Kazhdumi Fm.; (E) Conformable contact between Kazhdumi and Mauddud fms.; (F) Sarvak Fm.; (G) Large-scale cross bedding in lower part of Sarvak Fm.; (H)
Prograding clinoforms in Sarvak Fm.; (I) Limestone-marlstone alternations in middle part of Sarvak Fm.; (J) Intensely bioturbated marlstone interstratified with an

erosive based limestone bed.

3. Methods
3.1. Samples and microfacies analysis

The Khormoj section is exposed to the northeast of Khormoj city (N
28°41'45.3"; E 51°26'58.4", Fig. 1A) along the flanks of an anticline
including Jurassic (Khami Group), Cretaceous (Bangestan Group) and
Cenozoic (Pabdeh, Asmari, Jahrum, Gachsaran, Mishan, Agha Jari, and
Bakhtyari formations) strata (Fig. 1B). This study focuses on the Kazh-
dumi, Mauddud, and Sarvak formations of the Bangestan Group

(Fig. 1C). Samples were collected with an average spacing of 1-2 m. A
total of 171 thin sections were used for microfacies analysis, based on
grain components, textures, and fossil assemblages. Carbonate rocks
were classified after Dunham (1962) integrated by Embry and Klovan
(1971).

3.2. Carbon and oxygen stable isotopes geochemistry

The analysis of carbon and oxygen isotopes in bulk samples were
performed at the State Key Laboratory for Mineral Deposits Research at
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Fig. 3. Larger benthic foraminifers from the Khormoj section. (A) Mesorbitolina texana (Roemer).19KJ 69; (B) Orbitolina cf. sefini Henson. 19KJ106; (C) Nezzazatids
and two specimens of Neodubrovnikella turonica (Said and Kenawy) (Ne). 19KJ159. (D) Assemblage of Nezzazata div. sp. (Ne) and Dicyclina sp. (Di). 19KJ159. (E)
Chrysalidina cf. gradata Orbigny. 19KJ160. (F) Ovalveolina cf. crassa De. Sample Castro. 19KJ 165. (G) Decastroia sp. Sample 19KJ 166. (H) Pastrikella sp. 19KJ 165.

Nanjing University using an in-line GasBench II auto sampler coupled to
a Thermo Finnigan MAT Delta Plus XP mass spectrometer. Powdered
samples were obtained by micro-drilling, taking care to avoid cement-
filled veins, pores and bioclasts, and reacted with purified orthophos-
phoric acid at 70 °C. Isotopic measurements were calibrated to Chinese
national standard calcium carbonate sample GBWO04405 (513CVpDB
0.57%0 + 0.03%0; 5'%0yppp -8.49%0 + 0.14%). Isotope ratios are
expressed in standard delta notation (8) as per mil deviations relative to
the Vienna Pee Dee Belemnite (VPDB) standard. Analytical precision
(16) was better than 0.1%o for 8'°C and than 0.05%o based on duplicate
measurements of standards and samples. Geochemical data for carbon
and oxygen isotopes are provided in Table S1.

3.3. Element geochemistry of carbonate

About 50 mg of powdered samples of shallow-water carbonate rocks
were weighed and left to dissolve overnight in 3 ml of distilled 0.5 M
acetic acid. The solutions were centrifuged, and the supernatant trans-
ferred to another beaker. The residual noncarbonate impurities were
rinsed three times using ultrapure water and the solutions were added to
the previous supernatant. The leachates were converted to a nitric acid
medium, used for elemental analysis carried out at NIGPAS. Trace-
element concentrations were determined using an Agilent 7700A
inductively-coupled-plasma mass-spectrometer (ICP-MS) with analyt-
ical precision better than +2%. Major elements were measured using an
Agilent 710 ICP-OES with analytical precision better than =+5%.

Geochemical data for carbonate phase and percentages of the silici-
clastic fraction are provided in Tables S2.

