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Zagros Basin, SW Iran

Yadolah Ezampanah® *, Behnaz Kalanat?, Ahmad Reza Karimi2, Hassan Mohseni?,
Stefano Fasone* and Giovanna Scopelliti*

With 10 figures

Abstract. A high-resolution bio- and chemostratigraphic study based on planktonic foraminifera and carbon
stable isotope of the late Cenomanian—Ilate Turonian time interval of the Sarvak Formation was undertaken in
the Zagros Basin (SW Iran). In this research, a hemipelagic succession, named the Tang-e Bawlek section,
was inspected. Significant documented bio-events in stratigraphic-order include lowest occurrence (LO) of
Praeglobotruncana algeriana, the highest occurrences (HO) of Thalmanninella appenninica, Th. deeckei,
Rotalipora montsalvensis, Th. greenhornensis and R. cushmani, LO of Helvetoglobotruncana praehelvetica,
HO of La. bentonensis, “Heterohelix” shift, LO of Helvetoglobotruncana helvetica and finally HO of H.
helvetica. These bio-events have led to the recognition of four biozones (from Rotalipora cushmani Zone to
Dicarinella primitiva-Marginotruncana sigali Zone) from the Tethyan realm. Integrating of the well-docu-
mented bio-events with a high-resolution 8*3C curve, particularly around the Cenomanian/Turonian boundary
(CTB), enabled comprehensive documentation of OAE2 and its three distinct associated peaks (a, b and c) as
well as facilitated correlation with key reference curves. These results reveal that in contrast to the other parts
of the Zagros Basin, where the CTB is represented by a marked disconformity or sea level fall, this portion
of the Lurestan Subzone exhibits evidence of deep marine conditions. However, the detailed lithological and
microfacies observations point to the development of a condensed horizon with a low sedimentation rate, rich
in glauconite and phosphate located just above the peak c of the 3'°C curve, which can be associated with a
short hiatus close to the CTB. Palaeoecological reconstructions of the studied interval revealed three major
changes in the depositional conditions, establishing a notable eutrophic condition during the OAE2 interval
accompanied by a well-developed oxygen minimum zone (OMZ).

Keywords. Biostratigraphy; Stable isotopes; OAE2; Sarvak Formation; Cenomanian/Turonian boundary;
Palaeoenvironments

1. Introduction also known as OAE2 or Bonarelli event (Schlanger &

Jenkyns 1976, Schlanger et al. 1987), is the most pro-
The Early to middle Cretaceous time interval is char- nounced and intensively studied worldwide. The
acterized by different oceanic anoxic events (OAEs) in ~ OAEZ2 is a short-lived event (100 and 900 kyr Caron
the Earth’s history. Among these OAEs the CTBE, et al. 1999, ~ 400 kyr Scopelliti et al. 2004, 563-601
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kyr Sageman et al. 2006, 430-445 kyr, Voigt et al.
2008, 820 + 25 kyr, Li etal. 2017, 930 + 25 kyr Gangl
et al. 2019) characterized by the massive eruptions of
submarine volcanisms (Larson 1991, Leckie et al.
2002, Snow & Duncan 2005, Ernst & Youbi, 2017,
Schréder-Adams et al. 2019), maximum global
warmth of the Cretaceous (e.g., Fletcher et al. 2008,
Barclay et al. 2010), and widespread organic-rich
black shale deposition (e.g., Kuhntetal. 1990, Kuypers
et al. 2002, Pancost et al. 2004, Falzoni & Petrizzo
2022). Literatures confirm the synchronicity of some
planktonic foraminiferal bio-events at the CTB (e.g.
Falzoni et al. 2018, Falzoni & Petrizzo 2020, Salhi et
al. 2022) and their integration with the *3C isotope
stratigraphy is regarded as a robust stratigraphic tool
for global correlation among different sedimentary ba-
sins (Jarvis et al. 2006; Wendler et al. 2009; Voigt et al.
2010, 2012; Razmjooei et al. 2018; Navidtalab et al.
2019; Kalanat & Vaziri-Moghaddam 2019).

In the Zagros fold and thrust belt (ZFTB) in SW
Iran, the CTB occurs within the Sarvak Formation.
This formation received lots of attention due to acting
as one of the most prolific hydrocarbon reservoirs in
the Middle East and the world, representing lateral and
vertical facies variations and yielding high faunal rich-
ness and diversity (Wynd 1965, Motiei 2003, Kalanat
& Vaziri-Moghaddam 2019, Mohseni & Zeybaram Ja-
vanmard 2020, Vaziri-Moghaddam & Kalanat 2020).

Previous researches indicate that the sedimentary
record across the CTB varies significantly within dif-
fernt parts of the ZFTB, ranging from continuous sed-
imentation to sequences interrupted by short hiatuses
or regional unconformities (Alavi 2004; Ghasemi-Ne-
jad et al. 2006; Taghavi et al. 2006; Razin et al. 2010;
Rahimpour-Bonab et al. 2012; Hajikazemi et al. 2010,
2012; Navidtalab et al. 2019; Kalanat & Vaziri-
Moghaddam 2019; Mohseni & Zeybaram Javanmard
2020; Ezampanah et al. 2022; Bagherpour et al. 2023;
Esfandyari et al. 2023). Continuous and transitional
deposition across the CTB in the offshore Cham-e-
Zeytoon section (Fars Subzone) is supported by the
integration of planktonic foraminifera biostratigraphy,
carbon isotope stratigraphy, field and facies analysis
(Bagherpour et al. 2023). In the Kabir Kuh and
Chenareh anticlines (Lurestan Subzone), a less pro-
nounced positive 6*3C excursion linked to OAE2 cou-
pled with sharp lithological variations reveals an in-
complete CTB sequence, possibly due to a local hiatus
(Navidtalab et al. 2019, Asadi Mehmandosti et al.
2021). In the Lar Anticline a temporary shift to inner
neritic facies lacking planktonic foraminifera, indica-

tive of a sea level fall in the earliest Turonian, corre-
sponds to the regional unconformity (Kalanat &
Vaziri-Moghaddam 2019).

While the biostratigraphy, microfacies, deposi-
tional environments, and sequence stratigraphy of the
Sarvak Formation are well defined, the integration of
biostratigraphy with carbon-isotope stratigraphy re-
mains limited, with the exception of studies conducted
by Navidtalab et al. (2019), Kalanat & Vaziri-
Moghaddam (2019) and Bagherpour et al. (2023).
Furthermore, the documentation regarding the paleo-
ecological aspects of this formation, are still scarse
compared to its counterparts in the western Tethys
Ocean.

The main scope of the present research is to estab-
lish a zonal framework for the inspected interval of the
Sarvak Formation using planktonic foraminifera. Our
biostratigraphic data are backed up by new high-reso-
lution carbon isotope data calibrated to other reference
curves. Quantitative data for the Cenomanian/Turo-
nian planktonic foraminiferal assemblages in the stud-
ied section are also provided to interpret the turnover
of these taxa during the OAEZ2 interval.

