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ABSTRACT

Sea-level changes exert an important control on oceanic circulation and climate evolution. Researchers have
proposed that sea-level rise favored accumulation of sediments enriched in organic carbon during oceanic anoxic
events (OAEs), although high-frequency sea-level changes and their controlling mechanism have remained
poorly constrained. Here we present a detailed sedimentological and geochemical study on Aptian (Lower
Cretaceous) shallow-water carbonates of the Dariyan Formation exposed in the Zagros fold belt of southern Iran.
Microfacies analysis reveals that a regression occurred during carbon isotopic stages C3-C4, followed by a
transgression during stages C6-C7. Frequency analysis of carbonate allochems indicates a transition from rudists
and other skeletal grains to microbial grains with reduced bioturbation during regression at late C3-C5 stages,
whereas the opposite occurred during transgression at stages C6-C7. In the transition interval (C3-C5) nutrients
(P, Ba) and redox indicators (Ce anomaly and U concentration) document low nutrient levels and oxygen-rich sea
waters, suggesting sea-level changes, rather than by seawater chemistry control. Worldwide correlation of
relative sea-level changes across Tethyan, Northern Atlantic, Pacific and Arctic areas is consistent with regression
followed by transgression during OAEla. The regression and transgression occurred at a period of climatic
warming and cooling respectively, suggesting that aquifer-eustasy rather than thermo-eustasy or glacio-eustasy
may have represented the main cause of eustatic changes.

1. Introduction

climate punctuated by several transient oceanic anoxic events (OAEs)
with widespread deposition of black shales (Jenkyns, 2010). Event

Global sea-level is observed to rise today at a rate of ~3.7 mm per
year (Fox-Kemper et al., 2021), profoundly influencing all communities
living in coastal to shallow-marine settings, modifying the land/ocean
distribution, and affecting oceanic circulation and climate change
(Zhang et al., 2023). Eustatic rise also determines the expansion of
oxygen-depleted conditions in epicontinental seas (Grotsch et al., 1998;
Bond and Wignall, 2008; Hermoso et al., 2013) and influences marine
biodiversity (Brett et al., 2007; Ludt and Rocha, 2015; Bartlett et al.,
2018).

The mid-Cretaceous world was characterized by a prolonged warm
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OAEla (Selli Level of the Umbria-Marche Apennines) took place in the
early Aptian (~120 Ma), a relatively cold period when small ice caps
may have been present in the polar area (Wang et al., 2011; Herrle et al.,
2015; Alley et al., 2019). Associated with OAE1a were nannofossil crisis
(Erba et al., 2010), increased seawater temperature (Naafs and Pancost,
2016; Jenkyns, 2018), intensified continental weathering (Bottini et al.,
2012; Lechler et al., 2015), and the demise of carbonate platforms
(Weissert et al., 1998; Huck et al., 2011).

The sedimentary evolution during OAEla has been widely associated
with eustatic rise, leading to accumulation of organic carbon-rich
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sediment and drowning of carbonate platforms (Follmi et al., 1994;
Weissert et al., 1998; Grotsch et al., 1998; Millan et al., 2009; Huck et al.,
2011). The detailed pattern of sea-level change, however, remained
poorly understood for several reasons. Firstly, organic-carbon content
cannot be used as a proxy for sea-level rise, because oxygen depletion in
seawater and increased primary production also takes place during
OAEs (Follmi et al., 1994; Bodin et al., 2013; Westermann et al., 2013;
Erba et al., 2015). Secondly, most drowned carbonate platforms are
located along the northern margin of Neotethys (e.g., Huck et al., 2014;
Ninez-Useche et al., 2020), drowning unconformities are commonly
multiphase, and some preceded the OAEla event (Huck et al., 2011;
Najarro et al., 2011; Masse and Fenerci-Masse, 2013; Frau et al., 2020).
Thirdly, most evidence of sea-level change during OAEla is based on
condensed deep-marine successions, which prevents an accurate
reconstruction of high-frequency sea-level changes.

In this study, we present an integrated sedimentological, biostrati-
graphic, microfacies, geochemical, and carbon-isotope analysis of
shallow-water carbonates of the Dariyan Formation exposed in the
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Zagros fold belt of southern Iran. Our main aims are to: (1) improve our
understanding of the evolution of carbonate platforms along the
southern margin of the Neotethys Ocean; (2) reconstruct a detailed
regional record of sea-level changes during OAE1la; (3) test the validity
of the simple eustatic-rise model in a well-studied shallow-marine car-
bonate setting.

2. Geological setting

The Dariyan Formation (belonging to the Bangestan Group) consists
of a carbonate platform deposited at subtropical latitudes along the
northern passive continental margin of Arabia during the late Early
Cretaceous (Fig. 1A and B). During the Aptian, the Kazhdumi and Bab
basins developed in the platform interiors, reaching water depths of
50-100 m (Fig. 1B; Murris, 1980; van Buchem et al., 2010a) and
remaining as the only marine areas during the late Aptian regression
when the Dariyan platform was widely exposed (Ziegler, 2001; van
Buchem et al., 2010a; Raven et al., 2010). The Khormoj stratigraphic
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Fig. 1. A) Early Aptian paleogeographic map indicating paleoposition of key OAEla localities discussed in text (after Scotese, 2021). Section: #1-6: neritic car-
bonates (#2 is Khormoj section), #7-8 pelagic limestones, and #9-10 siliciclastic deposits; B) Early Aptian paleogeography of the Arabian shelf (redrawn from van
Buchem et al., 2010a); C) geological map of the Khormoj area (redrawn from Homke et al., 2009).
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section analyzed in detail in the present study is situated on the platform
adjacent to the Kazhdumi basin, where only lower Aptian platform de-
posits are documented (Fig. 1C).