4. Results

4.1. Stratigraphy

The Albian to Cenomanian succession exposed in the Khormoj sec-
tion consists, from bottom to top, of the Kazhdumi, Mauddud, and
Sarvak formations (Fig. 1C). The ~6 m base of the Kazhdumi Formation,
separated from the underlying Dariyan Formation by a paleosoil bed
(Fig. 2A, B), consists of ferriferous arenite (Burgan Ironstone) correlated
with the deltaic Burgan Sandstone in Arabia (Ziegler, 2001; Vincent
et al., 2015; Mehrabi et al., 2019; Fig. 2C). The Burgan ironstone is
overlain by ~95 m of nodular limestone locally rich in orbitolinids
(Fig. 2D). The ~70 m-thick Mauddud Formation consists of thick-
bedded bioclastic limestone (Fig. 2E). The Sarvak Formation (~ 217
m-thick) can be subdivided into four members; member 1 consists of
~37 m-thick poorly exposed marlstone (Fig. 2F); member 2 by ~90 m-
thick massive rudist grainstone with cross bedding (Fig. 2G) and is
onlapped by member 3, represented by thin-bedded limestone followed
by ~60 m of alternating limestone and marlstone (Fig. 2H, I). The ~30-
m-thick member 4 consists of rudist-rich limestone with prograding
clinoforms (Fig. 2H).

Age constraints are provided by the larger benthic foraminifers
identified in this study, including Mesorbitolina texana (Roemer) and
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Fig. 4. Representative microfacies from the Khormoj section. (A) MF1 Mudstone with planktonic foraminifers (19KJ115); (B) MF2 Calcisphere wackestone with
planktonic foraminifers (19KJ183); (C) MF3 Calcisphere packstone (19 KJ177); (D) MF4 Orbitolinid wackestone (19 KJ65); (E) MF5 Orbitolinid-echinoderm
wackestone (19 KJ58); (F) MF6 Bioclastic wackestone (19KJ55); (G) MF7 Oolitic ironstone with sparse quartz grains (19KJ37); (H) MF8 Fine bioclastic
wackestone-packstone with calcispheres (19KJ182); PF-Planktonic foraminifer, C-Calcisphere, O-Orbitolinid, G-Glaucony, E-Echinoderm.
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Fig. 5. Representative microfacies from the Khormoj section. (A) MF9 Rudist wackestone-packstone (19KJ195); (B) MF10 Rudist floatstone (19KJ204); (C) MF11
Rudist rudstone (19KJ215); (D) MF12 Echinoderm-rudist packstone-grainstone (19KJ125); (E) MF13 Cortoid packstone-grainstone (19KJ152); (F) MF14 Green algae
wackestone with small benthic foraminifer (19KJ95); (G) MF15 Bioclastic wackestone with benthic foraminifers (19KJ159); (H) MF16 Benthic foraminifer
wackestone (19KJ165); R-Rudist, Cri-Crinoid, Cor-Cortoid, GA-Green algae, BF-Benthic foraminifer. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Orbitolina cf. sefini Henson in the middle and upper parts of the Kazh-
dumi Formation (Fig.3 A, B). Early Albian and late Albian ages are thus
indicated for the lower and middle part of the Kazhdumi Formation
(Schroeder and Neumann, 1985; Simmons et al., 2000). Limestones in
the middle part of the Sarvak Formation yielded Neodubrovnikella tur-
onica (Said and Kenawy), Nezzazata div. sp., Chrysalidina cf. gradate
Orbigny, Ovalveolina cf. crassa De Castro, Decastroia sp., and Pastrikella
sp. (Fig. 3 C, D, E and F), indicating the middle Cenomanian (Schroeder
and Neumann, 1985).

4.2. Carbonate microfacies

Based on field observations, textural features and fossil assemblages,
16 microfacies (MF1 to MF16) were distinguished in the Khormoj sec-
tion, identifying seven sedimentary facies.

Basin to toe of slope

MF1 Mudstone with planktonic foraminifers

Thin-bedded limestones of the lowermost Sarvak Formation are
mudstones with a few planktonic foraminifers (Fig. 4A), indicating a
low-energy pelagic environment (Fliigel, 2010).

MF2 Calcisphere wackestone with planktonic foraminifers

Thin marls in the middle Sarvak Formation contain calcispheres and
a few non-keeled planktonic foraminifers, small bioclasts and sponge
spicules (Fig. 4B). Bioclasts set in micritic matrix account for ~30% of
the rock. Calcispheres and non-keeled planktonic foraminifers indicate a
basinal environment with paleowater depths of 50-100 m, consistent
with previous estimates (80-90 m) based on downlap geometries (Vin-
cent et al., 2015).