2. Geological setting

The middle Cretaceous along the eastern margin of
Arabian Plate (Fig. 1A) is characterized by a dramatic
event that marks a change from a tectonically stable
passive margin into an active compressional setting as
a consequence of initial closure of the Neotethys
Ocean (Glennie 2000; Ziegler 2001; Sharland et al.
2001; Hollis & Sharp 2011; Piryaei et al. 2010, 2011).
This tectonic evolution has triggered the reactivation
of deep-seated basement normal faults, salt domes and
emergingmultiple paleohighs surrounded by intrashelf
basins (e.g., the Garau Basin) in the ZFTB and else-
where in the Middle East (Sharland et al. 2001; van
Buchem et al. 2002; Sepehr & Cosgrove 2004, 2005;
Alavi 2004, 2007; Leturmy & Robin 2010; Bromhead
et al. 2022). This tectonic evolution also had a pro-
found impact on the facies changes and depositional
environments of the Sarvak Formation. The ZFTB
from the NW to the SE, has been structurally divided
into several tectonic subzones including Lurestan,
Izeh, Dezful, and Fars (Fig. 1B-C). The Sarvak For-
mation comprises two distinct carbonate facies types:
the neritic cliff-forming carbonate predominantly
composed of rudist and other benthic fauna and the
basinal hemipelagic facies mainly composed of plank-
tonic foraminifera, ammonites, and calcispheres
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Fig. 1. A. Late Cenomanian paleogeography around the Neo-Tethys Ocean with approximate position of the ZFTB (after
Barrier and Vrielynck 2008), B-C. Structural map of the ZFTB (modified after Farzipour-Saein et al. 2009), and D. Geo-
logical map of the study area in which the location of the measured sections is shown (modified after Mohseni & Zeybaram

Javanmard 2020).

(James & Wynd 1965, Setudehnia 1978, Motiei 2003,
Ghabeishavi et al. 2010). Three unconformities in-
cluding middle Cenomanian, late Cenomanian—early
Turonian, and mid-Turonian were identified in the
neritic facies (Sharland et al. 2001, Razin et al. 2010,
Navidtalab et al. 2016, Mehrabi et al. 2022). The sec-
ond one, out of the three mentioned, was identified
across most parts of the ZFTB with evidences of sig-
nificant subaerial exposure, erosion, and extensive
meteoric diagenesis (Sharland et al. 2001; Razin et al.
2010; Hollis 2011; Rahimpour-Bonab et al. 2012,
2013; Bagherpour et al. 2021). The Lurestan Subzone
exhibits significant sedimentary thickness and facies
variations compared to other simply folded belt sub-
zones. From the Early to Late Cretaceous the sedimen-
tary succession in this subzone was dominated by deep
marine facies (James & Wynd 1965, Ezampanah et al.
2013, Sarfi et al. 2015), which transition laterally into
neritic carbonates toward the Dezful Embayment and
Fars Subzone (James & Wynd 1965).

3. Material and methods
3.1.

The study area is located in the simply folded belt, the
Lurestan Subzone, at the Kabir Kuh Anticline (Fig
1D). The current research focuses on the hemipelagic
unit of the Sarvak Formation in the Tang-e Bawlek
section, about 4 km to the northeast of the Malekshahi
city at 33°25°02.8” N, 46°30°34.03” E (Fig. 1C-D).
This section presents a spectacular exposure of deep
marine late Albian through Coniacian succession.
This section (56 m thick) was lithostratigraphically
described, bed by bed, and sampled for micropaleon-
tological and geochemical studies, with a sampling
interval of 0.05 m to 0.1 m (at the C/TB) and 0.5 to
1 m for the rest of the section (Fig. 2). The lower 11 m
of the section is dominated by medium to thick-bed-
ded grey to cream limestones containing rare ammo-
nites, alternating with thin-bedded grey argillaceous
limestones. Upward the section, there is 13.3 m alter-

Studied section
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Fig. 2. Lithostratigraphic log and identified microfacies of the pelagic part of the Sarvak Formation in the Tang-e Bawlek
section, A. Field photograph of the study section. The black shale layer approximately indicates the CTB in this interval, B.
Close-up view of black shale bed across the CTB. The exact location of the CTB is based on peak c in the 3*°C profile (see
text).
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nation of thin to medium-bedded grey argillaceous
limestones and grey to dark grey shales. The next in-
terval with 4.70 m thick (from 24.30 m to 29 m) which
approximately includes the CTB, can be categorized
in the following units (Fig. 2A-B): the first unit (from
24.30 m to 26.45 m) is characterized by alternating
laminated to thin-bedded dark grey to black fissile
shales and thin to medium-bedded dark grey to black
argillaceous limestones. The overlying unit with
1.35 m thickness (from 26.45 m to 27.80 m) comprises
thin to medium-bedded dark grey to grey argillaceous
limestones. The third unit (from 27.80 m to 28.34 m),
encompassing the Cenomanian/Turonian stage bound-
aries, is represented by laminated black shales. This
unit is underlined by 15 cm thin-bedded dark grey ar-
gillaceous limestone, followed by 5 cm laminated dark
gray to black shales. Finally, the 27.46 m-thick inter-
val at the uppermost part of the studied section is dom-
inated by thin to medium-bedded cream to grey lime-
stones alternating with thin to medium-bedded grey
argillaceous limestones.

3.2.

Taxonomic uncertainties, varying species definitions,
misidentifications, issues with sampling resolution
and processing, rare occurrences of marker species,
and poor fossil preservation all contribute to the dia-
chronous records related to the lowest and highest oc-
currence of biostratigraphic index taxa among Creta-
ceous planktonic foraminifera (Desmares et al. 2007,
Petrizzo et al. 2011, Wendler 2013, Huber & Petrizzo
2014, Bidgood & Simmons 2023). Analyzing plank-
tonic foraminifera within a succession of variable lith-
ologies (shales, argillaceous limestones, and lime-
stones) using a single method, such as washing, might
be inadequate. Washing the limestones via acetic acid
to isolate foraminiferal content could potentially dis-
solve some of the index taxa. Hence, to comprehen-
sively document all significant planktonic foraminife-
ral bio-events for establishing a reliable biozonation
framework throughout the CTB, we employed a com-
bination of washing and thin section methods for al-
most all samples. A total of 30 washed samples and 72
thin sections have been prepared. For the washing pro-
cess, approximately 100 g of indurated limestones,
shales and argillaceous limestones were crushed into
smaller fragments (mostly 2—5 mm) and subsequently
placed into 500 ml glass beakers. These samples were
then subjected to various concentrations of acetic acid
and distilled water (100 ml of 80% and 60% acetic

Foraminifera

acid) over a time span that varied from 30 minutes up
to 8 hours following the methodologies established by
Kariminia (2004), Malik et al. (2022) and I5tuk et al.
(2023). By forming a thick foam with no evidence of
effervescence, the samples were washed over 120 and
63 um sieves and dried to obtain washed residues.
Planktonic foraminifera were plentiful in most of the
samples, with a single pick being sufficient to achieve
the required quantity for qualitative and quantitative
analyses. Counting was done only on washed residues,
and thin sections were used here better to position the
LO and the HO of important taxa. The preservation
rate was generally poor to moderate in the limestones
and moderate to good in the shales and argillaceous
limestone intervals. Diversity of planktonic foraminif-
era was calculated by species richness and by applying
the Shannon-Wiener diversity index:

H(S) = — X$=1 Pi xIn Pi

Where, S-is number of species and Pi the propor-
tion of ith species (Murray 1991). The relative abun-
dances of planktonic foraminiferal species in the stud-
ied interval are reported in Supplementary Table S1.
The identification of planktonic foraminifera species
and zonal schemes is in agreement with those of Pre-
moli Silva and Verga (2004), Petrizzo & Huber (2006),
Ando & Huber (2007), Caron & Premoli Silva (2007),
Gonzalez-Donoso et al. (2007), Coccioni & Premoli
Silva (2015), Haynes et al. (2015), Petrizzo et al.
(2015), Petrizzo & Gilardoni (2020), Huber et al.
(2022) and the mikrotax online database at https://
www.mikrotax.org/pforams/index.html for Mesozoic
planktonic foraminifera (Huber et al. 2016). The sedi-
mentation rate was calculated based on the age of
zonal markers (LO of P. algeriana, HO of R. cushm-
ani, and LO of H. helvetica) in two intervals. The ages
of bio-events are from Falzoni et al. (2018) (Supple-
mentary Table S2).