The Aptian age of the Dariyan Formation is based on Sr isotopes and
biostratigraphy (van Buchem et al., 2011; Afghah and Haghighi, 2014;
Naderi-Khujin et al., 2016). In the studied area, the OAEla interval has
been well identified in previous works, which also documented OAE1a-
related layers with Lithocodium—Bacinella facies (Vincent et al., 2010;
Naderi-Khujin et al., 2016). The carbon-isotope curve of the Khormoj
section showed a prominent positive excursion related to OAEla (Vin-
cent et al., 2010), although poor biostratigraphic control made such a
correlation tentative. The lower Dariyan Formation in the Khormoj
section chiefly consists of orbitolinid limestone and shows a deepening-
upward trend, whereas a shallowing-upward trend characterizes the
upper Dariyan Formation (Vincent et al., 2010; van Buchem et al.,
2010b).

This study focuses on the ~85 m-thick upper Dariyan Formation,
starting with a ~ 26-m-thick bioturbated limestone with rudist debris
(Fig. 2A) intercalated with an in situ rudist biostrome (Fig. 2B) and
followed by ~14-m-thick, thin- to medium-bedded limestone lacking
bioturbation (Fig. 2C). The overlying 34-m-thick limestones with Tha-
lassinoides (Fig. 2D) are followed in turn by a 12-m-thick rudist bio-
strome (Fig. 2E, F) capped by a 1-m-thick orbitolinid-rich limestone
(Fig. 2E) displaying a hardground with borings on the top surface
(Fig. 2G). A paleosol separates the Dariyan Formation from the over-
lying Burgan sandstone (Fig. 2E), indicating exposure and karstification

Kazhudumi
Formation

= Paleosoil
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during a major relative sea-level fall (van Buchem et al., 2010a).
3. Methods
3.1. Sampling and microfacies analysis

The Khormoj section is exposed to the northeast of Khormoj city (N
28°41'45.3"; E 51°26'58.4") along the flanks of an anticline including
Jurassic (Khami Group), Cretaceous (Bangestan Group) and Cenozoic
strata (Pabdeh, Asmari, Jahrum, Gachsaran, Mishan, Agha Jari, and
Bakhtyari formations) (Fig. 1B). This study focuses on the upper part of
the Dariyan Formation, where samples were collected with an average
spacing of 1-2 m. A total of 45 thin sections were used for microfacies
analysis based on grain components, textures, and fossil assemblages.
Carbonate rocks were classified based on Dunham (1962) and Embry
and Klovan (1971). Frequency analysis was carried out by counting
between 150 and 250 carbonate grains (depending on sample hetero-
geneity) using grain-bulk measurements (Fliigel, 2010) with software
JMicroVision (Roduit, 2019).

3.2. Stable carbon and oxygen isotopes

A total of 45 isotope analyses on bulk samples were performed at the
State Key Laboratory for Mineral Deposits Research at Nanjing Univer-
sity using an in-line GasBench II auto sampler coupled to a Thermo
Finnigan MAT Delta Plus XP mass spectrometer. Powdered samples were

Fig. 2. Outcrop photographs of the Khormoj section (southern Iran). A) Thick-bedded bioclastic limestones at the base of measured section; B) well-preserved rudist
biostrome; C) thin-bedded limestones with small macrofossils; D) Thalassinoides in the upper part of section; E) top of Dariyan Formation represented by a rudist
biostrome overlain by an orbitolinid-rich layer separated from the Burgan sandstone by a paleosoil; F) close-up view of rudist biostrome at top of Dariyan Formation;

G) hardground on top of orbitolinid-rich layer.
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obtained by microdrilling with a tungsten carbide drill bit, taking care to
avoid cement-filled veins, pores and bioclasts, and reacted with purified
orthophosphoric acid at 70 °C. Isotopic measurements were calibrated
to Chinese national standard calcium carbonate sample GBW04405
(6*3Cyppp 0.57%0 = 0.03%0; 5'80yppp -8.49%0 + 0.14%o). Isotope ratios
are expressed in standard delta notation (8) as per mil deviations relative
to the Vienna Pee Dee Belemnite (VPDB) standard. The analytical pre-
cision (16) was better than 0.1%s for '3C and 0.05%o based on duplicate
measurements of standards and samples. Carbon and oxygen isotope
data are provided in Table S1.

3.3. Major and trace elements

Approximately 50 mg of powdered carbonate-rock samples were
weighed and left to dissolve overnight in 3 ml of distilled 0.5 M acetic
acid, after which the insoluble residues were weighed. The solutions
were centrifuged, and the supernatant was transferred to another
beaker. The residues were rinsed three times using ultrapure water, and
the solutions were added to the previous supernatant. The leachates
were converted to nitric acid medium, which was used for elemental
analysis carried out at Nanjing Institute of Geology and Palaeontology,
Chinese Academy of Sciences. Trace-element concentrations were
determined using an Agilent 7700A inductively coupled plasma mass
spectrometer (ICP-MS) with analytical precision better than +2%.
Major elements were measured using an Agilent 710 ICP-OES with
analytical precision better than +5%.

The cerium anomaly (Ce/Ce*) is calculated based on the relative
depletion or enrichment in PAAS- (Post-Archean Australian Shale;
Taylor and McLennan, 1985) normalized Ce ([Ce]SN) against
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neighboring nonredox-sensitive rare earth elements (REE), using the
equation Ce/Ce* = Ce/(Pr x (Pr/Nd)) of Lawrence et al. (2006).
Geochemical data for carbonate are provided in Table S2.