MEF3 Calcisphere packstone

In the Khormoj section, burrowed packstones with calcispheres and
planktonic foraminifers represent 50-60% of the rock (Fig. 4C) and are
associated with sparse echinoderms, bivalves, sponge spicules and other
bioclasts (2-7%). MF3 alternates with MF2 with a sharp erosive base
(Fig. 2I and J). The high density of planktonic tests suggests hydraulic
sorting during transport by gravity flow, the interbedded MF2 to MF3
representing the background pelagic environment. The grain-supported
texture together with the presence of shallow-water bioclasts and
extensive bioturbation also suggest deposition by turbiditic currents or
storms, supplying nutrients and oxygen to the toe of the carbonate slope.

Open marine

MF4 Orbitolinid wackestone-marlstone

Thin-bedded to nodular limestones of the Kazhdumi Formation
(Fig. 4D) contain Discoidal orbitolinids representing 8-10% of the rock
and set in micritic matrix. Bivalves, ostracods, gastropods, small benthic
foraminifers, and other bioclasts are minor (3-5%). Glaucony grains are
rare. Discoidal orbitolinids prevail over conical forms in scarcely illu-
minated deeper-water environments (Vilas et al., 1995). Glaucony
suggests sediment starvation during sea-level rise (Garzanti, 1991; Flii-
gel, 2010; Fiirsich et al., 2021). A low-energy open-marine environment
below fair-weather wave base is indicated.

MF5 Orbitolinid-echinoderm wackestone

Matrix-supported nodular limestones in the Kazhdumi Formation
contain both orbitolinids (3-7%) and echinoderms (3-5%) (Fig. 4E),
associated with sparse bivalves, gastropods, ostracods, and planktonic
foraminifers. The close association with MF4 indicates an open-marine
environment below fair-weather wave base.

MF6 Bioclastic wackestone

Abundant bioclasts set in micritic matrix include bivalves, green
algae, gastropods, echinoderms, ostracods, small benthic foraminifers,
orbitolinids, and serpulids (Fig. 4F). Small rotaliina and glaucony grains
are rare. The decreased content of discoidal orbitolinids and association
with MF5 and MF14 indicates an open marine environment with water
depth shallower than MF5 but deeper than MF14.

MF?7 Oolitic ironstone with quartz grains

Ferriferous arenites at the base of the Kazhdumi Formation consist of
sideritic ooids and intraclasts with quartz grains set in sideritic cement
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(Fig. 4G). The sideritic intraclasts and cement imply an in situ origin.
Authigenic siderite may form during transgressions in starved tropical
delta-front or prodelta settings (Mehrabi et al., 2019; Fiirsich et al.,
2021). Extensive bioturbation and siderite growth indicate sub-oxic
conditions. The broken ooids and intraclasts point at turbulent trans-
port during storm events. An open-marine environment is indicated,
below fair-weather wave base but shallower than the directly overlying
MF4.

Slope

MF8 Fine bioclastic wackestone-packstone with calcispheres

Calcispheres set in micritic matrix are associated with small bioclasts
including echinoderm plates and planktonic foraminifers (Fig. 4H). The
association with MF3 (containing less benthic fossils) and MF9 indicates
lower-slope to toe-of-slope environments.

MF9 Rudist wackestone-packstone

Abundant fine rudist debris, representing 40-70% of the rock and
associated with minor echinoderms and other bioclasts, are set in
micritic matrix (Fig. 5A). Planktonic foraminifers and micritic envelopes
are mostly lacking. Associated with MF8 and MF10, together with field
relationships, indicate the bottomsets of prograding platform-margin
clinoforms (Fig. 2H).

MF10 Rudist floatstone

Abundant rudist debris represents 35-75% of the rock (Fig. 5B).
Echinoderms are rare. Bimodal size distribution with coarser rudist
clasts floating in the matrix of fine rudist debris points at gravity flow
deposits. Association with MF9 and MF11, and occurrence in the upper
part of the prograding platform margin indicate slope environments
dominated by gravity flows.

Rudist shoal

MF11 Rudist grainstone-rudstone

Coarse rudist debris (3-5 mm) cemented by sparite (Fig. 5C) repre-
sents 60-80% of the rock. Peloids and small benthic foraminifers are
minor. Lack of micrite indicates a high-energy shoal environment.

