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Abstract

Lower Cretaceous carbonate successions outcrop extensively along the northern Tethyan
margin in the Kopet-Dagh (NE Iran) and Yazd Block (Central Iran). These carbonate units are
not well constraint in terms of stratigraphic, sedimentological, geochemical, and
paleobiogeographic view point. To improve our knowledge, a detailed multidisciplinary study
has been presented on two roughly coeval stratigraphic units in the two different areas, and
correlated with other tethyan carbonates. The two stratigraphic units (Taft and Tirgan
formations) have been deposited along a carbonate shelf with microfacies associations
ranging from the outer-shelf to the inner-shelf settings. Diachrony in ages at the base and top

of the stratigraphic units suggests the long-term subsidence effects during the Early



Cretaceous, followed by a Cimmerian phase of epi-orogenesis, and also the remnant
paleoreliefs. New biostratigraphic data coupled with stable isotope 0'3C records show that the
onset of carbonate production started much earlier than previously thought (Valanginian
rather than Barremian). Our results also permit us to correlate the lower Aptian stratigraphic
units with the OAEla. The worldwide distribution of index microfossils including benthic
foraminifera and colomiellids reported on paleobiogeographic reconstructions. They have
been used to define paleobiogeographic provinces for the Valanginian, Hauterivian and
Aptian intervals and show predominant basin connections. Significantly, the allochem content
of the lithostratigraphic units and their phosphorus accumulation show phases of important
heterozoan to photozoan carbonate production, which are recorded in other localities of the

Tethyan realm as the consequence of global paleoceanographic changes.

Keywords: Early Cretaceous paleobiogeography; Benthic foraminifera; Phosphorus; Carbon

1sotope; Kopet-Dagh; Yazd Block.

1. Introduction

Lower Cretaceous successions are distributed worldwide along the northern and
southern margins of the Tethys (e.g., Kilian, 1907; Jankicevi¢, 1978; Afshar-Harb, 1979;
Follmi et al., 1994; Dini et al., 1998; Arnaud-Vanneau, 2006; Husinec and Soka¢, 2006;
Veli¢, 2007; Sudar et al., 2008; Masse et al., 2009a; Vaskovic¢ et al., 2010; Godet et al., 2010,
2014; Morsilli et al., 2017; Schlagintweit, 2011; Stein et al., 2012; Picotti et al., 2019;
Bonvallet et al., 2019; Gheiasvand et al., 2019, 2020; among others), the Pacific Ocean (e.g.,
Winterer et al., 1993; Arnaud-Vanneau and Silter, 1995; Ogg, 1995; Martin et al., 2004), and
the Gulf of Mexico (e.g., Gonzalez-Leon, 1994; Monreal and Longoria, 2000; Gonzalez-Leon

et al., 2008). These successions are usually located on the shallow-water platform and outer



shelf, beyond the platform margin, and record changes of nektonic (ammonites), planktonic,
and benthic organisms (e.g., foraminifera, colomiellids, rudists, calcareous algae), which are
useful as biostratigraphic indicators and for environmental reconstructions. Furthermore,
fundamental changes in the carbonate factory of these successions, such as the switch from
photozoan to heterozoan organisms, have been recorded. These changes relate to
environmental variations, such as major global carbon cycle perturbations and a sea-level rise
that lead to anoxic conditions in the world ocean (Schlanger and Jenkyns, 1976; Haq et al.,
1987, Weissert et al., 1998; Westermann et al., 2010, 2013). The main methods of
investigating changes in the oxygenation condition include stable isotope analysis, redox-
sensitive trace-element distribution (e.g., U, Co, As, Cu, and Mn), phosphorus accumulation
rates, and information on organic-matter (Follmi et al., 2007; Stein, 2012; Westermann et al.,
2013).

In Iran, Lower Cretaceous lithostratigraphic units of the southern and northern
Neotethyan domains have been studied since the 1970s (e.g., Mehrnusch, 1973;
Davoudzadeh, 1997; Bucur et al., 2012, 2013; Hosseini, 2014; Gheiasvand et al., 2020). In
this research, successions of NE Iran (KD - Kopet-Dagh) and Central Iran (YB - Yazd Block)
in the northern Tethyan domains (Stampfli and Borel, 2004; Wilmsen et al., 2009) are
investigated. We present data from five stratigraphic sections of these areas through the
Lower Cretaceous successions, with emphasis on the carbonate deposits from the Tirgan and
Taft formations. Our study focuses on the following main objectives: 1) establishing the
carbonate stable isotope records, and correlating them with the 6'3C values from a reference
record to identify excursions and strengthen the calibration of the biostratigraphic records; 2)
providing better constraints for the paleobiogeographic reconstructions of the Iranian Lower
Cretaceous successions using benthic foraminifera and colomiellids; 3) recognising phases of

important photozoan and heterozoan carbonate production using the phosphorus (P) content



and dominant groups of light-dependent and independent fauna; and finally 4) providing

paleoenvironmental reconstructions through biotic changes and geochemical analysis.