4. Results
4.1. Biostratigraphy

Abundant benthic foraminifers preserved in the Khormoj section of
the upper Dariyan Formation were correlated to the orbitolinid biozones
revised by Schroeder et al. (2010). The distribution of typical orbitolinid
species are shown in Fig. 3. From samples 19KJ12 to 19KJ28, the
occurrence of Palorbitolina lenticularis indicates the P. lenticularis zone of
earliest Aptian age (Fig. 4A, C). The coexistence of P. lenticularis and
Palorbitolinoides pileus above sample 19KJ29 (Fig. 4B) indicates a late
early Aptian age and the occurrence of Praeorbitolina cormyi-wienandsi
above sample 19KJ42 indicates the latest early Aptian. The two strati-
graphic intervals between samples 19KJ29 and 19KJ41 and between
samples 19KJ42 and 19KJ46 correlate to the Tethyan ammonite zones
Deshayesites deshayesi and Dufrenoya furcate, respectively (Schroeder
et al., 2010). Biostratigraphic evidence thus testifies to an early Aptian
age for the studied Khormoj section, with the onset of OAE1la occurring
beneath the first appearance of Praeorbitolina cormyi-wienandsi (i.e.,
beneath sample 19KJ42).

4.2. Carbonate microfacies and environmental changes

Based on field observations, sedimentological features, fossil as-
semblages, textures and fabrics, 13 microfacies (MF1 to MF13) grouped
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Fig. 3. Distribution of key foraminiferal speices throughout the Khormoj section (southern Iran). Legend as in Fig. 6.
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Fig. 4. A) Palorbitolina lenticularis (Blumenbach) (left) and Praechrysalidina infracretacea Luperto Sinni (right), sample 19KJ12; B) Palorbitolinoides pileus sensu
Schroeder et al. (2010), sample 19KJ30; C) Two specimens of Palorbitolina lenticularis (Blumenbach) (arrows), sample 19KJ26; D) Three specimens of ‘Glomoinvo-
lutina apuliae’ Luperto Sinni and Masse nom. nud., sample 19KJ27; E) Salpingoporella dinarica Radoici¢ (left) and Nezzazata sp. (right), sample 19KJ12. Scale bars all

0.5 mm.

into four depositional settings were identified in the Khormoj section.
4.2.1. Deep subtidal environment

4.2.1.1. MF1 Orbitolinids rudstone-floatstone. Thin-bedded limestones in
the uppermost part of the Dariyan Formation are characterized by
abundant (16-55%) and well preserved flat orbitolinids set in a micritic
matrix (Fig. 5A). Bivalves and echinoderms occur; small miliolids and
sponge spicules are rare. Flat orbitolinids are more common than conical
forms in environments with turbid water, greater water depth, and low
illumination (Vilas et al., 1995). Intense bioturbation and a hardground
(Fig. 2G) indicate very slow deposition during relative sea-level rise
(Fliigel, 2010). Microfacies MF1, directly overlying the rudist biostrome,
points to a deep subtidal environment below fair-weather wave base.

4.2.1.2. MF2 Bioclastic wackestone-mudstone. Thin- to medium-bedded
limestone in the middle to upper part of the Khormoj section contain
diversified bioclasts (flat orbitolinids, crinoids, bivalves, gastropods,
sponge spicules, and small benthic foraminifers) set in micritic matrix
(Fig. 5B). Bioturbation (e.g., Thalassinoides, commonly occurring in
sublittoral environments; MacEachern et al., 2007) occurs on stratal
surfaces (Fig. 2D).

Diversified fauna suggests an open marine environment; abundant
micrite and sparse bioclasts indicate deep subtidal low-energy
conditions.

4.2.1.3. MF3 Spicule wackestone with algae. Strata with abundant sili-
ceous sponge spicules set in micritic matrix occur at the base of the
Khormoj section (Fig. 5C). Strongly broken bivalves and green algae are
common; Hensonella (considered to be either a dasycladacean alga or a

problematicum) and small benthic foraminifers are rare. Siliceous
sponges thrive in relatively deep water (Fliigel, 2010) and association
with MF4 indicates a deep subtidal environment.

4.2.1.4. MF4 Bimodal rudist floatstone. Thick-bedded, extensively bio-
turbated limestones at the base of the Khormoj section largely consist of
coarse and poorly sorted rudist debris, with bioclasts ranging 0.3-5 mm
in diameter, lacking micrite envelopes, and set in micritic matrix
(Fig. 5D). Benthic foraminifers are rare. Diagenetic dolomitization was
observed. Poorly-sorted rudist debris and lack of micrite envelope point
at storm-induced events followed by rapid burial in a deep subtidal
environment below fair-weather wave base (Fliigel, 2010).

4.2.1.5. MF5 Bioclastic packstone. Thick-bedded limestones at the base
of the Khormoj section contain abundant, well sorted, broken, and
recrystallized bioclasts (mainly bivalves and green algae) set in micritic
matrix (Fig. 5E). Some bioclasts display micrite envelopes. Rudists and
Hensonella are minor. Microfacies MF5, interbedded with MF3 and
overlain by an in situ rudist biostrome (Fig. 2B), point at high-energy,
storm-induced events and deposition in a deep subtidal environment.

4.2.1.6. MF6 Coral rudstone. Thick-bedded limestones in the lower part
of the Khormoj section mainly (~50%) consist of clasts of bored corals
(1.5-3 cm in diameter, Fig. 5F) with minor (~5%) rudists and other
bivalve debris. Flat orbitolinids, gastropods, Hensonella, echinoderms,
and sponge spicules occur. During the mid-Cretaceous, corals thrived in
deeper water than rudists (Gili et al., 1995; Fernandez-Mendiola et al.,
2013), indicating that microfacies MF6, interbedded with MF7, repre-
sents a deep subtidal environment.
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Fig. 5. A) Orbitolinids rudstone, 19KJ46. B) Bioclastic wackestone, 19KJ35. C) Spicule wackestone with algae, 19KJ01. D) Rudist floatstone, 19KJ02. E) Bivalve
packstone, 19KJ04. F) Coral rudstone, 19KJ06. G) Spicule wackestone, 19KJ42. H) Bacinella-rudist wackestone, 19KJ12. I) Orbitolinids wackestone with small
benthic foraminifers, 19KJ26. J) Bioclastic wackestone, 19KJ12. K) Lumps-peloids packstone, 19KJ18. L) Lumps-peloids grainstone with bird’s eyes, 19KJ14.