MF12 Crinoids-rudist packstone

Thick-bedded limestones in the middle part of the Sarvak Formation
contain grain-supported, well sorted rudist debris (15%-40%; average
size 0.2-0.3 mm) and crinoids (20%-35%) (Fig. 5D). Intraclasts are rare.
MF12 directedly overlies MF11 in the lower part of the Sarvak Forma-
tion and large-scale cross bedding (Fig. 2G) indicate a near shoal
environment.

MF13 Cortoid grainstone

Bivalve and other shell debris with constructive micritic envelopes
indicating firmgrounds to hardgrounds (Ge et al., 2020) are cemented by
sparite (Fig. 5E). Intraclasts are minor. Well sorted cortoids (average size
0.5-1 mm) and lack of micrite indicate a shoal environment with low
accumulation rate (Fliigel, 2010).

Shallow neritic sea

MF14 Green algae wackestone with small benthic foraminifers

Thick-bedded limestones in the Mauddud Formation are dominated
by trocholinids, Coscinoconus, and green algae set in micritic matrix
(Fig. 5F). Green algae (e.g., Permocalculus and Dasycladale) and benthic
foraminifera (e.g., trocholinids and Coscinoconus) represent 5-20% of
the rock, 3-8% being accounted for by bivalves, conical orbitolinids,
other small benthic foraminifers, echinoderms, and gastropods. Green
algae indicate the euphotic zone and dasycladaceans are restricted to
water depths of a few meters (Fliigel, 2010). Trocholinids thrive in a
shallow subtidal environment (Hosseini et al., 2021). Deposition took
place in a low-energy neritic environment shallower than for associated
MF4 and MF5.

Lagoon

MF15 Bioclastic wackestone with benthic foraminifers

Thin-bedded limestones in the middle part of the Sarvak Formation
are dominated by benthic foraminifers (miliolids, alveolininds, and
others) representing 5-20% of the rock (Fig. 5G). Minor green algae,
bivalves, and echinoderms also occur. The faunal assemblage indicates a
shallow lagoon with water depths <10 m (Davies et al., 2002;
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Ghabeishavi et al., 2010).

MF16 Wackestone with benthic foraminifers

Abundant benthic foraminifers (mainly miliolids, alveolinids, nez-
zazatids, dicyclinids) set in micritic matrix (Fig. 5H) represent 10-15%
of the rock, associated with minor bivalves, green algae, and other
bioclasts (2-7%). MF16 onlaps onto MF12 (Fig. 2H). Abundant miliolids
and micrite indicate a low-energy backshoal lagoon (Fliigel, 2010).

4.3. Platform evolution and depositional model

The reconstructed paleodepth curve for the mid-Cretaceous succes-
sion exposed in the Khormoj section shows an overall deepening trend

punctuated by three major transgressive episodes. The first trans-
gression (TE1) is documented by the Burgan oolitic ironstone (MF7) at
the base of the Kazhdumi Formation, passing upwards to orbitolinid
wackestone (MF4, Fig. 6). The middle and upper parts of the Kazhdumi
Formation are dominated by MF4 and MF5 deposited in an open marine
environment. The Mauddud Formation mainly testifies a shallower
marine environment (MF14) with three episodes of open-marine depo-
sition testified by MF5 and MF6. At the top of the Mauddud Formation,
the change from MF14 to MF1 documents the TE2 event. The lower
Sarvak Formation records a shallowing-upward trend from basinal
(MF1) to shoal environments (MF11-13, Fig.6). The upper part of the
Sarvak Formation records the TE3 event, when the rudist shoal was
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drowned. The overlying basin to slope sediments (MF2-3) eventually
shallow-upward again to rudist shoals (MF10, Fig. 6).

High-resolution microfacies analysis documents two different phases
and depositional styles of carbonate-platform development in the Albian
and in the Cenomanian. The Kazhdumi Formation, dominated by
microfacies MF4 to MF7, was mainly deposited in open-marine envi-
ronments, whereas the Mauddud Formation, dominated by microfacies
MF14, was largely deposited in a shallow neritic sea (Fig.7A). The
transition from the Kazhdumi Formation to the Mauddud Formation
thus documents a long-term Albian shallowing-upward sequence, as
expected in the case of carbonate ramps characterized by a regular depth
profile lacking a sharp slope break (Burchette and Wright, 1992). In
agreement with previous studies (Vincent et al., 2015), we conclude that
the Kazhdumi and Mauddud formations testify to the development of a
carbonate ramp, largely consisting of middle ramp and inner ramp
sediments, respectively (Fig.7A).