2. Geological setting

The KD mountain range is an active fold belt between NE Iran and Turkmenistan. The
Iranian part of the KD was formed after the early Cimmerian orogeny following the closure of
the Paleotethys Ocean during the Late Triassic (Fig. 1a; Berberian and King, 1981; Stampfli,
2000; Stampfli and Kozur, 2007; Stampfli et al., 1991, 2001; Robert et al., 2014). In this area
of the northern Tethys margin, Mesozoic and Paleogene lithostratigraphic units were
deposited following the Mid-Jurassic opening of the south Caspian basin along the suture of
the Paleotethys (Fig. 1b; e.g., Stocklin, 1968; Berberian and King, 1981).

Central Iran consists of several tectonic blocks or microplates, which are collectively
called the Central-East Iranian Microcontinent (CEIM; Aghanabati 2004). This area has
revealed a complicated tectonic history since the Triassic (e.g., Bagheri and Stampfli, 2008).
During the Late Cretaceous, these microplates were separated from the southern Eurasian
margin, and small oceanic basins were formed around the CEIM (Fig. 1c; Robert et al., 2014).

During the Jurassic - Late Cretaceous, the YB was located south of the KD basin, and
was not so far from the southern margin of the south Caspian basin. The KD basin was closed
and inverted in the Cenozoic through the subsequent convergence between the Arabian and
Eurasian plates due to the subduction of the Neotethyan Ocean. Thereafter, the YB
was located farther from the KD basin because of the Late Mesozoic-Early Cenozoic anti-
clockwise rotation of the Lut block (Fig. 1d; e.g., Stocklin, 1968; Berberian and King, 1981;
Stampfli and Borel, 2004; Bagheri, 2007). The YB now represents the western microplate of
the CEIM (Fig. 2a; Takin, 1972; Aghanabati, 2004; Bagheri and Stampfli, 2008; Gheiasvand

et al., 2020).



Five Lower Cretaceous stratigraphic sections of the KD basin and YB were
investigated (Fig. 2a): Tirgan village, Amirabad and Padeha stratigraphic sections in the KD
basin (Fig. 2b), as well as the Tamer and Tehr stratigraphic sections in the YB (Fig. 2c¢).
Information on the geological setting of the stratigraphic sections regarding lithostratigraphy
and paleontology, except for the Padeha section, has been published already (see Gheiasvand

etal., 2018, 2019, 2020) and we give a short description of them in the following paragraph.

2.1. KD (Kopet-Dagh)

The measured sections of this area are located in the central to easternmost part of the
KD mountain range (Khorasan-e-Razavi Province), including the Tirgan Fm and lower parts
of the Sarcheshmeh Fm (Fig. 3).

The first investigated section is the Tirgan village section (37°07 11"N; 59°18'45"E)
located 3 km south of the Tirgan village. This section is composed of bioclastic limestones of
the Tirgan Fm. The limestone beds of this formation are subdivided into four units (Unit 1 to
4). The second stratigraphic section is the Amirabad section (36°33°40"N; 60°04°02"E)
located about 20 km east of the Gojgi village. The Amirabad section is subdivided into three
units. These units are named respectively from base to top of the section: platform carbonates,
hemiplegic carbonates, and shales of the Sarcheshmeh Fm. Here, the Tirgan Fm is about 40 m
and dominated by fossiliferous limestones, shale, and argillaceous and marly limestones. The
most eastern studied succession is the Padeha section, 13 km southeast of the Mazdavand
county (36°05°39"N; 60°39°197E). In this section, 25 meters of the lower and upper parts of
the Tirgan Fm, is mainly composed of brown-gray oolitic and fossiliferous limestones and
marls (Fig. 4).

In these sections, the carbonate successions of the Tirgan Fm overlie clastic and

evaporitic deposits of the Shourijeh Fm and are covered by shaly deposits of the Sarcheshmeh



Fm (Fig. 3). The thickness of the Tirgan Fm decreases towards the east of the KD
mountain range (towards the Padeha section). For better correlations through the area, the
sample spacing of the Sarcheshmeh Fm was increased from the central to the easternmost part

of the KD range.