All the samples are stored at the palaeontology
laboratory of the Bu-Ali Sina University, Iran.

3.3. Stable carbon and oxygen
isotopes and carbonate content

determination

Carbon and oxygen isotope compositions were meas-
ured on powdered bulk samples (123 samples) in the
laboratory of DiSTeM, University of Palermo. Prior to
powdering, the samples were carefully examined: the
micritic matrix was preferentially sampled, while areas
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of high carbonate cements and veins were avoided. The
CO, gas was obtained by the classical phosphoric acid—
calcium carbonate reaction method using an automated
Carbonate Preparation Device (Thermo Scientific Gas-
Bench I1). The carbon and oxygen stable isotope com-
positions were measured with a Thermo Scientific Delta
V Advantage continuous flow isotope ratio mass spec-
trometer. The results are expressed in delta (8%o) nota-
tions relative to the V-PDB standard. Every 10 samples,
an internal laboratory standard (Carrara Marble with
8%0y.ppg = -2.43%0 and 67°C,.ppg = 2.43%0) was run and
the NBS19 international standard (6*80,.ppg = -2.20%0
and 6Cy.ppg = 1.95%0) was also measured every 20
samples. Precision for duplicate analyses was better
than 0.1%o for carbon and oxygen. Moreover, the car-
bonate content of 68 selected samples (from 111 to 130)
around the CTB, was determined by a Micro-calcime-
ter, equipped with a pressure gauge, based on the gas
volumetric method. The CaCO, percentage was esti-
mated from the CO, released by the reaction of the pow-
dered bulk samples with hydrochloric acid 8N

4., Results

4.1. Microfacies

The deep marine argillaceous limestones and lime-
stones of the hemipelagic part of the Sarvak Formation
in the Tang-e Bawlek section are rich in planktonic
foraminifera and pithonellids. Subordinate bioclasts
include small benthic foraminifera, thin filaments and
sponge spicules (Fig. 3A-F).

According to the faunal assemblages and deposi-
tional textures, 5 microfacies were recognized within
the CTB interval (Figs. 2 and 3A-F). These microfa-
cies are as follow: 1) Planktonic foraminifera wacke-
stone/packstone (Fig. 3A): both keeled and non-keeled
morphotypes are the principle components of this mi-
crofacies, 2) Planktonic foraminifera calcisphere
packstone (Fig. 3B) in which calcispheres, non-keeled
planktic foraminifera and to a lesser extent rotaliporids
are the dominant constituents, 3) Filament bearing cal-
cisphere, planktonic foraminifera wackestone (Fig.
3C), 4) Planoheterohelix packstone (Fig. 3D): mainly
dominated by biserial planktonic foraminifera (espe-
cially Planoheterohelix). Subordinate biota include
radially elongated chambers (Clavihedbergella sim-
plex), whiteinellids, and rare specimens of Pithonella
ovalis, and 5) Planktonic foraminifera packstone rich
in glauconite, phosphate and pyrite (Fig. 3E-F).

4.2. Planktonic foraminiferal

biozonations

In the studied interval of the Sarvak Formation, 48
species belonging to 17 genera of planktonic fo-
raminifera were recognized. The stratigraphic distri-
bution and abundances of the identified species are il-
lustrated in Figure 4. Based on the LO and HO of the
index planktonic foraminiferal species, the studied in-
terval is assigned to the stratigraphic interval from the
late Cenomanian R. cushmani Zone to the late Turo-
nian Dicarinella primitiva-Marginotruncana sigali
Zone. Figures 5 and 6 show the main planktonic fo-
raminiferal species in the studied interval. A brief de-
scription of the recognized zones is being summarized
as below:

The presence of Rotalipora cushmani at the base
of the studied interval (sample 92, Figs. 4 and 7)
points to the late middle to latest Cenomanian R.
cushmani Total Range Zone (Coccioni and Premoli
Silva 2015). In particular, the association of
Whiteinella aprica, W. paradubia, W. brittonensis
and W. archaeocretacea at the base of the studied in-
terval would suggest an age no older than early late to
latest Cenomanian, which can be assigned to the up-
per part of the R. cushmani Zone, corresponding to
the P. algeriana Subzone with early late to latest
Cenomanian age (Coccioni & Premoli Silva 2015).
This subzone is defined as an interval from the LO of
the mentioned taxon (P. algeriana) to the HO of
R. cushmani. The LO of P. algeriana (sample 94 at 2
m, Fig. 4), is known to occur in the mid-upper part of
R. cushmani Zone (Premoli Silva & Verga 2004, Coc-
cioni & Premoli Silva 2015, Falzoni et al. 2018). Im-
portant planktonic foraminiferal bio-events in this
interval, in stratigraphic order, are the LO of P. alge-
riana close to the beginning of the zone; HOs of
Thalmanninella appenninica and Schackoina bi-
cornis in the middle part of the zone (sample 105 at
13 m); 3); HOs of Clavihedbergella simplicissima,
Th. deeckei, and R. montsalvensis (sample 117 at
25 m), the HO of Th. greenhornensis (sample 118 at
26 m) and the HOs R. cushmani, and C. amabilis
(sample 119 at 27 m). Helvetoglobotruncana prae-
helvetica, which is regarded as the precursor to H.
helvetica (Huber & Petrizzo 2014, Petrizzo et al.
2021), also makes its LO at sample 119 (Fig. 4). Mu-
ricohedbergella delrioensis, M. planispira, Planohet-
erohelix reussi and P. moremani are the dominant
species in this zone (Fig. 7). This biozone also exhib-
its a notable bloom of pithonellids (Bonetocardiella
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Fig. 3. Common microfacies in the CTB interval of the Tang-e Bawlek section. A. Planktonic foraminifera wackestone/
packstone, B. Planktonic foraminifera calcisphere packstone, C. Filament (white arrows) bearing calcisphere planktonic
foraminifera wackestone, D. Planoheterohelix packstone, and E-F. Glauconite and phosphate grains (green and orange ar-
rows, respectively) observed in thin sections at the CTB. Scale bars A-B equal 500 um and C-D equal 100 pm.
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Fig. 4. Planktonic foraminifera distribution and biozones and associated biota of the upper Cenomanian to upper Turonian

succession of the Tang-e Bawlek section. Abbreviations, W. archa.: Whiteinella archaeocretacea Zone.

Fig. 5. A-B. Clavihedbergella simplex (Morrow), samples 127 and 135, C. Whiteinella paradubia (Sigal), sample 117.5,
D-E. Laeviella bentonensis (Morrow), samples 112.5 and 117, F. Planohedbergella ultramicra Subbotina), sample 117.5,
G. Whiteinella baltica Douglas and Rankin, sample 141, H. Praeglobotruncana delrioensis (Plummer), sample 113.5, I.

Muricohedbergella planispira (Tappan), sample 135, J. W. brittonensis (Loeblich and Tappan), sample 114, K. Helvetoglo-

botruncana praehelvetica (Trujillo), sample 120.5, L—M. Dicarinella imbricata (Mornod), samples 130 and 132, N-O.