4.2.1.7. MF7 Sponge spicule-rudist biostrome. Thick-bedded, intensely
bioturbated limestones in both lower and upper parts of the Dariyan
Formation contain densely packed in situ rudists (Fig. 2F) set in micritic
matrix that contains common monaxons or triaxons spicules with cen-
tral canals belonging to siliceous sponges (Fig. 5G). Small benthic for-
aminifers, rudist debris, Bacinella, green algae, and echinoderms occur.
Rudists thrive in shallow shelfal environments (Ross and Skelton, 1993;
Ozer et al., 2017) and microfacies MF7 is overlain by MF1, suggesting a
shallower water depth than MF3 at the transition from shallow to deep
subtidal environments.

4.2.2. Shallow subtidal environment

4.2.2.1. MF8 Bacinella-rudist wackestone. Medium- to thick-bedded
limestones widely distributed throughout the Khormoj section contain
well-preserved rudists mostly encrusted by Bacinella, a rather enigmatic
calcimicrobial structure (Fig. 5H). Small benthic foraminifers, including

miliolids and textulariina, are common. Orbitolinids, crinoids, other
bivalve debris, peloids, and intraclasts occur. Some bioclasts are strongly
micritized. Bacinella typically occurs in reef crest or lagoonal environ-
ments (Stein et al., 2012; Kaya and Altiner, 2015) and the well-preserved
in situ rudists indicate a biostrome in a shallow subtidal environment.

4.2.3. Lagoon

4.2.3.1. MF9 Orbitolinid wackestone with small benthic foraminifers.
Thick-bedded limestones in the upper Dariyan Formation contain
abundant benthic foraminifers set in micritic matrix. Unlike MF1 and
MF2, other small benthic foraminifers (miliolids, textulariina, and
rotaliids) are common in addition to flat orbitolinids (Fig. 5I). Echino-
derms, gastropods, and spicules are rare. The co-occurrence of orbito-
linids and diversified benthic foraminifers suggests a shallower
environment than MF1 and MF2. The abundance of micrite indicates
low-energy conditions in a shallow subtidal lagoon.
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4.2.3.2. MFI10 Bioclastic wackestone with small benthic foraminifers.
Thick-bedded limestones in the upper part of the Khormoj section
mainly consist of small benthic foraminifers (miliolids and textulariina;
up to ~12%) (Fig. 5J) associated with echinoderms, bivalves, sponge
spicules, and orbitolinids. Peloids and lumps are locally abundant.
Common miliolids and textulariids indicate a shallow lagoonal envi-
ronment with water depth < 10 m (Ghabeishavi et al., 2010).

4.2.4. Intertidal to supratidal environment

4.2.4.1. MF11 Lump wackestone with small benthic foraminifers. Thin- to
medium-bedded limestone in the middle part of the Khormoj section
contain abundant lumps and peloids set in micritic matrix (Fig. 5K).
Small benthic foraminifers and small bioclasts are common. Echino-
derms, orbitolinids and intraclasts are rare. Abundant lumps and peloids
and micritic matrix indicate a low-energy restricted lagoonal to inter-
tidal environment (Jones, 2010).

4.2.4.2. MF12 Lump-peloid grainstone with bird’s eyes. Thin-bedded
limestones in the middle part of the Khormoj section mostly contain
lumps and peloids with rare miliolids and other bioclasts. Thin lami-
nations and bird’s eyes are common (Fig. 5I), indicating an upper
intertidal to supratidal environment unsuitable for the life of organisms
(Fliigel, 2010).

4.2.5. Environmental evolution
Microfacies analysis of the upper Dariyan Formation documents a
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regression followed by a transgression (Fig. 6). The gradual regression
starts with MF3-MF6, representing a deep subtidal environment influ-
enced by storm activity at the base of the measured Khormoj section,
overlain by MF11-MF12 deposited in peritidal environments (Fig. 6). In
the middle part of the section, MF8-MF10 indicate a change from peri-
tidal to shallow subtidal environments, thus heralding a transgression
(Fig. 6). Subsequently, deep subtidal deposition of MF2 followed by MF7
indicates progressive transition to deeper subtidal environments in the
upper part of the section (Fig. 6). Microfacies MF1 at the top of the
Dariyan Formation documents renewed transgression during which
deepest-water conditions were reached (Fig. 6). Subaerial exposure of
the carbonate platform is indicated by the paleosol at the top of the
Dariyan Formation (Fig. 2E).

4.3. Carbon-isotope stratigraphy

Carbonate carbon isotopes show significant fluctuations from 1% to
4%o in lower Aptian strata. Seven discrete segments (labeled from C1 to
C7 in Fig. 6) are recognized following the classification of Menegatti
et al., 1998). The 513C values remain stable (+2.6 to 2.9%o) in stage C2,
sharply fall to +1.1%o at the C2/C3 boundary, remain between +1.1%o
and + 1.3%o in stage C3 (with one peak at +1.6%o.), shift from +1.3%o to
+2.0%0 in stage C4, and remain around +2.0% in stage C5. Then 5'3C
values shift rapidly from +2.0%o to +4.2%o in stage C6, remaining be-
tween +3.0 %o and + 4.0%. in stage C7, considered as a carbon-isotope
plateau.
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4.4. Quantitative analysis of carbonate grains

Carbonate grains include: (1) skeletal grains (macrofossil debris of
rudists, corals, gastropods, benthic foraminifers, echinoderms, green
algae, and undetermined bioclasts); (2) microbial grains (peloids, lumps,
and Bacinella); and (3) intraclasts. Point-counting data showed a domi-
nance of corals, rudists and other bivalves in C2 to early C3 stages
(Fig. 6), with sharp increase of microbial grains to 57-90% in late C3 to
C6 stages. Microbial grains decreased from 55% to 15% in the early C7
stage and were finally replaced by sponge spicules, rudists and orbito-
linids in the C7 stage, where orbitolinids reach up to 60% (Fig. 6).