2.2. YB (Yazd Block)

The Lower Cretaceous marine successions in the YB are known under different
informal names; e.g., the Shah Kuh formation (Khur area) or the Taft formation (Yazd area).
For this study we have investigated two stratigraphic sections located in the Yazd province,
west of Taft county (Fig. 2¢), including the Taft fm. The first section is the Tamer section
(Fig. 3), which is a composite section. The Tamer section has been sampled and studied for its
lower part, 20 km west of Taft county (31°42°48"N; 54°06°57"E), and for its upper part, 7 km
ESE of the lower part (31°41"38"N; 54°11°08"E). In general, rudist-rich limestones, marly
limestones, and dolomitized limestones are dominant lithologies of the Taft formation. The
second stratigraphic section is the Tehr section (31°37°17"N; 53°50°57"E) located 50 km west
of Taft county. This section is dominated by thick-bedded bioclastic limestones, including
rudists, calcareous algae, and foraminifera (Fig. 3).

The investigated stratigraphic sections include the carbonate successions of the Taft
fm, which overlie the clastic deposits of the Sangestan fm and are covered by shaly deposits

of the Darreh-Zanjir fm.

3. Material and methods

3.1. Microfacies



A total of approximately 640 carbonate rock samples were processed to obtain thin
sections and investigation of them was performed by using conventional optical microscope at
the laboratory of the University of Lausanne, the Ferdowsi University of Mashhad, and the
Association Dolomieu in Grenoble. The distribution of microfacies associations were

examined following the Arnaud-Vanneau and Arnaud (2005) classification (Table 1).

3.2. Paleontology and paleobiogeography

In addition to the published paleontology data through sections including benthic
foraminifera and colomiellids (Gheiasvand et al., 2018, 2019, 2020), some microfossils were
determined in the thin sections from the Amirabad and Padeha stratigraphic sections (in the
KD). These microfossils include benthic foraminifera, planktonic organisms such as
colomiellids, and calcareous algae. Some ammonites were also collected from the base of the
Darreh-Zanjir formation of the Tamer stratigraphic section (in the YB).

The shallow-water carbonates containing eleven species of benthic foraminifera and
hemipelagic sediments including colomiellids were examined for paleobiogeography. These
cosmopolitan microfossils are recognised as biostratigraphic indices for the Early Cretaceous.
Twenty-six references for the micropaleontology studies of benthic foraminifera were used
(Poroshina, 1976; Kovatcheva, 1979; Arnaud-Vanneau and Silter, 1995; Rehdkova et al.,
1996; Lesna, 1997; Neagu, 1997; Chartrousse and Masse, 1998; Loeblich and Tappan, 1988;
Bodrogi, 1999; Neagu and Cirnaru, 2002; Voznesenskii et al., 2002; Husinec and Sokac,
2006; Veli¢, 2007; Afghah and Fanati Rashidi, 2007; Bruni et al., 2007; Krajewski and
Olszewska, 2007; Sudar et al., 2008; Tawadros, 2011; Hfaiedh et al., 2013; Dragastan et al.,
2014; Hosseini, 2014; Schlagintweit et al., 2016; Yavarmanesh et al., 2017; Gheiasvand et al.,
2018, 2019, 2020), and five references for the studies of colomiellids were compiled

(Longoria, 1972; Longoria and Gamper, 1974; Trejo, 1975; Zghal et al., 1996; Gheiasvand et



al., 2019). This micropaleontological database reported on the Panalesis plate tectonic model
(see Vérard, 2018), and represents 40 localities on the paleomaps at 140, 130 and 120 Ma.
The data is shown in paleomagnetic (Mag) coordinates, which are transferred back in time

using different tectonic elements.

3.3. Stable isotope analysis

For the carbon and oxygen stable isotope analysis, 255 bulk-rock samples were
processed. We used samples including wackestone, mudstone, or the micritic matrix of mud-
dominated packstone and floatstone. Samples showing petrographic evidence of diagenetic
alteration, fractures, or cement-filled cavities and veins were avoided. The 6!3C and 6'%0
values were obtained from microdrilled powder of the rock slices using the Spangenberg et al.
(2014) procedure at the Institute of Earth Surface Dynamics of the University of Lausanne.
Analyses of the samples were carried out using a Thermo Fisher Scientific Gas-Bench 11
preparation device interfaced with a Thermo Fisher Scientific Delta Plus XL continuous flow
isotope ratio mass spectrometer (IRMS). The stable isotope ratios reported in the delta (0)
notation as the per-mil (%o) deviation relative to the Vienna Pee Dee Belemnite standard
(VPDB). The analytical uncertainty (20) was assessed using the international calcite standard
NBS-19 and the laboratory standard Carrara Marble as not larger than +0.05 %o for 6'3C and

+0.1 %o for 5'80.