Praeglobotruncana algeriana Caron, samples 94, 141. Scale bars equal 100 pm.
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Fig. 6. A-B. Rotalipora cushmani (Morrow), samples 96, 117.5 and 119, C. Rotalipora sp., sample 117.5, D. Thalman-
ninella greenhornensis (Morrow), sample 117.5, E-F. Helvetoglobotruncana helvetica (Bolli), samples 132 and 134, G.
Dicarinella canaliculata (Reuss), sample 146, H. Dicarinella primitiva (Dalbiez), sample 147, 1. Marginotruncana sp.,
sample 140, J. Planoheterohelix cf. reussi (Cushman), sample 105, K. Laeviheterohelix pulchra (Brotzen), sample 134, L.
Schackoina cenomana (Schako), sample 119, M. Planohedbergella ultramicra (Subbotina), sample 119, N-O. Clavihedber-
gella simplex (Morrow), samples 108.5 and 119.5, P. Whiteinella sp., sample 117. Scale bars equal 100 pum.
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Fig. 7. Stratigraphic distribution and abundance of planktonic foraminifera species in the upper Cenomanian to upper Tu-
ronian succession of the Tang-e Bawlek section. Different grey bands are illustrated to differentiate the vertical range of each

biozone.

conoidea, Pithonella ovalis, P. sphaerica, and P. tre-
joi, and), with P. sphaerica being notably more abun-
dant than the others.

In the Tang-e Bawlek section, a relatively narrow
interval (3 m thick) separates the HO of R. cushmani
(27 m, Figs. 4 and 7) from the LO of H. helvetica
(sample 122 at 30 m, Fig. 4), thereby delineating the
Whiteinella archaeocretacea Zone with latest Cenom-
anian through early Turonian age (Premoli Silva &
Verga 2004, Coccioni & Premoli Silva 2015). The as-

sociation of this biozone is mainly represented by
Planoheterohelix, Whiteinella (mostly W. baltica),
Muricohedbergella, and Clavihedbergella.

The highly proliferation of biserial forms (Plano-
heterohelix) and radially elongated chambers (C. sim-
plex) along with the HO of L. bentonensis at 28 m all
occurred within this narrow zone (Fig. 7). The thick-
ness of this biozone is notably reduced, significantly
less than the 14 m reported by Navidtalab et al. (2019)
in the Chenar-Bashi section, 10 km away from the
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Tang-e Bawlek section, and 19 m-thick in the Lar An-
ticline (Kalanat & Vaziri-Moghaddam 2019). A com-
parable thickness of approximately 4.3 m thick for this
biozone has been documented in the Fars Subzone
(Bagherpour et al. 2023). In the studied interval, the
LO of W. archaeocretacea preceding the LO of P. al-
geriana, which is much lower than what was proposed
by Premoli Silva & Verga (2004) and Coccioni & Pre-
moli Silva (2015). In the ZFTB the LO of this species
was also recorded in the upper half of the R. cushmani
Zone (Navidtalab et al. 2019, Kalanat & Vaziri-
Moghaddam 2019).

The LO of H. helvetica at 30 m (sample 122, Fig.
4) marks the base of H. helvetica Zone, which is de-
fined as the Total Range of the nominated taxon with
late early Turonian through late middle Turonian age
(Premoli Silva & Verga 2004, Coccioni & Premoli
Silva 2015). This index species was solely docu-
mented through thin sections, representing an almost
continuous occurrence from the base to the top of the
zone (from 30 m to 50 m). The planktonic foraminif-
eral association of this zone is mainly represented
by Planoheterohelix, Muricohedbergella, Whiteinella,
Clavihedbergella, Dicarinella, and scattered speci-
mens of Marginotruncana. Dicarinella imbricata, D.
canaliculata, D. hagni, Marginotruncana sigali, and
M. schneegansi first appear in this zone. The LO of D.
primitiva was found in the sample 140 (at 48 m, Fig.
4), at the upper part of the H. helvetica Zone. This is
slightly lower than previously documented at the base
of the Dicarinella primitiva-Marginotruncana sigali
Partial Range Zone (Premoli Silva & Verga 2004).
Falzoni et al. (2016) also identified the specimens that
exhibited similarities to the lateral view of the holo-
type of D. primitiva as D. cf. primitiva. This classifica-
tion was due to uncertainties arising from the lack of
clear morphological characteristics of D. primitiva
specimens found within the middle of the W. archaeo-
cretacea Zone

In the Vocontian Basin (SE France) and Eastbourne
(SE England), the LO of the genus Marginotruncana
was reported within the upper part of the W. archaeo-
cretacea Zone and R. cushmani Zone, respectively
(Falzoni et al. 2016, Falzoni & Petrizzo 2020). Con-
sistent with our findings, the LO of the genus Margin-
otruncana was also recorded within the lower part of
H. helvetica Zone in many localities (Coccioni & Pre-
moli Silva 2015, Kalanat et al. 2016, Ezampanah et al.
2018, Navidtalab et al. 2019, Salhi et al. 2022).

The HO of H. helvetica in the sample 142 (50 m,
Fig. 4) defines the base of the Dicarinella primitiva-

Marginotruncana sigali Zone with latest middle Turo-
nian to late Turonian age. The upper boundary of this
zone was not sampled in the studied section. The
planktonic foraminiferal assemblage in this zone is
dominated by Planoheterohelix, primarily P. globu-
losa, along with fewer occurrences of whiteinellids,
dicarinellids, and muricohedbergelids. The main char-
acteristic of this zone is the gradual emergence of the
double-keeled marginotruncanids (Marginotruncana
renzi, M. pseudolinneiana, and M. marginata).

4.3. Planktonic foraminiferal

assemblages

The hemipelagic facies of the Sarvak Formation in the
Tang-e Bawlek notably hosts well-preserved plank-
tonic foraminifera. The simple diversity and Shannon-
Wiener diversity index of planktonic foraminifera,
range between 6 to-20 and 0.6 to 2.29, respectively
(Fig. 7). Planktonic foraminifera in this interval are
represented by four morphotype groups including: bi-
serial, non-keeled and keeled trochospiral, and plan-
ispiral-pseudoplanispiral (Fig. 8).

Throughout the studied section biserial morpho-
types (mainly represented here by Planoheterohelix)
are by far the most abundant groups and constitute a
significant fraction of the planktonic foraminifera as-
semblage, typically averaging about 60% (Fig. 8).
Their highest abundance occurs within the W. archae-
ocretacea Zone, where they dominate the planktonic
foraminiferal assemblages with the values up to 97%.
They are represented mainly by Planoheterohelix and
to a lesser extent Laeviheterohelix (Fig. 7). After the
biserial morphotypes, the non-keeled trochospiral
morphotype (Whiteinella, Muricohedbergella, and
Clavihedbergella) represent the second most fre-
quently identified components (average 33%) (Figs. 7
and 8). The planispiral and pseudoplanispiral forms
(Laeviella, Planohedbergella and Schackoina) with
mean values of 3.4% are ranked as the third most com-
mon morphotype (Fig. 8). Finally, the last frequent
morphotypes in the studied section are attributed to the
keeled trochospiral morphotypes (Thalmanninella,
Rotalipora, Dicarinella, Helvetoglobotruncana, Mar-
ginotruncana, and Praeglobotruncana) (average
1.6%).
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is referred to as phase 2 in the manuscript.

4.4. Carbon and oxygen stable isotope
analysis and carbonate content

variations

The isotope ratios measured on the bulk carbonates are
shown in Figures 8 and 9 and listed in Supplementary
Table S3. In addition, a blowup of the 3*3C profile in
the interval straddling the CTB, is reported in figure 9
together with the carbonate content percentage.