4.5. Major and trace element geochemistry

The concentration of aluminum and barium throughout the
measured Khormoj section shows little variation (Al ~15 ppm and Ba
~1 ppm), but for a positive excursion at the top of the Dariyan Forma-
tion (Fig. 7). The P/Ca ratio in most samples ranges from 0 to 40
(average ~ 20), but for two positive excursions in the upper part of the
measured section (Fig. 7). Although REEs may be contaminated by
terrigenous siliciclastic detritus, the Y/Ho ratio is mostly >36 (supple-
mentary table S2), typical of a marine signal (Nozaki et al., 1997; Ling
et al., 2013). The cerium anomaly shows significant variation
throughout the measured section. Ce/Ce* remains stable (~0.9) during
C2-early C3 stages, falls to 0.5 in the late C3 stage, eventually increases
to 1.0-1.25 in the C7 stage followed by a negative excursion at the top of
the Dariyan Formation (Fig. 7). The U content follows a similar trend,
decreasing from 1.6 ppm to 0.4 ppm during stages C3-C6 and increasing
to 1.5 ppm at stage C7, followed by a negative excursion (Fig. 7).
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5. Discussion
5.1. Assessment of diagenetic effects on carbon isotope data

Diagenetic processes, such as dissolution and recrystallization, can
modify the original isotopic composition of marine carbonates (Banner
and Hanson, 1990). Carbonate mudstones, wackestones, and packstones
of the Dariyan Formation, however, do not show evidence of micrite
recrystallization. All §'3C values vary from +1%o to +4.5%, and §'%0
values from —3.5%o to —8%o (Fig. 8). Samples from intertidal and
supratidal environments contain bivalves and pores filled with meteoric
sparite, and yet the cross-plot in Fig. 8A shows no covariation between
5180 and 6!3C. The Mn/Sr ratio, used to assess post-depositional alter-
ation in carbonates (Brand and Veizer, 1980; Kaufman and Knoll, 1995),
is very low (<1) in most studied samples, and no correlation is observed
between §'°C and Mn/Sr (Fig. 8B).

Carbon-isotope values may also vary depending on the presence of
different carbonate grains in different microfacies (Geyman and Maloof,
2021). Stages C3-C7 are dominated by microfacies MF3-8 and
MF11-12, and §'3C values nevertheless remain in the +1.5%o to +3.0%o
range, suggesting that they are independent of microfacies (Fig. 8C).
Although 8'3C values for microfacies MF9-10 tend to be higher, the
early C7 stage, dominated by MF9-10, shows a negative rather than a
positive shift (Fig. 8C). All lines of evidence thus indicate that carbonate
513C values reflect mainly primary signals of seawater throughout the
measured section.

5.2. Correlation of §**C curves and identification of OAE 1a

The OAE1la event is testified by a globally synchronous positive shift
in carbon isotopes preceded by a negative excursion (Jenkyns, 2010;
Skelton and Gili, 2012; Hu et al., 2020), features documented by carbon-
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isotope stages C3-C6 (Fig. 9). As shown by Vincent et al. (2010), car-
bonate 8'3C values decrease after stage C2 from ~3.5%o to ~3%o, an
excursion also documented in shallow-water carbonates of Pacific atolls,
Italy, and Mexico (Jenkyns and Wilson, 1999; Menegatti et al., 1998;
Ntunez-Useche et al., 2020) (Fig. 9). The interval between 4 and 20 m
from the base of the Khormoj section is assigned to stage C3, charac-
terized by a pronounced negative 5'3C shift of ~2%. This is similar to
amplitudes of 8'3C recorded in other areas and explained by either
massive release of 13C-depleted carbon related to Ontong-Java or Ker-
guelen large-igneous-province eruptions (Erba et al., 2015; Charbonnier
and Follmi, 2017; Jiang et al., 2022) or dissociation of methane hydrates
(van Breugel et al., 2007). A positive 513C excursion from 1.3 %o to 2.0 %o
characterizes stage C4, documented between 20 and 30 m above the
base of the measured section. Such amplitude is similar as that recorded
in Italy, but slightly lower than carbon isotope documented in Turkey
and Pacific atolls (Fig. 9). The carbon-isotope plateau (stage C5),
occurring between 30 and 34 m above the base of the measured section,
is followed by a positive excursion of ~2-4%o (stage C6), which defines
the end of OAEla at 48 m from the base of the studied section. Finally,
decreasing 8'>C values in the upper 38.5 m (from 48 m to the top at 86.5
m) define stage C7. Late stage C7, characterized by 8'3C values of ~4%o
in other shallow and pelagic carbonate sections (Fig. 9), may not be
entirely recorded in the Khormoj section because of subaerial erosion
(Vincent et al., 2010).

In the Khormoj section, the OAEla event (stages C3-C6) is repre-
sented over a stratal thickness of 40 m, comparable to shallow-water

carbonates in Spain and Mexico (~30 m) but notably thinner than for
Pacific atolls (~130 m) and much thicker than pelagic equivalents
(~2.1 m in Turkey and ~ 6 m in Italy) (Fig. 9). The expanded record of
the OAEla event in shallow-water carbonate platforms allows a more
precise assessment of sedimentary evolution and reconstruction of
relative sea-level change.

5.3. Sedimentary response to OAEla: sea-level or environmental stress?

The responses of Tethyan carbonate platforms to the OAEla event
are widely documented with two different modalities. Most carbonate
platforms drowned before OAE1la along the northern margin of Neo-
tethys, whereas they continuously accumulated along the southern
margin of Neotethys even although with significant biotic changes
(Huck et al., 2011, 2014; Skelton and Gili, 2012). On the southern
Neotethyan and proto-North Atlantic margins, carbonate producers are
mostly represented by oligotrophic assemblages (i.e., rudists and green
algae), which were replaced by mesotrophic assemblages (i.e., Lithoco-
dium, Bacinella, Orbitolinids) during OAEla (Huck et al., 2014; Nanez-
Useche et al., 2020). Such transition was ascribed to eutrophication,
hypoxia, or other environmental stresses (Skelton and Gili, 2012; Huck
et al., 2014; Hueter et al., 2019; Ntnez-Useche et al., 2020).