3.4. Phosphorus content

The P accumulation was characterised using 109 bulk-rock carbonate samples at the
University of Lausanne. The samples were crushed to obtain a fine, homogeneous powder.
Approximately 100 mg of every powder was mixed with 0.5 ml of MgNO3 and dried in an

oven at 100 °C for 30 minutes, and then at 550 °C for 2 hours and 30 minutes. After cooling,



10 ml of HCI 1mol was added and placed under constant shaking for at least 16 hours. The
solution was filtrated and analysed following the Eaton et al. (1995) ascorbic acid procedure.
The final solution obtained was studied by a spectrophotometer (UV/Vis Perkin Elmer
Lambda 25 spectrophotometer) to determine the phosphorous accumulation. The
concentration of PO4 was obtained by calibration with known internal standard solutions and

reported in mg/L, providing precision better than 5% (see also Bodin et al., 2006a).

4. Results

4.1. Stratigraphic trends in microfacies

In our studied sections, ten main microfacies types together with evidence of
reworking (R) and dolomitisation (D; see Table 1 and Fig. 3) have been identified.

The microfacies are indicated along a rimmed platform model (Fig. 5; F1 to F8, F10
and F11). According to the interpreted paleobathymetry, these kinds of microfacies are
grouped into three categories, MF1 to MF3, which reflect the environmental position of
organisms and carbonate components. They are located on the shallow-water platform and
outer shelf beyond the platform margin. MF1 (F1 to F4) represents outer-shelf, MF2 (F5 to
F7) outer-platform (platform margin), and MF3 (F8 and F10) inner-platform (subtidal and
intertidal, including lagoon and tidal flat). The deepest environment is defined by marl and
marly limestone, including less than 50% of pelagic organisms (e.g., calpionellids,
radiolarians, calcispherids, ammonites, sponge spicules; F1). The shallowest part of the
platform shows supralittoral facies, which is specified by F11 (Figs. 3 and 5; see also

Bonvallet, 2015; Bonvallet et al., 2019 and Gheiasvand et al., 2019).

4.1.1. KD (Kopet-Dagh)
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The successions of the Tirgan Fm in the KD mountain range show 10 main
microfacies types. The diversity of microfacies decreases towards the most eastern studied
succession in the Padeha section (Fig. 3).

In the Amirabad section, 8 microfacies types (F1, F3 to F7, F10 and F11) with
evidence of reworking (R) are recognised (Fig. 3). The vertical succession of the Amirabad
section starts with bioclastic limestones, including reworked elements (lag), which quickly
changes to an outer-platform position close to 8 m. From this level onwards, the succession is
mainly composed of oolitic facies (F6), with packstone and grainstone. The dominant
components of these deposits are oolites. In addition, we found coral debris, bryozoans and
echinoderm fragments, and occasionally annelids. Near 18 m, a variation towards proximal
type microfacies begins (F10 and F11a) and terminates with an emersion surface. This level
of emersion is characterised by the presence of karstic microcaves at around 22 m. Then, the
microfacies shift again to deeper types (F6; outer-platform). From 26 m onwards, an interval
of deep-water facies is defined (F1), consisting of the outer-shelf facies and covers the top of
the Tirgan Fm and the lower parts of the Sarcheshmeh Fm.

The Padeha section consists of a succession of 3 microfacies types (F1, F4 and F6),
with evidence of reworking (R). The microfacies display an initial phase of marine deepening,
which is identified by the outer-shelf facies, followed by a change to the outer-platform facies
with intercalations of reworked facies between 15 and 22 m (Fig. 3). At the top of the Tirgan
Fm, the microfacies shift again to deep-water types. Bryozoans and echinoderm fragments are
dominant components of these deposits, which are overlain by an interval of the outer-shelf
facies (F1) in the Sarcheshmeh Fm.

In this study, the types of microfacies of the published Tirgan village section

(Gheiasvand et al., 2019) are compared with the other stratigraphic sections. In the Tirgan
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village section 8 microfacies associations (F1 to F4, F6, F8, F10 and F11) were recognised,

together with evidence of reworking (R) and dolomitisation (D).

4.1.2. YB (Yazd Block)

The successions of the Taft fm in the YB show 6 main microfacies types (Fig. 3).