The 680 values range from -6.23 to -3.77%o (Fig.
8), being slightly depleted (~ 1-2%o) concerning good-
to-exceptional preserved foraminifera tests from coe-
val, low palaeolatitude sites (O’Brien et al. 2017). Fur-
thermore, high sample by sample variability of the ra-
tios suggests a possible effect of diagenetic alteration

on highly susceptible 6®0 marine bulk carbonate.
Hence, an interpretation of the 680 values in terms of
paleotemperatures was refused in this paper. In con-
trast, the 613C values, between 1.34 to 2.86%o, fall
within the range of the Cretaceous biotic calcite (e.g.,
Stoll & Schrag 2000, Sprovieri et al. 2013, Navidtalab
etal. 2019), excluding possible effects of vital isotopic
disequilibrium (McConnaughey 1989, Wefer & Berger
1991, Norris 1998). Moreover, the lack of a substantial
correlation between 613C and 6180 (r=0.17, P=0.06,
n = 123) testifies the absence of overprinting produced
by cement and micritic matrix that would record the
isotopic composition of pore fluids during burial or
meteoric diagenesis. The result of this process should
be an offset towards more negative values of both
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Fig. 9. Relevant biozonations, lithological units, $*3C records, carbonate content and, main planktic foraminifera bio-events

across the CTBE in the Tang-e Bawlek section.

<

<

0180 and 613C and a strong correlation between them
(Hajikazemi et al. 2010, Jeans et al. 2012, Montafiez &
Crossey 2018, Cramer & Jarvis 2020).

Accordingly, it can be assumed that the carbon iso-
tope signature from the Tang-e Bawlek section is well
preserved and can be used as a reference to describe
the main CTBE trends and events in the Tethys realm.

Actually, the 6*C depth profile shows a trend sim-
ilar to the well documented in many CTB bulk 63C
curves worldwide (see Discussion). In particular, in
the lower 24 m of the section, the 3*3C curve indicates
minimal variations (the values fall between 1.66 and
2.24%o). This part is characterized by a short positive
peak (83C = 2.24%o) in correspondence with a shale
layer at 12.5 m and by two negative excursions at 15
and 23.5 m (3'°C = 1.66%o in both cases) (Fig. 8). The
CTB interval is characterized by a well-marked posi-
tive 613C isotope excursion between 24 m and 28.5 m.
The high-resolution sampling of this portion enabled
us to discriminate within this excursion, the first peak
at 24.78 m (8BC = 2.60%0) as well as a plateau in
which the highest ratios of the whole section are re-
corded (6*3C = 2.69%o in average). The latter one ex-
tends from 26.60 to 28.15 m with the maximum &'3C
of 2.86%o reached at 28.1 m. Finally, after a drop to
1.69%o at 30 m, the uppermost part of the section is
characterized by a progressive decrease in 6*°C. The
CaCO3 content, as depicted in the carbonate curve
(Fig. 9), exhibits three distinct declines 57.25%,
45.60% and 19.54%, recorded at 24.6 m, 26.5 m and
28.15 m, respectively. They well align with the highest
d13C ratios, while the higher CaCO3 contents charac-
terize limestones and argillaceous limestones through-
out the investigated portion of the Sarvak Formation.

5. Discussion
5.1.

Before discussing the bio-events and delving into the
palaeoecological and palaeoenvironmental aspects
characterizing the Tang-e Bawlek section, and in con-
sideration of the temporal interval spanned by the
studied section, it is essential to evaluate the strati-
graphic correlation with coeval sections in the world.

Carbon stable isotope correlation

It is well-established that the CTB interval is globally
characterized by high burial rates of organic carbon
(*2C) in the marine realm, leading to enrichment of the
carbon isotope ratios both in marine carbonates and in
organic carbon. The well-known positive excursion in
the 6°C is unanimously considered to be the geo-
chemical signature of the OAE2 (Schlanger & Jen-
kyns 1976, Jenkyns 1980, Schlanger et al. 1987,
Scholle & Arthur 1980, Tsikos et al. 2004).

Figure 10 shows the correlation of the 3*°C profile
from this study with two high-resolution reference
d13C curves: (i) the Global Boundary Stratotype of the
Pueblo section (Rock Canyon Anticline, Colorado, US
Western Interior Basin) chosen as the reference of the
sub-excursions characterizing the CTBE (Caron et al.
2006), and (ii) the Eastbourne reference section (Eng-
lish Chalk, Southern England, Boreal Sea; Paul et al.
1999, Pearce et al. 2009, Jarvis et al. 2011). The Tang-
e Bawlek section is also compared with two additional
sections from the ZFTB: the Lar Anticline (Vaziri-
Moghaddam & Kalanat 2020) and Cham-e-Zeytoon
section (Bagherpour et al. 2023).

5.1.1. The Cenomanian/Turonian boundary
Event (CTBE)

The CTBE is globally characterized by a distinctive
positive 6*3C excursion that is further well-defined by
three positive peaks known as a, b and ¢ (Gale et al.
2005, Caron et al. 2006, Pearce et al. 2009, Jarvis et al.
2011). In the studied section, the three mentioned
peaks are distinctly discernible in the carbon isotope
record, as well as in the carbonate content curve (Figs.
9 and 10). In particular, the lower positive excursion
(2.60%o0), attributes to peak a, was recognized in the
Tang-e Bawlek section at the top of R. cushmani Zone
at 24.78 m (Figs. 8 and 9). After a distinct drop, the
carbon isotope ratio raises up to the second shift at
26.60 and 26.75 m of 2.77 and 2.78%., respectively,
correlatable with the peak b falling right at the passage
with the W. archaeocretacea Zone. The overlying pla-
teau (1.5 meter), globally observed in the upper part of
the OAE2 (Fig. 10), ends in the Tang-e Bawlek section
at 28.1 m with the highest 6*3C value recorded (2.86%o)
corresponding with peak ¢ (Figs. 8 and 9). This peak,
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Fig. 10. Correlation of the carbonate 3'°C records between the studied Tang-e-Bawlek section with Pueblo section (5*°C and
bio-events data from Caron et al. 2006), Eastbourne section (data from Paul et al. 1999. Pearce et al. 2009 and Jarvis et al.
2011), Lar Anticline section (reinterpreted 6'*C data from Vaziri-Moghaddam & Kalanat 2020) and Cham-e-Zeytoon section
(data from Bagherpour et al. 2023). The red, green and light blue lines mark the three CTB '3C peaks as defined in the
Pueblo and Eastbourne reference sections. The ages of bio-events are from Falzoni et al. (2018). The sedimentation rate was
calculated in Pueblo and Tang-e-Bawlek sections based on the age of zonal markers (LO of P. algeriana, HO of R. cushmani,

and LO of H. helvetica) in the two intervals.

which is placed at the middle part of the W. archaeo-
cretacea Zone is the most reliable criterion to proxi-
mate the CTB (Jarvis et al. 2006, 2011; Falzoni et al.
2018; Gale et al. 2019), in the lack of the ammonite
Watinoceras devonense (Kennedy et al. 2000, 2005).

5.2. Bio-events in the Tang-e Bawlek

section

Despite the wide distribution and extensively utilize of
planktonic foraminiferal bio-events for correlation of
pelagic and hemipelagic successions, the ecological
preferences of each species act as limiting factors that
may influence their stratigraphic distribution (Falzoni
et al. 2018). Consequently, assuming global synchro-
nicity of these bio-events is not warranted (Falzoni et
al. 2018). To address this problem, researchers are in-
creasingly using high-resolution carbon-isotope stra-
tigraphy, which is synchronously registered across
multiple sections, along with bio-events from different
fossil groups (Pratt & Threlkeld 1984; Arthur et al.
1987; Tsikos et al. 2004; Jarvis et al. 2006, 2011; Jen-

kyns 2010; Falzoni et al. 2018). The response of biotic
assemblages to the sudden ecological perturbation,
such as what happened at the CTB, exhibits striking
similarity across various sections located in both low
and mid-latitudes (Falzoni et al. 2018, Falzoni &
Petrizzo 2020). Therfore, some of those biota extinc-
tion/turnover levels linked to the OAE2 impacts ap-
pear synchronous and potentially used for supra-re-
gional correlations (Tsikos et al. 2004, Caron et al.
2006, Elderbak et al. 2014, Falzoni et al. 2018, Bagh-
erpour et al. 2023).