A similar change in carbonate producers, with development of Lith-
ocodium-Bacinella buildups during OAEla, was reported from the
Arabian margin in Oman (Immenhauser et al., 2005; Rameil et al.,
2010). The same increase in Lithocodium-Bacinella and other microbial
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grain during OAE1a was identified in the Dariyan Formation in southern
Iran (Naderi-Khujin et al., 2016; Bahrehvar et al., 2020). In the
measured Khormoj section, a transition of carbonate producers from
rudists and other skeletal grains to Bacinella and other microbial
nonskeletal grains with decreased bioturbation is well documented
during stages C4-C6 (Fig. 6).

Although such a change may have been induced by eutrophication or
hypoxia, in the studied section the sedimentary environment changed
from subtidal to peri-tidal from stage C3 to C4, a regression well docu-
mented by microfacies (e.g., bird’s eye structure in MF12). Biodiversity
and bioturbation are expected to decrease in stressful supratidal envi-
ronments, where microbial organisms, peloids, and aggregates become
predominant (Fliigel, 2010). The observed biotic changes may thus be
ascribed to a relative change in sea level as well.

Geochemical proxies do not support eutrophication or deoxygen-
ation during the OAEla event in the Khormoj section. Al concentration,
a proxy of terrigenous input (Tribovillard et al., 2006), is mostly very
low (~8-20 ppm) and invariably <150 ppm, implying no siliciclastic
pollution. P and Ba concentrations, widely used as proxies of produc-
tivity (Tribovillard et al., 2006; Schoepfer et al., 2015), show little
variation during stages C2-C6, implying no drastic changes in produc-
tivity or eutrophication caused by accelerated continental weathering
(Fig. 7).

The Ce/Ce* value, a valuable proxy of redox conditions (Tribovillard
etal., 2006; Ling et al., 2013), shows a gradual negative shift from 0.8 to
0.5 between the late C3 and C4 stages, indicating a more oxic state as the
depositional environment changed from subtidal to peritidal (Fig. 7). At
stages C5-C7during transgression, Ce/Ce* increased to ~1.25 indicating
a decrease in seawater oxygenation. The concentration of U, which in-
creases in anoxic environments and can thus be used as a redox proxy
(Tribovillard et al., 2006), decreased from 1.6 ppm to 0.4 ppm during
stages C3-C6, and then increased to 1.5 ppm at stage C7 (Fig. 7). Both Ce
anomaly and U concentration thus reflect oxygenic rather than anoxic
conditions during OAEla in the Khormoj section, which rules out the
hypothesis that the observed change in carbonate was producers caused
by eutrophication and hypoxia.

10

The observed coherent trends in the Ce anomaly and U concentration
are instead consistent with changes in relative sea level, both increasing
during transgression and decreasing during regression. For instance, the
drastic increase in Ce/Ce* and U concentration at the top of the
measured section corresponds to a change from microfacies MF7 to
MF1-2 related to transgression. We thus conclude that relative changes
in sea level represent a more plausible control on the biotic changes
observed during the OAE1la event than changes in seawater chemistry.

5.4. Eustatic changes during OAEla

Positive shifts in carbon isotopes and accumulation of sediments
enriched in organic carbon during the OAEla event have been widely
associated with sea-level rise and platform drowning (Follmi et al.,
1994; Grotsch et al., 1998; Millan et al., 2009; Huck et al., 2011).
However, such a correlation may be partly spurious because of two main
factors: 1) condensed sedimentation in deep-water settings, where strata
deposited during OAEla are six times thinner than in shallow-water
settings (Fig. 9); 2) redox state of deep seawater, which may change
from oxic to anoxic conditions (Jenkyns, 2010; Westermann et al., 2013)
thus favoring the accumulation of organic-carbon-rich sediments inde-
pendently of sea-level change. Moreover, carbonate-platform drowning
along the northern margin of Neotethys took place before the onset of
stage C3 (Huck et al., 2011; Najarro et al., 2011; Masse and Fenerci-
Masse, 2013; Frau et al., 2020), which indicates that drowning may
not have been caused by either eustatic rise or the OAEla event.

Thicker shallow-water carbonates provide a more comprehensive
record of high-frequency relative sea-level changes. In the measured
Khormoj section, strata deposited during stage C2 are dominated by
orbitolinids and other open marine faunas, and the maximum flooding
surface corresponds to the top of stage C2 (Vincent et al., 2010). Strata
deposited during stage C3 are instead dominated by rudists, indicating
reduced paleodepth, a regressive trend that culminates with peritidal
deposition during stage C4. The transgressive trend is resumed during
stage C6, with shallow subtidal deposition passing upward to deep
subtidal conditions in stage C7 (Fig. 10).