Two microfacies (F5 and F8) with evidence of dolomitisation (D) are recognised in
the Tamer section. The Tamer section (Fig. 3) presents an interval of dolomitized limestone at
the base of the section. From 70 m onwards, a shift towards inner-platform facies is observed
(F8), with grainstone intercalations (F5) and partly dolomitized facies (D). The deposits are
mainly composed of miliolids, conical orbitolinids and rudists. The Taft fm underlies the
Darreh-Zanjir Fm, which displays the outer-shelf facies in the lower part.

The Tehr section (Fig. 3) exhibits a succession of 6 microfacies types (F1, F3 to F6
and F8) and also evidence of reworking (R). The base of the Tehr section shows marine
deepening to the outer-shelf facies (F3), followed by outer-platform grainstone (F5) with one
packstone/grainstone intercalation. From 25 to 100 m, the microfacies associations change
again to deeper types (F3; outer-shelf), with intercalations of reworked and outer-platform
facies. Near 110 m and onwards, the deposits are mainly composed of outer-platform
grainstone, with intercalations of lagoonal and outer-shelf facies. The microfacies shift again
to deep-water types between 175 and 250 m, and an alternation between outer-inner-platform
and outer-shelf microfacies is observed between 250 and 465 m. Dominant components of
these deposits are miliolids, conical orbitolinids, oolites, and rudists, with some annelids,
calcareous sponges, bryozoans and echinoderm fragments. From 480 m to the top of the

section, lagoonal facies are mainly recognised.

4.2. Stratigraphic trends in carbon and oxygen isotope record
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The results of the carbonate stable isotopes for the studied sections are shown on Figs.
6 and 7. Based on our results, the deposits of the Tirgan, Taft and Sarcheshmeh formations
record the worldwide major environmental changes that affected many Lower Cretaceous
carbonate platforms during the oceanic anoxic events and associated with the 6'3C
perturbations, like the latest early to the late Valanginian Weissert, the latest Hauterivian
Faraoni, the early Aptian OAE1a (or Selli event) and the late Aptian Fallot events. Likely the
late Aptian to early Albian OAE1b (Jacob and Paquier events) and latest early to the late

Aptian Noir events are also registered in these successions.

4.2.1. KD (Kopet-Dagh)

In the Amirabad section, the stable isotope record relates to the samples of the Tirgan
Fm and lower parts of the Sarcheshmeh Fm (Fig. 6a). The 6'3C values are characterised by a
decrease at the base of the Tirgan Fm, followed by a small increase at around 5 m. They
rapidly decrease again and reach minimum values at 20 m (karstification surface). Above this
level, the values rise again and are followed by two maximum and minimum peaks at about
35 m (likely the late Aptian to early Albian OAEIlb event). The rest of the ¢'°C record
towards the top of the Tirgan Fm shows a decrease, followed by a slow increase. The values
in the Sarcheshmeh Fm are characterised by a gradual and irregular increase of values
between around 40 and 80 m before reaching a maximum value of 4%o at 80 m. The 6'%0
record shows an irregular evolution, ranging between about -6 and -3%o for the Tirgan Fm,
and around -8 and -5%o for the studied parts of the Sarcheshmeh Fm.

Stable isotopes of the Padeha section are mostly related to the Tirgan Fm and lower
parts of the Sarcheshmeh Fm (Fig. 6a). This section shows the 0'3C record with a decrease
from the base of the Tirgan Fm, followed by an increase at around 15 m towards the top of the

formation. They decrease again and reach minimum values at 30 m, an interval of the
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Sarcheshmeh Fm. From 30 m onwards, the 6'3C values increase and decrease again to reach a
minimum at 37 m (interpreted as the early Aptian OAE]la event; interval between 30 and 37
m). They gradually increase and reach maximum values at around 55 m (likely latest early to
the late Aptian Noir event), rapidly followed by a decrease again and reach minimum values
at about 75 m (the late Aptian Fallot event). Above this level, the record towards the top of
the section is defined by an increase, followed by a slow decrease. Like the previous section,
the 0'80 record shows an irregular pattern of values. They range between ca. -8 and 0%o for
the Tirgan Fm, and ca. -9 and -5%o for the lower parts of the Sarcheshmeh Fm.