In the Tang-e Bawlek section, the HOs of Th.
deeckei and R. montsalvensis were detected above
peak a of the 8'3C profile (Figs. 7-9). With respect to
peak a, the HO of R. montsalvensis was documented at
various stratigraphic levels. In Eastbourne section
(Falzoni et al. 2018) and Oued Ettalla section (Salhi et
al. 2022), it was recorded slightly below peak a, while
at the Gongzha section, it was recorded much lower
than this peak (Bomou et al. 2013). At Bottaccione-
Contessa composite section, this bio-event precedes
the end of the Th. greenhornensis Subzone (Coccioni
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& Premoli Silva 2015). According to Falzoni et al.
(2018) and Falzoni & Petrizzo (2020) the HO of Th.
deeckei consistently occurs below peak a on the 6°C
curve. The HO level of Th. greenhornensis is gener-
ally found to be identical with Th. deeckei in most lo-
calities, both of which were recorded below peak a
(Falzoni et al. 2016; Gale et al. 2019; Keller et al.
2021; Falzoni & Petrizzo 2020, 2022). However, in
some localities this bio-event is just aligned with peak
a (Bagherpour et al. 2023) or slightly above it (Bid-
good & Simmons 2023).

In the Tang-e Bawlek section, both HO levels of
Th. greenhornensis and R. cushmani were documented
above peaks a and b, respectively (Figs. 8 and 9). Fal-
zoni & Petrizzo (2020 and references therein) recorded
the HO of R. cushmani below peak a (Clot Chevalier
section, France), between peaks a and b (Eastbourne
section, England and Pont d’lIssole section, France),
at/slightly below peak b (Lar Anticline, Iran), above
peak b (Ganuza section, Spain and Tarfaya section,
Morocco).-

Typically, the extinction level of L. bentonensis
was recognized above the HO of R. cushmani in the
lower part of the W. archaeocretacea Zone (Elderbak
et al. 2014, Coccioni & Premoli Silva 2015, Falzoni et
al. 2016, Kalanat & Vaziri-Moghaddam 2019, Falzoni
& Petrizzo 2020, Petrizzo et al. 2021, Salhi et al. 2022,
Bidgood 6 Simmons 2023) and stands out as a consist-
ently reliable and isochronous bio-event for the latest
Cenomanian, particularly at low to mid-latitudes (El-
derbak & Leckie 2016; Falzoni et al. 2016, 2018; Gale
et al. 2019; Petrizzo et al. 2021). This bio-event was
recorded between peaks a and.b of 6*°C profile (Fal-
zoni & Petrizzo 2020), somewhat aligned with the
level of peak b (Falzoni et al. 2016, 2018) and above
peak b (Tarfaya section, Morocco and Lar Anticline,
Iran). In the current research, this bio-event was de-
tected slightly below the highest 6**C values (peak c).
In summary, the stepwise extinctions of single-keeled
foraminifera (Th. deeckei, Th. greenhornensis, and R.
cushmani) at the top of the R. cushmani Zone, fol-
lowed by HO of La. bentonensis at the lower part of W.
archaeocretacea Zone, are approximately simultane-
ous across low to mid-latitudes and provide a reliable
basis for regional correlation (Falzoni et al. 2018).

The ““Heterohelix” shift (Leckie 1985) as a signifi-
cant bio-event is documented at various stratigraphic
levels, spanning from below 6**C peak a to above 63C
peak b (Keller et al. 2001, 2008; Coccioni & Luciani
2004). In the studied section, this bio-event aligns with
the position of peak c.

It is noteworthy that the LO of H. praehelvetica
was also documented just slightly above the peak b in
the Tang-e Bawlek section. According to published re-
searches, the LO of this bio-event varies from much
lower than the HO of R. cushmani (Desmares et al.
2007, Bagherpour et al. 2023), slightly below peak a
(Caron et al. 2006, Falzoni et al. 2018), to above peak
c (Salhi et al. 2022). All of these findings support the
unreliability of this bio-event for cross-latitude corre-
lation (Petrizzo et al. 2021 and references therein).

The LO of the H. helvetica, which was detected in
the studied section just 2 m above peak c, is frequently
utilized to establish the lower part of the Turonian
Stage in numerous low latitude sections. The LO of
this index species was documented in various strati-
graphic intervals between peaks b and ¢ of 3*°C profile
(Pearce et al. 2009), above peak c (Falzoni et al. 2018)
or within the 8**C values of Holywell and Lulworth
events (Wendler 2013, Jarvis et al. 2015, Wendler et
al. 2016). In Gubbio, this bio-event was observed ap-
proximately -2 meters above the “Bonarelli” black
shale horizon after the §*3C excursion of OAE2 (Wend-
ler 2013 and references therein). Several factors make
the LO of H. helvetica unreliable for defining the base
of the Turonian Stage and for global correlations: 1)
the rarity or sporadic occurrence of the taxon at the
beginning of its stratigraphic range (Huber & Petrizzo
2014, Falzoni et al. 2016, 2018), 2) variations in taxo-
nomic interpretations by different authors along with
the transitional evolution from its ancestor, H. prae-
helvetica (Huber & Petrizzo 2014), 3) its absence in
the higher latitudes and nearshore or marginal settings
(Wendler 2013, Huber & Petrizzo 2014), and 4) due to
the possible diachronous nature of this event at low
latitudes (Grosheny et al. 2006, Desmares et al. 2007,
Robaszynski et al. 2010, Huber & Petrizzo 2014, Fal-
zoni et al. 2018).

The interval from 12 to 20 m (samples 104 to 112)
is represented mainly by a packstone rich in filaments,
planktonic foraminifera and calcispheres. Filaments
are supposed to be small, thin bivalve larva shells or
crinoidal plates (Milayim et al. 2021), that thrived in
the eutrophic conditions (Jefferies & Milton 1965, Ca-
ron et al. 2006). This event was recognized in the other
parts of the Tethys Ocean within W. archaeocretacea
Zone and utilized for tracking and correlating the CTB
(Caron et al. 2006, Robaszynski et al. 2010, Bomou et
al. 2013, Kalanat & Vaziri-Moghaddam 2019). In the
Tang-e Bawlek section, this event was identified in the
P. algeriana Subzone much lower than the CTB. Con-
sequently, it cannot be considered as a reliable bio-
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event for supra-regional correlation, and making its
synchronicity questionable.

5.3. Planktonic foraminiferal
assemblages and

Palaeoenvironmental implications

Various biotic and abiotic factors could influence
planktonic foraminifera’s vertical and horizontal dis-
tribution in the water column (Petrizzo 2001). Within
the Cretaceous, three primary communities of plank-
tonic foraminifera have been identified: opportunistic
(r-strategists), specialist (k-strategists) and r/k-mode
intermediate foraminifera (Premoli Silva & Sliter
1999, Petrizzo 2002, Coccioni & Luciani 2005). The
r-strategists comprise small-sized with simple mor-
phology, thriving in unstable eutrophic conditions.
The k-strategists are characterized by large-sized, pri-
marily keeled complex morphotypes, adopted to oli-
gotrophic environments (stable conditions). The r/k-
mode intermediate foraminifera are considered to be
adapted to the intermediate mesotrophic conditions.
By integrating all the obtained data, three distinct
phases, interpreted in terms of changes in paleoenvi-
ronmental conditions, can be identified in the Tang-e
Bawlek section (Fig. 8).