The Sarvak Formation has been considered either a rimmed platform
(Razin et al., 2010; Vincent et al., 2015) or a ramp (Ghabeishavi et al.,
2010; Mehrabi and Rahimpour-Bonab, 2014; Esrafili-Dizaji et al., 2015;
Rikhtegarzadeh et al., 2017; Mohajer et al., 2022). In the Khormoj
section, however, the Sarvak Formation displays a topographic profile
very different from the Kazhdumi Formation, including a deep-water
basin, a slope, a shoal, and a shallow lagoon. Microfacies MF11-12
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(shoal) and MF8-10 (slope, Fig.7B) and their spatial relationships
indicate that slope sediments were fed from shoals by gravity flows. A
slopebreak thus separated the lagoon and shoals from the slope and
basin, and field observations clearly document clinoforms downlapping
onto basinal deposits (Fig. 2h). In agreement with previous studies
(Vincent et al., 2015), the depositional geometry of the Sarvak Forma-
tion thus indicates a rimmed platform, with a flat platform top rimmed
by rudist shoals (Fig. 7B).

4.4. Stable isotope stratigraphy

In the Kazhdumi and Mauddud formations, §'3C values display a
long-term upsection increase from 1.9%o to 4.1%o (Fig. 6). In the Sarvak
Formation, 5!3C values decrease slightly from 1.8%o to 1.1%o through the
lower part, remain stable around 2%. above, and eventually record a
sharp increase to ~3%o followed by a rapid decrease to 1%o (Fig. 6).
Short-term carbon-isotope excursions (CIE) are also observed through
the Khormoj section: CIE1 at the base of the section is a negative spike
from 0.05%o to —3.5%0; CIE2 at the top of the Mauddud Formation is a
positive spike with ~1%. amplitude; CIE 3 in the middle Sarvak For-
mation consists of two positive spikes with ~0.5%o and ~ 1%o amplitude
(Fig. 6).
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4.5. Carbonate geochemistry

The percentage of siliciclastic input in shallow-water carbonate
rocks, as calculated from chemical data, reaches maximum values (4%—
15%) in the Kazhdumi Formation and decrease to 1.5% in the Mauddud
Formation to reach minimum (~0.5%) in the Sarvak Formation
(Fig. 8A). Aluminum (Al) follows this trend throughout the Khormoj
section (Fig. 8B), whereas nutrient-sensitive elements, such as phos-
phorus (P/Ca ratio), zinc (Zn), and barium (Ba) show little variation
excepting relative high Ba and Zn concentrations in the lower Kazhdumi
Formation and upper Sarvak Formation respectively (Fig. 8C-E).

5. Discussion
5.1. Assessment of diagenetic effects on carbon-isotope data

Diagenetic processes can modify the original isotopic composition of
marine carbonates, typically resulting in decreased §'3C and §'%0 values
(Banner and Hanson, 1990). The studied carbonate samples from the
Khormoj section do not show any evidence of post-depositional disso-
lution or recrystallization in thin section. Grainstones from the Sarvak
Formation do show several generations of carbonate cements (Fig. 5C)
but no significant covariance is displayed by the cross-plot of 5!3C and
580 values (Fig. 9A). The Mn/Sr ratio in the studied samples is much
lower (<1.5) than values generally considered as indicative significantly
altered by diagenesis (i.e., > 10; Kaufman and Knoll, 1995) and further
evidence against diagenetic effects is the lack of a negative correlation
with the carbon isotope curve (Fig. 9B; Jacobsen and Kaufman, 1999).
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The isotopic values of the Burgan ironstone (5'3C: ~0 %o to ~3.5 %o,
5'80: —5 %o to —6 %o) are notably lower than limestones for their min-
erals are siderites (Fig. 9A). The in-situ origin of siderite and their value
are within the range of marine environments siderites as summarized by
Mozley and Wersin (1992). Therefore, stable-isotope data from the
Khormoj section is considered as indicative of the original palae-
oceanographic conditions.

5.2. Assessment of facies control on carbon-isotope data

Carbon-isotope values may be influenced also by the presence of
different carbonate grains in different facies (Geyman and Maloof,
2021). Carbon isotope values in out ramp-basin (MF1-3) and middle
ramp carbonates (MF4-6) are similar and tend to be more negative than
for inner ramp carbonates (MF14, Fig.9C). Values in rudist dominated
(MF11-13) and slope carbonates (MF8-10) tend to be higher than
lagoonal carbonates (MF15-16, Fig.9C). The ironstone (MF7) yielded
the lowest 8'°C (Fig.9C). The long-term up-section increase of §'°C
observed in Albian strata may thus partly reflect facies evolution from
middle ramp to inner ramp (Fig.6).