The stable isotope results from the published Tirgan village section (Gheiasvand et al.,
2019) are compared with the other stratigraphic sections from the KD mountain range (Fig.
6a). This section shows the 0'3C record with the positive excursions between around 115 and
240 m (the latest early to the late Valanginian Weissert event). The values increase again
towards 390 m (the latest Hauterivian Faraoni). Above 440 m, a decrease occurs which is
followed by the irregular evolution in the 6'3C record up to a decrease at 565 m. We also
recognised the late Aptian Fallot event at 565 m of the Tirgan village section, well correlated
with the Fallot event of the Padeha section. The trend for the early Aptian is less well
reproduced in the Tirgan village section and this may be related to the short hiatus that exists
in the successions. The 0'%0 record of the Tirgan village section shows an irregular evolution,
ranging between about -5 and 0%o for 450 m; these values are followed by a more regular

pattern between -6 and -3%o for the remainder of the section.

4.2.2. YB (Yazd Block)
The Tamer section is characterised by the initial 6'3C record increasing gradually from
20 m to 120 m (Fig. 7a). This is followed by a decrease and reaches minimum values at

around 160 m. Above this level, the Taft fm shows a positive excursion of approximately 2%o
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starting. The 0'3C values start to decrease at around 190 m and reach minimum values at
around 250 m (correlated with the early Aptian OAEla event). They increase again between
ca. 250 and 350 m. From 350 m onwards, they decrease and then start to increase at the base
of the Darreh-Zanjir fm. An irregular trend of values is related to the 6'%0 record which is
defined between about -18 and -4%o for the first part of the section (up to 180 m). This
interval goes on with a nearly steady trend of values between -8 and -3%o for the rest of the
section.

In the YB, the samples of the Tehr section are excluded for the stable isotope analysis,

because they mostly consist of grainstone with cement-filled cavities.

4.3. Stratigraphic trends in phosphorus content

4.3.1. KD (Kopet-Dagh)

The base of the Tirgan Fm is characterised by a positive peak of the P values in the
Amirabad stratigraphic section (Fig. 6a). This is followed by smaller values, reaching a
minimum of 177 ppm. A second increase reaches maximum values around 565 ppm. The
upper part of the Tirgan Fm shows a progressive decrease down to a minimum content at
around 35 m, followed by a positive peak towards the top of the Tirgan Fm. The P content
attains variable values in the Sarcheshmeh Fm, with a maximum of 400 ppm and a minimum
of 100 ppm.

The Padeha section shows a P record with a positive peak of approximately 480 ppm
at around 15 m (Fig. 6a). The P values continue with a sharp decrease, reaching a minimum of
157 ppm towards the top of the Tirgan Fm. This phase is followed by an increase at the
uppermost part of the Tirgan Fm and at the base of the Sarcheshmeh Fm. The P content in the

Sarcheshmeh Fm is variable between around 160 and 490 ppm.
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4.3.2. YB (Yazd Block)

The Tamer section starts with a decrease of the P content and reaches minimum values
around 17 ppm at 20 m of the section (Fig. 7a). This interval is followed by an increase to
reach a maximum of 64 ppm around 80 m. A second decrease is observed and attains
minimum values around 14 ppm. Above this phase, the P content remains low and steady
between 9 and 26 ppm in the Taft fm and reaches higher values with a maximum of 64 ppm at
around 250 m. In the interval above 250 m, they nearly rapidly decrease again, reaching a
minimum of 9 ppm at 290 m. The steadier values of P accumulation are observed between 9
and 17 ppm, followed by an increase at the top of the Taft fm.

The base of the Taft fm in the Tehr section is characterised by a positive peak in P
values, followed by a decrease reaching a minimum of 29 ppm at around 45 m (Fig. 7a). The
P values start to sharply increase from 45 m and attain maximum values of 370 ppm at around
52 m. A decreasing trend is observed in the interval between 45 and 215 m, followed by a
positive peak, attaining a maximum of 137 ppm. This phase is followed again by a decrease,
and reaches minimum values of 25 ppm at 330 m. Above this level, an increase in P values is

recorded, followed by a steady and irregular evolution up to top of the section.