Y. Xu et al. Global and Planetary Change 229 (2023) 104236

Neritic carbonate

< - >
1. Pacific guyot

Arnaud etal., 1995; 2:Iran 3. Mexico 4. Italy
Jenkyns and Wilson, 1999 This study Nunez-Useche etal., 2020 Wissler etal., 2004
3 9 Paleodepth . 8"°C.,.(%o0) . 13, Paleodepth . 13, o Paleodepth
Lithology 8" Conn(%o) dee; uE. Lithology 01 2 ;D 4 Palez::zth uE_ Lithology] 87 Ceun(o) deep Lithology 06 CZ"’(/W‘)‘ deep
012393 e—— PR R =S 012349 €« 0.7 0 |
: : : =1 \
: : © _
' : m 5
: i e
H : 160 &
: : S
H : S
i B : S
e |
L | ;
[ o :
L [ I
| : | :
£—— 1 | | 2
' : | =
I . I
I =
'l T T T m T T 1 T T , - 120 T ) T - T T T -
Sed.rate 120 80 40 0 (cm/kyr) Sed. rate 5 25 0 (cm/kyr) Sed.rate 10 5 o (cm/kyr) Sed.rate 5 2.5 0 (cm/kyr)
< Neritic carbonate > < Pelagic carbonate >
5.Spain 6.Tunisia 7.Tunisia 8.U. A E.
Embry etal., 2010 Godet etal., 2014 Elkhazri etal., 2013 Steuber etal., 2022
X 13, o . 13 o : 13, o Paleodepth
£ | Litotogy 57C.... (%) Palezdepth : Lith 5"°C,(%o) £ |Lithology 5"C....(%o) |Paleodepth £ Litho. 5"°C.,(%o) aoon
ee R
123458 €20 ! L9 2 489028050 2 3 et
60 (m) :
120 (m) 204
50 1 151
©
© o
< T
2 2
S »
] = 101
100 40
- 5
P/(P+B)(%)
30 66 52 14

T
Sed. rate 2 1 0 (cm/kyr) Sed. rate 2 1 0 (cm/kyr) S .
< Siliciclastic rock >
9. England 10.Canada
Legend Grocke etal., 1999 Dummann et al., 2020
. 13 o Paleodepth . 13, o
Sandstone Foraminifer-algae limestone E | Lith. 87 Cuces(o) d E |Lithology 8 Curs(k0) Sequence
28 -24 -20 | o d€€P | |u- 28 -26-24 -22
IR R

Mudrock Peloid limestone with bioclast
E Black shale - Peloid limestone with algae
l:l Marlstone Milioid-ostracod limestone i

Regression 140

12

o

- Black limestone |:| Shallow water limestone s
ﬁ120-

|:| Pelagic limestone Orbitolinid limestone 3

Transgression |-§
Rudist limestone <> | Coral limestone 2 1

g

w

Oolitic limestone

100

- Bioclastic limestone

Fig. 10. Correlation of paleowater-depth changes and depositional sequences during OAE1la in ten stratigraphic sections worldwide. Six neritic sections are from
Pacific guyot (Jenkyns and Wilson, 1999), Iran (this study), Mexico (Ntinez-Useche et al., 2020), Italy (Wissler et al., 2004), Spain (Embry et al., 2010) and Tunisia
(Godet et al., 2014); two pelagic sections are from Tunisia (Elkhazri et al., 2013) and the United Arab Emirates (Steuber et al., 2022), and two siliciclastic sections
from England (Grocke et al., 1999) and Canada (Dummann et al., 2021). For each section (location shown in Fig. 1), lithology, carbon isotopes, paleodepth/
depositional sequences, and sedimentation rate (for stages C3-C6 only for six neritic sections #1-6) are indicated. The §'3C data from the base of the Khormoj section
(gray points) and the dashed paleodepth curve are from Vincent et al. (2010). The blue dashed line shows changes in sedimentation rate during stages C3-C6
(duration of each stage after Beil et al., 2020). In light blue are facies codes defined in each of the cited references. Depositional environments and correspond-
ing water depths are provided in supplementary table S3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

11



Y. Xu et al.

Pacific guyots record a similar regressive-transgressive trend
(Arnaud et al., 1995; Jenkyns and Wilson, 1999). Shallow subtidal rudist
grainstone passes upward to peritidal mudstone at stages C3-C5, fol-
lowed by deposition of oolites in an open marine environment at stages
C6-C7 (Fig. 10).

On the Cupido platform in the Gulf of Mexico, laminated wackestone
deposited on an inner ramp during stage C2 pass upward to peritidal
microbial bindstone in stage C3 recording the onset of the positive 5'C
shift (Ntnez-Useche et al., 2020). An abrupt transgression documented
by deposition of echinoderm grainstone on a middle ramp occurred at
stages C4-C6, culminating in platform drowning and deposition of
mudstone with planktonic foraminifers at stage C7 (Fig. 10).

In Italy (Wissler et al., 2004), a regression documented by transition
from open-marine foraminiferal-algal limestone to inner shoal bio-
peloidal limestone occurred at stages C2-C3, continuing with deposi-
tion in a restricted lagoon at stage C4. Strata accumulated in restricted-
lagoon and peritidal settings alternate at stages C5-C6, followed by a
major transgression testified by deposition of open-marine limestone at
stage C7 (Fig. 10).

In NE Spain, offshore marls replaced upwards by coral boundstone
indicates a regression during stages C3-C5, followed by transgression at
stage C6 (Embry et al., 2010, Fig. 10). Moreover, shallow-water car-
bonates in Tunisia also document a shallowing-upward sequence at
stages C3-C5 and a deepening-upward sequence at stages C6-C7 (Godet
et al., 2014, Fig. 10). All shallow-water carbonates mentioned above
thus recorded regression from subtidal to peritidal environments at
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stages C3-C4, followed by transgression at stage C6 and maximum
flooding in the early C7 stage.

The regression at stages C3-C4, however, may have been caused by
different factors, including tectonic uplift, increased carbonate produc-
tion, or sea-level fall. Tectonic uplift would imply strong reduction of
accommodation space and formation of an unconformity, whereas
increased carbonate productivity would imply an increased accumula-
tion rate. Shallow-water carbonates deposited during stages C3 and C4,
instead, show a decrease in accumulation rate that is best explained by
sea-level change (section 1-6 of Fig. 10).