Conversely, a lack of correlation between rudist-dominated facies
and 6!3C indicate that carbon isotope oscillations during the early to
middle Cenomanian are independent of sedimentary facies. Both CIE1
and CIE3 occurred within the same facies (Fig.6). CIE1 shows a negative
excursion and back to the normal value within MF7, whereas CIE3
shows a positive excursion in slope environments (MF8-9). CIE2 is a
positive 8'3C excursion that occurred during the transition from inner
ramp (MF14) to middle ramp (MF3-4) and thus reflects an original
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environmental signal rather than facies changes because §'>C would be
expected to decrease from inner to middle ramp carbonates.

5.3. Carbon isotopes and relative sea-level changes

The consistent carbon isotope curve obtained for the Sarvak For-
mation both by Vincent et al. (2015) and this study shows a long-term
decrease from ~2%o to ~1%o in the early Cenomanian, followed by a
slow increase to ~3%o in the middle Cenomanian (Fig. 10). The rapid
positive shift of carbon isotope related to OAE 2, documented by Vincent
et al. (2015), could not be observed in this study because the top of the
Sarvak Formation is not exposed in the Khormoj section.

Ammonites (Vincent et al., 2015) and larger benthic foraminifers
from the Khormoj section (this study) in the Khormoj section provide
biostratigraphic constraints for a worldwide correlation based on 5!3C
curves with successions spanning mid-Cretaceous oceanic anoxic events
OAE1lb, OAEld, and MCE (Middle Cenomanian Event). The most
prominent 513c negative excursion (~3.5%o), occurring in the Burgan
ironstone at the base of the Kazhdumi Formation, may correlate with the
lower Albian Paquier Level of the western Tethys (Fig. 10), one subevent
of OAE1b marked by a negative 8'3C excursion (Herrle et al., 2004;
Navarro-Ramirez et al., 2015).

The negative excursion by ~0.7%. observed in the middle part of
Kazhdumi Formation may correspond to the Leehhaedt Level (top of
OAElDb; Herrle et al., 2004), although discontinuous exposure and poor
biostratigraphic control makes such a correlation particular tentative.
The prominent positive 8'3C excursion by ~1%o at the top of the
Mauddud Formation dated as late Albian that may be correlate with the
latest Albian OAE1d (Yao et al., 2021).

The positive excursion in the upper part of the Sarvak Formation,
characterized by two positive peaks (~0.5%0 and ~ 1%, Fig. 10) and
dated as middle Cenomanian, may correlate with the '>C excursion also
characterized by two positive peaks reported from the western Neo-
Tethys realm as a prelude to OAE2 (Andrieu et al., 2015).

Microfacies analysis indicates carbonate deposition in middle ramp
environments during the early-middle Albian, following the earliest
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Albian transgression (TE1). At late middle to early late Albian times, a
gradual regression led to deposition on an inner ramp, followed by a
major transgressive event and pelagic depositions in the latest Albian
(TEZ2; Fig. 6). Regression in the early Cenomanian led to transition from
shoal to lagoonal settings (Fig.6). In the late early Cenomanian, platform
drowning during TE3 was followed by a shallowing-upward trend from
basin to shoal in the middle Cenomanian (Fig. 6).

Such an inferred long-term paleodepth evolution during the Albian
shows some correspondence with global sea-level curve of Miller et al.
(2005). Persistent middle ramp deposition after TE1 corresponds to the
long-term early to middle Albian eustatic highstand (Fig. 11). The
gradual regression followed by TE 2 in the late Albian can well be
correlated with the global sea level curve (Fig. 11). However, the
regression of the lower part of the Sarvak Formation (after TE2) mis-
correlated with eustatic rise during the early Cenomanian (Fig. 11),
which may be ascribed to the carbonate platform geometry. Ramps are
characterized by notably lower rates of carbonate production than
rimmed platforms, which may easily keep-up with sea-level rise
(Schlager, 2005; Williams et al., 2011; Sultana et al., 2022). An eustatic
rise may thus result in transgression on a slowly accumulating carbonate
ramp but on aggradation and even regression on a rapidly growing
rimmed platform.