4.4. Biostratigraphy, reconstruction models of the evolution of the deposits containing
index microfossils and paleobiogeographic provinces

Biostratigraphy is here mostly based on benthic foraminiferal species and planktonic
microfossils (see Table 2).
In this work, some new microfossils including planktonic organisms, such as colomiellids,
radiolarians, and calcispherids were identified from the upper part of the Tirgan Fm in the

Amirabad section (Table 2). According to these microfossils, a planktonic assemblage zone is
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defined as found in the Tirgan village section (Fig. 6a). Based on Cadosina sp. (at 24 m),
Colomiella sp. (at 24 m, 33 m, 37 m and 40 m), C. mexicana (at 33 m and 37 m) and
Hedbergella sp. (at 40 m), the recognition of the late Aptian to Albian for this thickness is
possible (24 to 40 m; Longoria 1972, 1973; Longoria and Gamper 1974; Trejo, 1975; Fekete
et al., 2017 and Gheiasvand et al, 2019). We also defined a stratigraphic range for the Padeha
section, where the first appearance of orbitolinidae occurs at 15 m, which coincides with the
presence of Kopetdagaria sphaerica. This algae species is also observed at about 19.4 m and
25 m and, among orbitolinidae, « Dictyoconus » pachymarginalis is recognised at 19.4 m.
These microfossils of the Padeha section suggest a late Barremian? to early Aptian age for the
Tirgan Fm (e.g., Schroeder, 1965; see also Table 2). The first appearance of orbitolinidae has
been also observed in the other sections of the KD basin and indicates a Barremian - Aptian
age. The appearance of orbitolinidae is a particularly good marker in the Tirgan village
section where the shallow-water carbonate succession extends also below the Barremian age.
Unfortunately, it was not possible to identify the species of orbitolinidae from the
Sarcheshmeh Fm in the Padeha section because the embryonic apparatus was not visible.
However, according to the stratigraphic position, the lower parts of the Sarcheshmeh Fm can
be referred to the lower Aptian. Furthermore, several ammonites at the base of the Darreh-
Zanjir fm from the Tamer section, suggest a middle to late Albian age, based on the presence
of Anisoceras sp., Beudanticeras sp., Beudanticeras cf. laevigatum, Beudanticeras cf.
beudanti, Eotetragonites sp.?, Epihoplites (Metaclavites) compressus, Idiohamites sp.,
Phylloceratidae, Tetragonites sp. (Seyed-Emami and Immel, 1995; Matrion, 2010). This data
indicates a stratigraphic hiatus at the top of the Taft fm, comprising the late Aptian to early
Albian.

For the reconstructed distribution models of the microfossils, several benthic

foraminifera of the shallow-water carbonates and colomiellids of the hemipelagic sediments
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were considered. Some of them have never been recorded in the northern Neotethys (e.g.,
Orbitolinopsis nikolovi, Feurtillia gracilis and Colomiella sp.; see also Tables 3, 4 and 5, and
Gheiasvand et al., 2018, 2019, 2020). The ages of microfossils are completed using
stratigraphic information from the literature and are simplified for the sake of
paleobiogeographic reconstructions. For this study, we considered the coeval occurrences of
microfossils, including Valanginian (Decussoloculina barbui), late Valanginian (Feurtillia
gracilis), Hauterivian (Bolivinopsis labeosa, Campanellula capuensis), early Aptian
(Conorbinella azerbaidjanica, Orbitolinopsis nikolovi, Arenobulimina cochleata), and late
Aptian associations (Arenobulimina meltae, Colomiella sp., Martinotiella jucunda, Mayncina
bulgarica and Simplorbitolina manasi). This data outlines new global paleobiogeographic
reconstruction models for the different areas, including benthic foraminifera and colomiellids
for the Valanginian, Hauterivian and Aptian. Some of the paleogeographic clusters that
specify the paleobiogeographic provinces are described (Tables 3, 4 and 5 and Figs. 8a- c).
The known palaecobiogeographic provinces of the benthic foraminifera and
colomiellids indicate that they belong to cosmopolitan forms. Occurrences of them at 120,
130 and 140 Ma are marked by distinctive paleogeographic clusters of marine biota.
According to paleoceanographic settings of these paleogeographic clusters, we defined six
faunal provinces (northern and southern Neotethys, northern and southern Alpine Tethys,
Gulf of Mexico and northern Pacific Ocean). The Valanginian fauna are rare in the KD basin
and YB (northern Neotethys) and some of them, such as Decussoloculina barbui were
observed in the adjacent paleobiogeographic province (e.g., in the southern Alpine Tethys; see
Fig. 8a). The comparison of different areas shows diversified ecosystems for the late
Valanginian to the Aptian (Figs. 8b, c). It is remarkable that the relative abundance of index

foraminifera decreases in the southern hemisphere and colomiellidae are absent in this area.
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5. Discussions and interpretations