5.3.1. Phase 1 (late Cenomanian;

base of the section to 25 m)

This phase is characterized by a high sedimentation
rate of 100 m/mys in the studied section (Figs. 8, 10
and Supplementary Table S2). Throughout this phase,
high abundance and diversity of planktonic foraminif-
era occupying various ecological niches were recog-
nized in both thin sections and washed samples. Bise-
rial morphotypes dominates the planktonic foraminif-
eral assemblages of this phase. Small simple
morphologies of r-strategists including muricohed-
bergellids (M. planispira and M. delrioensis), clavi-
hedbergelids (C. simplex) and r-k intermediate strate-
gists whiteinellids (W. baltica, W. brittonensis and W.
archaeocretacea) are consistently present in nearly all
samples, exhibiting varying abundances. The r and r-k
strategists are considered to be indicators of eutrophic
conditions in unstable paleoenvironments (Jarvis et al.
1988; Leckie et al. 1998, 2002; Keller & Pardo 2004;
Omana et al. 2014).

Single-keeled (rotaliporids and thalmanninelids)
and double-keeled morphotypes (dicarinellids) were
typically recorded in small quantities (Figs. 7 and 8).

Actually the highest abundance of the keeled morpho-
type occurs in the R. cushmani Zone within this phase
(Fig. 8). Rotalipora and Thalmanninella as oligo-
trophic fauna are believed to inhabit deep layers of the
water column close to the thermocline depth (Leckie
et al. 1998; Petrizzo 2002; Falzoni & Petrizzo 2020,
2022). A relatively thick and stratified upper water
column has been suggested for these deep-dweller
morphotypes to complete their life cycle (Petrizzo &
Gale 2022 and references therein).

In addition to planktonic foraminifera, pithonellids
are also abundant in this phase (Figs. 2, 3B—C and 4).
As typical Tethyan thermophilic planktonic fossils,
pithonellids exhibited a distribution restricted to 40° N
and S of the equator, a pattern influenced by both lati-
tudinal and facies-environmental factors (Kauffman &
Johnson 1988, Dias-Brito 2000). Their bloom pointing
to the conditions of well-mixed surface waters with
normal-salinity and good oxygenation (Hart 1991;
Dias-Brito 2000; Wendler et al. 2002a, b; Wilmsen
2003), typically occurring at times of maximum sea-
level transgression and elevated temperatures (Dias-
Brito 2000).

Within the studied section, a distinct relationship
exists between this group of microfossils and lithol-
ogy. In the lower portion of the section up to 22 m
(sample 114), where carbonate facies prevail, pitho-
nellids consistently dominate the microfossil assem-
blage (Figs. 2 and 3B). Upsection their abundance de-
creases sharply with the deposition of shaly layers.
The remarkable association of pithonellid-rich micro-
facies with fine-grained carbonate accumulations in
deep shelf to shallow bathyal environments implies
that they thrived in carbonate-dominated ecosystems
(Dias-Brito 2000, Flugel 2010; Omafia et al. 2014 and
references therein).

The hypothesis is further strengthened by the ab-
sences of pithonellids in siliciclastic deposits and oce-
anic sediments (argillaceous marls and shales) (Dias-
Brito 2000). Their association with r-strategists plank-
tic foraminifera, suggests that they may be considered
as opportunistic organisms well-adapted to eutrophic
conditions (Coccioni & Luciani 2004, Omafa et al.
2014). Furthermore, their co-occurrence with keeled
morphotypes (rotaliporids and thalmanninelids) indi-
cates that these organisms could also thrived in deeper
habitats. According to Dias-Brito (2000), pithonellids
bloom in oligotrophic-mesotrophic conditions with
other planktonic organisms with heavy tests. Wendler
et al. (2002c) and Vink (2004) argued that palaeoenvi-
ronmental reconstructions using calcispheres require a
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species level approach, since different species exhibit
markedly variable environmental preferences. Pitho-
nella sphaerica, as a species indicative of eutrophic
conditions, represents the most opportunistic of the all
pithonellids (Wendler et al. 2002a, b). The consistent
dominance of this species is thought to reflect high
carbonate production, elevated primary productivity
and an enhanced nutrient supply (Jarvis et al. 1988,
Noél et al. 1995, Gale et al. 2000, Wilmsen 2003,
Pearce et al. 2009, Omafia et al. 2014). The prevalence
of pithonellids coupled with the rarity of oligotrophic
keeled morphotypes, suggesting a shift toward a
higher trophic regime, specifically reflecting meso-
trophic environmental conditions.

5.3.2. Phase 2 (CTB interval; 25 to 29 m)

Notable changes in planktonic foraminifera composi-
tions occurred during this phase, resulted in a substan-
tial decline in both their abundance and diversity. The
key characteristics of this phase are: 1) a thin dark
grey shale layer (unit 3 in Fig. 9), 2) a low sedimenta-
tion rate about 3.75 m/mys (Fig. 10) and consequent
development of a condensed horizon rich in glauco-
nite and phosphate, 3) a notable decrease in carbonate
(CaCO03) content in compare to the three well-known
peaks associated with OAE2 (Fig. 9), 4) the extinction
of deep dwellers, k-strategists (i.e., rotaliporids and
thalmanninellids) and rare occurrences of keeled mor-
photypes, 5) the predominance and proliferation of
biserial taxa (i.e. Planoheterohelix), 6) a significant
and worldwide correlatable positive excursion in 6'3C,
7) a notable decrease in the proportion of calcispheres,
and 8) low diversity of planktonic foraminifera (Figs.
4 and 8).

These characteristics reflect a shift in the paleoen-
vironmental conditions from more stable mesotrophic
regime (phase 1) to highly stressed, eutrophic, and less
stratified surface waters favoring opportunistic taxa
(phase 2).

The development of eutrophic conditions in the
surface waters prompted the expansion of the OMZ,
thereby inhibiting the flourishing of large, deep-dwell-
ing taxa (e.g., Leckie, 1985, Huber et al. 1999, Keller
& Pardo, 2004, Falzoni et al. 2018, Salhi et al. 2022).
Huber et al. (1999) proposed that warming of deep
waters during the latest Cenomanian could have trig-
gered a breakdown in water column stratification, im-
pacting the life cycle of species inhabiting the deepest
environments and, consequently, contributing to their
extinction.

The extinction of Laeviella bentonensis, as an in-
termediate or thermocline dweller (Keller et al. 2001,
Coccioni & Luciani 2005), suggests its greater sensi-
tivity to environmental perturbations than other plan-
ispiral and non-keeled morphotypes (Leckie et al.
1998).

Notably, Planoheterohelix reaches its highest
abundance (up to 97%) in both thin section and washed
samples within the W. archaeocretacea Zone, coincid-
ing with the OAEZ2 isotope excursion (Figs. 3C, 4, 7
and 8). The consistently high percentage of this op-
portunistic taxon throughout the dark grey shale inter-
val signifies conditions of high stress and extreme
oxygen deficiency (Leckie, 1985, Leckie et al. 1998,
Huber et al. 1999, Keller et al. 2001, Coccioni & Lu-
ciani 2004, Caron et al. 2006, Bomou et al. 2013, Fal-
zoni et al. 2018, Salhi et al. 2022). Other r-strategists
and intermediate forms such as muricohedbergelids
(M. delrioensis and M. planispira), whiteinellids (W.
baltica and W. archaeocretacea), Planohedbergella
ultramicra and a to a lesser extent Schackoina cenom-
ana are minor constituents of this assemblage. The
dominance of P. reussi (r-strategists) coupled with
high abundances of other small surface dwellers points
to elevated nutrient levels in near-surface waters
(Petrizzo 2002, Coccioni & Luciani 2005).