Similar paleowater-depth trends are recorded in some pelagic car-
bonate and siliciclastic successions (Fig. 10). In organic-rich, black
pelagic limestones of Tunisia, the ratio between planktonic and benthic
foraminifers decreases from 52 to 22% during stage C4, indicating
decreasing paleowater depth (Elkhazri et al., 2013). Paleodepth
remained relatively constant during stage C5 and clearly increased at
stage C6, reaching maximum at stage C7 (Elkhazri et al., 2013). In the
Bad Basin of the United Arab Emirates, a regression documented at stage
C3 is followed by transgression in the late C4-C5 stages (Steuber et al.,
2022) (Fig. 10). In siliciclastic successions in England, an up-section
increase in the sandstone/shale ratio from offshore to nearshore set-
tings is documented during the positive §'3C excursion (Grocke et al.,
1999) (Fig. 10). In arctic Canada, a similar regression is testified by the
transition from offshore siltstone to shoreface sandstone during stage C4
(Dummann et al., 2021, Fig. 10).

The ten different stratigraphic sections discussed above thus display
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a similar major regressive-transgressive trend during OAE1a, which can
be explained as eustatically controlled. The regression generally started
at stage C3, continued at stage C4, was followed by relative constant sea
level during stage C5 and finally by gradual transgression during stage
C6, eventually leading to maximum flooding in the early C7 stage
(Fig. 11). Eustatic rise resulting in expansion and impingement onto the
shelf of the oxygen minimum zone has been widely invoked as a direct
contributing mechanism of black-shale deposition during OAEs (Follmi
et al., 1994; Grotsch et al., 1998; Bond and Wignall, 2008; Hermoso
et al., 2013; Bartlett et al., 2018; Reershemius and Planavsky, 2021).
During stage C4, the positive §'°C shift was widely associated with
black-shale deposition and enrichment of total organic carbon (Mene-
gatti et al., 1998; Jenkyns, 2010; Erba et al., 2015; Castro et al., 2021).
We note, however, that in the studied localities relative sea-level was
falling rather than rising during stage C4, implying that eustatic rise was
not the cause of black-shale accumulation. Instead, eustatic fall may
have led to weathering on the newly exposed land surfaces, with
consequent decreased CO, concentration and global temperature, and
increased nutrient input to the ocean. Increased primary productivity
may have thus represented the main cause of increased organic carbon
burial and of the positive 8'3C excursion during OAE1a.

5.5. Drivers of eustatic change and climate evolution

Short-term eustatic changes consequent to changes in sea-water
volume have three main known mechanisms, thermo-eustasy, aquifer-
eustasy, and glacio-eustasy, the latter being able to induce effects of
notably larger amplitude (Ray et al., 2019; Davies et al., 2020). Thermo-
eustasy is driven by temperature changes in seawater which lead to
thermal (volume) expansion or contraction, whereas glacio-eustasy or
aquifer-eustasy are caused by waxing and waning of continental ice
sheets or charging and discharging of continental aquifers (Sames et al.,
2020). During global warming, both thermo-eustasy and glacio-eustasy
lead to eustatic rise, whereas eustatic fall may result from enhanced
water transfer from the ocean to continental aquifers (Wendler and
Wendler, 2016; Li et al., 2018; Sames et al., 2020). Stage C3 is widely
considered as documenting rapid warming caused by the abundant
release of carbon dioxide from the Ontong Java or Kerguelen large
igneous provinces (Fig. 12; Charbonnier and Follmi, 2017; Erba et al.,
2015; Jiang et al., 2022). The stratigraphic sections discussed above
(Fig. 11), instead, record a regressive trend at this stage, which we here
suggest to have been mainly controlled by aquifer-eustasy. The ampli-
tude of paleowater-depth changes decreased from stage C2 (10-20 m) to
C3 (5-10 m) and relative sea-level remained almost stationary during
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stage C5 (Fig. 12), which is compatible with the estimated magnitude of
aquifer eustasy (Davies et al., 2020). The transgression recorded during
the C6 to early C7 stages, when accelerated burial of organic carbon
induced climatic cooling (Jenkyns, 2010, 2018), still indicates aquifer-
eustasy. Based on age models estimated from cyclostratigraphy —
which however vary among pelagic sections, especially for the C3 stage
poorly constrained from 41 and 485 kyr (Li et al., 2008; Hu et al., 2012;
Beil et al., 2020; Charbonnier et al., 2023), the duration of eustatic
changes of C3-C6 stages is about 1.0 to 1.4 myr (Supplementary table
S5). Correspondence with ~1.2 myr obliquity cycles thus led to specu-
late the orbital forcing may contribute to eustatic change via aquifer
eustasy (Boulila et al., 2011, 2021).

6. Conclusion

This study integrates new and published sedimentological,
biostratigraphic, and geochemical data on shallow-marine carbonates
exposed in the Zagros orogen (Khormoj section of the Dariyan Forma-
tion, southern Iran) to reconstruct the sedimentary evolution during the
early Aptian OAEla. Biostratigraphic and carbonate carbon isotopes
here precisely identify the OAEla within a 40-m-thick interval. Car-
bonate grains were dominantly corals, rudists and other bivalves in C2
to early C3 stages, and microbial grains in the late C3-C6 stages. Mi-
crobial grains sharply decreased in the early C7 stage and were replaced
by sponge spicules, rudists and orbitolinids in the late C7 stage.
Microfacies analysis testifies to a regression from thick-bedded deep-
subtidal carbonates to thin-bedded peritidal carbonates during stages
C3-C4, followed by slow transgression with return to shallow subtidal
deposition during stage C6. The transgressive trend continued during
the early C7 stage, when maximum paleodepth was reached.
Geochemical proxies indicate low-nutrient and oxygen-rich conditions
during OAEla, suggesting sea-level control rather than changing
seawater chemistry. Correlation with relative sea-level changes docu-
mented in other Tethyan, northern Atlantic, Pacific, and Arctic areas
consistently indicate that a regression at stages C3-C4 was followed by a
transgression at stages C6-C7, pointing at eustatic control. Regression
occurred at during warming and transgression during cooling, and
maximum magnitude of eustasy decreased down to 5-10 m during
stages C4-C6. All pieces of evidence combined indicate that aquifer-
eustasy, rather than thermo-eustasy or glacio-eustasy, most plausibly
represented the main cause of eustatic change during OAEla.
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