5.4. Response of carbonate factories to siliciclastic influx

Carbonate factories are systems that involve the production of car-
bonate sediments that is defined by an ecosystem (Schlager, 2005;
Pomar and Hallock, 2008; James and Jones, 2016). Documented in this
study, two types of shallow-water benthic carbonate factories, domi-
nated by either orbitolinids and green algae (e.g., MF4-6, MF14) in the
Kazhdumi and Mauddud formations, or by rudists (MF8-12) with some
alveolinids (MF15-17) in the Sarvak Formation. Orbitolinids are one
kind of larger benthic foraminifers (LBFs) that mostly live in clear
oligotrophic waters (Hallock, 1985), but discoidal orbitolinids, howev-
er, can tolerate siliciclastic influx and mesotrophic conditions (Wilmsen,
20005 Pittet et al., 2002; Embry et al., 2010), because better adapt to
increased water cloudiness (Hottinger, 1982) or more rapidly respond to
a sudden supply of nutrients (Vilas et al., 1995). A positive correlation
between the abundance of discoidal orbitolinids and siliciclastic detritus
or nutrient levels was observed in lower to middle Cretaceous strata
(Vilas et al., 1995; Pittet et al., 2002; Schroeder et al., 2010; Bonvallet
et al., 2019).

Rudists are typical Cretaceous reefal fauna grown in siliciclastic-free
oligotrophic environments (Sanders and Pons, 1999; van Buchem et al.,
2002; Rameil et al., 2010). In the Sarvak Formation exposed in the
Khormoj section, rudist debris accumulated in high-energy shoals
devoid of siliciclastic influx and favoring efficient recycling of organic
matter to nutrients in oligotrophic conditions (Pittet et al., 2002).
Orbitolinids are thus replaced by alveolinids which are extreme K-
strategists thriving in oligotrophic environments without siliciclastic
input (Brasier, 1995; Wilmsen, 2000; Parente et al., 2008).

A similar change in carbonate factories documented in the
Barremian-Aptian strata of Arabian plate has been ascribed to silici-
clastic influx and changing nutrient levels (van Buchem et al., 2002).
Elements behaving as micronutrients (i.e., P/Ca, Ba, Zn) are widely used
to indicate nutrient level and paleoproductivity (Tribovillard et al.,
2006), but neither of them exhibits a marked change throughout
Khormoj section (Figs. 8C-E). This suggests that that nutrient level was
not the main control on the observed prominent change in carbonate
factories.

In contrast, siliciclastics supply (Fig.8A-B) progressively decreased
from the Kazhdumi Formation (4-15% of siliciclastics and 200 ppm Al)
to the Mauddud (~2% of siliciclastics and ~ 30 ppm Al) and Sarvak
formations (~0.5% of siliciclastics and ~ 15 ppm Al). Observations from
both modern and ancient environments indicate that the LBFs are
tolerant to siliciclastic influx (Mount, 1984; Coletti et al., 2021).
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Fig. 12. Two contrasting platform geometries documented in mid-Cretaceous strata of the Khormoj section (Zagros Mountains, Iran): carbonate ramp in the Albian

vs. rimmed platform in the Cenomanian (modified from Droste, 2010).

Siliciclastic influx fostered by more humid climate during deposition of
the Kazhdumi Formation (Davies et al., 2002; van Buchem et al., 2010,
2011) thus hampered most calcareous biota to thrive in turbid waters,
leaving tolerant orbitolinids as the dominant species. Subsequently
reduced siliciclastic influx during long-term sea-level rise, led to clearer
waters preferred by rudists and alveolinids.

5.5. Carbonate factories and platform geometry

The repeated changes in carbonate platform geometry from ramp to
rimmed platform documented by Barremian to Cenomanian strata of the
Arabian margin have been ascribed to changing rates of carbonate
production and accommodation ultimately controlled by short-term sea-
level rise (van Buchem et al., 2002; Droste et al., 2010; Razin et al.,
2010). During the early transgressive stage of a third-order depositional
sequence, balanced carbonate production and generation of new ac-
commodation space may lead to the development of a low-angle ramp.
During the late transgressive to early highstand stage, as relative sea-
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level rises more rapidly, carbonate production may be able to catch up
only locally, resulting in the formation of an intrashelf basin rimmed by
reefs or shoals (van Buchem et al., 2002, 2011; Droste et al., 2010; Razin
etal., 2010; Xu et al., 2022). Our analysis of the Khormoj section makes
us question some aspects of this model which predicts that transition
from ramp to rimmed platform should rather systematically occur
within each third-order depositional sequences. However, six third-
order depositional sequences are identified in the Albian to Cen-
omanian (van Buchem et al., 2011; Vincent et al., 2015) and yet car-
bonate factories and platform geometry only changed during the earliest
Cenomanian (Fig.6).