5.3.3. Phase 3 (early to late Turonian;
29 to 55 m)

This phase initiates above the peak c¢ of the 6°C re-
cord, and seems to indicate a gradual restoration of the
pre-OAE2 conditions (Fig. 8). Similar to the most
other localities, the palaeoecological data suggest only
a stepwise environmental recovery. The lower half of
the H. helvetica Zone being still dominated by surface-
dwellers opportunistic planktonic foraminiferal as-
semblages and rare indeterminate specimens of di-
carinellids. Despite a marked decline in their overall
abundance, biserial morphotypes still comprise a sub-
stantial proportion of the identified morphotypes
above the CTB. The only conspicuous change within
this group is the gradual increase in P. globulosa and a
pronounced reduction in P. reussi (Fig. 7).

From 33 m (sample 125) upward, planktonic fo-
raminifera exhibit a gradual increase in abundance and
diversity. The abundance of Dicarinella species in-
creases from the middle of the H. helvetica Zone and
extends upward. The appearance of k-strategists com-
plex morphotypes (marginotruncanids), mostly docu-
mented through thin sections, characterize the top of
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the measured interval, corresponding to the D. primi-
tiva-M. sigali Zone. Laeviella and Planohedbergella
as planispiral morphotypes display a nearly continu-
ous distribution. The high diversity and co-occurrence
of various morphotypes within this part of the studied
section reflect palaeoenvironmental changes and a
shift towards more stable, oligotrophic conditions
similar to those prevailed during phase 1. Perhaps ow-
ing to this environmental stability, new ecological
niches were gradually occupied by newly evolved spe-
cialized taxa (Petrizzo 2002).

5.4. Sedimentological aspects of the

CTB in the studied section

The hemipelagic facies of the Sarvak Formation is
characterized by a muddy matrix rich in planktonic fo-
raminifera and calcispheres suggesting deposition in a
low energy, open marine environment below storm
wave-base (Geel 2000, Ghabeishavi et al. 2009, Fliigel
2010). From the lithological point of view, the CTB
interval in the Tang-e Bawlek section is characterized
by a dark grey shaly layer (about 1 m thick), followed
by a thin hemipelagic argillaceous limestone layer rich
in planktonic foraminifera and associated glauconite
and phosphate minerals. This interval with a very low
sedimentation rate (3.7 m/mys), is interpreted as a
condensed horizon (Fig. 3E-F), indicative of sediment
starvation in shelf and low energy deep-marine set-
tings (Wilson 1975, Allouc 1990, Mutti & Bernoulli
2003, Flugel 2010, Follmi et al. 2015, Christ et al.
2015, Richiano et al. 2019). Glauconite formation in
shelf environments typically requires specific condi-
tions including mixed redox environments near the
OMZ, high productivity, low sedimentation rates,
low-energy level, minimal terrigenous input, low tur-
bulence, and an ample supply of iron and potassium
(Odin & Matter 1981, Mozley & Carothers 1992,
Malone et al. 2002, Nourmohamad et al. 2020).

A palaeodepth ranges between 50 and 550 m is re-
garded as an optimal setting for glauconization (Nour-
mohamad et al. 2020 and references therein). Glauco-
nites within the specified horizon exhibit a green to
dark green color and mostly lobate shape, suggest rel-
atively high compositional maturity (Amorosi 1995,
McCracken et al. 1996, Udgata 2007). Upwelling re-
gime can trigger eutrophic conditions and high bio-
logical productivity in the surface waters subsequently
enhancing organic matter supply to the sea floor and
promoting phosphate precipitation in the vicinity of
the OMZ (Glenn et al. 1988, Jarvis et al. 1994, Multti

& Bernoulli 2003, Follmi et al. 2008; Brandano et al.
2016 and references therein). An alternative hypothe-
sis “low-productivity phosphogenic model”, high-
lights the importance of bacterial/microbial break-
down of organic matter below the sediment-seawater
interface in enriching interstitial phosphate and releas-
ing dissolved phosphate into the pore waters (Mutti &
Bernoulli 2003 and references therein, Scopelliti et al.
2010, Banerjee et al. 2012; Christ et al. 2015). The
presence of pyrite, a typical mineral found in organic-
rich sediments, implies the activity of sulfate reducing
bacteria and the development of anoxic environments
(Shen et al. 2007, Nourmohamad et al. 2020).

The precipitation of the authigenic minerals (glau-
conite, phosphate, pyrite), is typical of sediments as-
sociated with condensed sections and basin starvation
(Mitchum & Van Wagoner 1991, Follmi 2016). The
environmental conditions of the studied section during
the CTB, as documented by hemipelagic limestones
rich in glauconite and phosphate minerals, low sedi-
mentation rate, and highly eutrophic conditions, well
correspond-to the development of a condensed horizon
in a deep low oxygenated environment.

Therefore, it is possible to assume that the tectonic
activity in the ZFTB, which caused sediment exposure
and unconformities in the Fars and Dezful subzones,
may have had a limited effect on this part of the basin.
Actually, deep marine conditions prevailed in the Lur-
estan Subzone as the depocenter or focal point of the
sedimentary basin. This is in accord with Wynd (1965)
and Moeini et al. (2023) interpretations that consid-
ered the Lurestan Subzone, as the distal portion of an
evolving platform, extended along the passive margin
of the northeastern part of the Arabian Plate, from the
Early to middle Cretaceous.

6. Conclusions

Utilizing a multidisciplinary approach integrating
field observations, facies analysis, biostratigraphy,
and carbon isotopic data demonstrate that, unlike most
of the ZFTB where CTB is marked by a regional un-
conformity due to sea-level fall, this part of the basin
lacks evidences of subaerial exposure or significant
changes in the microfacies types (e.g., from pelagic to
benthic). Instead, this boundary is here solely charac-
terized by deep marine grey to dark grey argillaceous
limestones and black shales, rich in planktonic fo-
raminifera and associated with glauconite and phos-
phate grains and a low sedimentation rate. The hemi-
plegic interval of the Sarvak Formation in the Tang-e
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Bawlek section was possibly deposited in an intra-
shelf basin in the Lurestan Subzone.

LOs and HOs of important zonal markers have
enabled the identification of four planktonic foraminif-
era biozones across the studied section, which suggest
a late Cenomanian-late Turonian age. In stratigraphic
order, the main identified bio-events in this interval,
include the LO of P. algeriana, HOs of Th. deeckei,
Th. greenhornensis, R. cushmani and La. bentonensis
followed by the LO and HO of H. helvetica and finally
appearance of dicarinellids and marginotruncanids.
The correlation of the newly conducted high-resolu-
tion 613C record with other reference sections has al-
lowed comprehensive documentation of the CTBE in
the Tang-e Bawlek section. Recognition of the three
distinctive peaks that globally characterize the CTB
carbon isotope excursion, gives the studied section the
potential to serve as a key reference section for global
correlations. The paleoecological reconstruction of the
studied interval highlighted three major changes in the
depositional environment: 1) Pre-OAE2 interval with
a high sedimentation rate and largely meso-eutrophic
regime, 2) OAE2 interval with highly eutrophic condi-
tions suitable for high proliferation of opportunistic
taxa (especially Planoheterohelix) during the develop-
ment of OMZ. This phase is represented by a dark
grey shale layer followed by a low sedimentation rate
that resulted in the formation of a condensed horizon,
and 3) Post-OAE2 interval which indicates a gradual
recovery of paleoenvironmental conditions and ap-
pearance of new genera and species.
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