Moreover, the models assume carbonate-production rate to be a
critical factor, leading to formation of a rimmed platform during rapid
sea-level rise. This is hardly compatible with what observed in the
Khormoj section, where Kazhdumi and Mauddud formations document
an inner ramp dominated by green algae (estimated carbonate produc-
tion rate ~ 0.5 m/kyr; Sultana et al., 2022) and a middle ramp char-
acterized by LBFs and other heterozoans (estimated carbonate
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production rate ~ 0.1 m/kyr; Narayan et al., 2021; Sultana et al., 2022).
Based on such a contrast in carbonate production rate, the transition
from ramp to a rimmed platform with a ~ 90 m-deep basin should occur
during any sea-level rise persisting longer than 225 kyr which is how-
ever not observed during three different Albian depositional sequence.

Fault activity was also considered as a possible cause of transition
from carbonate ramp to rimmed platform (Hughes, 2000; Batt et al.,
2008). The study area, however, was situated in a passive margin that
did not record any prominent tectonic event before ophiolite obduction
in the late Cenomanian (Alavi, 2004).

Our study emphasizes instead the critical role played by siliciclastic
influx and by the distinct character of different carbonate factories
(Pomar, 2001). A ramp geometry implies a relatively uniform depth
distribution of carbonate accumulation, whereas a rimmed platform
implies a sigmoidal curve of sediment accumulation (Pomar, 2001;
Pomar et al., 2012; Sultana et al., 2022). During the middle to late
Albian, the ramp system was dominated by green algae, small benthic
foraminifera and orbitolinids. Carbonate production is higher for green
algae and small benthic foraminifer than for orbitolinids, but commi-
nuted algal debris is easily transported into deeper environments (Folk
and Robles, 1964). Such a resulting homogenization of sedimentation
rates from shallower to deeper environments, together with overall low
accumulation rates as testified by the occurrence of glaucony in both
Kazhdumi and Mauddud formations, favored the ramp geometry
(Fig. 12).

During the Cenomanian, orbitolinids were replaced by rudists,
capable of a very high carbonate productivity (~24 m/kyr; Steuber,
2000). Rudist tend to shed abundant coarser sand to pebble debris that is
readily cemented during early diagenesis (e.g., MF10-12) and thus re-
sists erosion and transport into the basin (Fig. 12). Because pelagic
carbonate production is lower by three orders of magnitude (~ 0.03 m/
kyr; Einsele, 2000), such a strong difference leads to the formation of a
slope break between the platform and the adjacent basin, resulting in the
rimmed geometry (Fig. 12).

6. Conclusions

This study integrates new and published sedimentological,
biostratigraphic, elemental-geochemistry, and stable-isotope data on
mid-Cretaceous carbonate platforms exposed in the Zagros fold-belt of
SW Iran. The main conclusions are:

(1) Sixteen carbonate microfacies are recognized in the Albian-
Cenomanian stratigraphic succession, documenting basinal,
open-marine, delta-front, slope, shoal, shallow-neritic, and
lagoonal depositional settings.

By combining field sedimentological evidence and microfacies
analysis, two distinct types of carbonate platforms with distinct
geometry are identified and described in the studied Khormoj
succession: a carbonate ramp dominated by green algae and
orbitolinids in the Albian; and a rimmed platform dominated by
rudists in the Cenomanian.

(3) These two distinct platform geometries correspond to different
benthic carbonate factories which were influenced by the amount
of siliciclastic supply, controlled in turn by climate and long-term
sea-level rising.

Biostratigraphic and carbon-isotope constraints show that pale-
odepth changes documented by carbonate microfacies broadly
compare with widely accepted long-term eustatic curves for
carbonate ramp characterized by lower accumulation rates. Such
a correspondence is not observed for rimmed platforms because
of a much high productivity that allows their keep-up with sea-
level rise.

(2)

4
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