5.1. Age models of the Lower Cretaceous successions using biostratigraphic results and
changes of the 613C

Here, the ages of the studied Lower Cretaceous successions are identified by index
microfossils (benthic foraminifera and colomiellids) and then refined using changes of the
013C. A three-point moving average of the 6'3C from the central to the easternmost part of the
KD mountain range and the 0'3C records in the YB are correlated with the bulk-rock ¢'3C
values recorded in a reference section from southeastern France along the northern Alpine
Tethys margin (Fig. 9; Follmi, et al., 2006). These correlations helped to identify excursions
and strengthen the calibration of the biostratigraphic results. They are particularly good for
the positive excursion of the late Valanginian where the Weissert event is recognised. During
the Hauterivian, the general trend of the values is more negative, reaching a positive shift in
the 0'3C values at the top of this time interval. Appropriate similarity of values also exists for
the Barremian and Aptian,. Furthermore, the correlations of the obtained '3C values from the
sections and the reference record allow us to refine the ages of the Tirgan and Taft formations
based on the benthic foraminifera and planktonic organisms. As shown on Fig. 6a and 7a,
microfossils are grouped around the Feurtillia gracilis range zone (late Valanginian), the
Campanellula capuensis range zone (late Hauterivian— Barremian), the Orbitolinid
assemblage zone (early Aptian to late Aptian) and the Planktonic assemblage zone (late
Aptian to Albian) in the KD basin, as well as the assemblages 1 (Valanginian? — Hauterivian/
or late Barremian to early Aptian) and assemblages 2 (late Barremian— late Aptian/ or late
Aptian) in the YB. Time intervals of the biozones are refined by changes of the !3C trend and
their correlation. For example, in the Tirgan village section, the first and last appearance of

Feurtillia gracilis are between around 140 and 230 m, which this interval of the late
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Valanginian is refined by the positive excursion at around 120 to 240 m. According to our
results, several age limits through the stratigraphic sections were distinguished. However, it
was notable that fossil indices of some intervals were not recognised and the events through
any section were also partly constrained, which may be related to the presence of one or more
hiatuses for these successions (see Figs. 6a, b and 7a, b and also Gheiasvand et al., 2019,
2020). On the other hand, there is a diachrony in ages at the base and the top of the Tirgan and
Taft formations and the sections are not easily correlatable (Figs. 6b and 7b). For a better
view of these results, the stratigraphy of the studied Lower Cretaceous successions in the KD
basin and Central Iran (YB) main zones, and also their equivalent lithostratigraphic units in
other main parts of Iran, Zagros (southern Neotethys) and Alborz (northern Neotethys), are
shown on Fig. 10 (see Immel et al., 1997; Aghanabati and Rezaee, 2009). This figure shows
that the Tirgan and Taft formations boundaries are not isochronous but diachronous. The
evaluation of our fauna also clearly demonstrated this reality. According to Immel et al.
(1997), the base of the Tirgan Fm starts at the earliest Cretaceous (Hauterivian?) in the west
of the KD basin and at the upper Barremian in the east, whereas the top of this formation ends
at the upper Barremian in the western part and at the lower Aptian in the eastern part. In this
research, we can therefore improve the ages of the formational boundaries as shown on Fig.
10. According to our studies, the base of the Tirgan Fm can start at the Berriasian? to lower
Valanginian and end in the upper Aptian to Albian from the central towards the eastern part of
the KD basin. Here, the top of the Tirgan Fm corresponds to an erosional surface that removes
parts of the Sarcheshmeh series. Normally, the Sarcheshmeh Fm consists of two informal
members; the lower marly and the upper shaly member. This formation starts with shaly
member through our sections that may explain why in our studies the Sarcheshmeh Fm starts
with the younger series. The ages of the formational boundaries and the extent of the hiatuses

of the Taft formation in the YB are also modified according to our data (Fig. 10).
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5.2. The Early Cretaceous diachronous transgressive event in the KD basin and YB

Using the proposed age models, the studied stratigraphic sections suggest different
settings of the Lower Cretaceous successions in NE and Central Iran affected by a
diachronous transgressive event in an active extensional tectonic regime, likely following the
Cimmerian phase of epi-orogenesis in Iran during the Jurassic (e.g., Wilmsen et al., 2009,
2015). These movements were related to the opening/subsidence of the Caspian oceanic basin
(e.g., Brunet et al., 2003; Wilmsen et al., 2018). This opening extended eastward to the Farah
basin in Afghanistan (Siehl, 2017 and Vérard, 2018; Fig. 11), whereas tectonic events took
place in Central Afghanistan. In this area, a major orogenic period started in the Late Jurassic,
and ended with the deposition of the Lower Cretaceous red clastic successions (continental
molasses) characteristic of Central Afghanistan (Brunet et al., 2015). Rifting also started in
the Early Cretaceous around the future central Iranian microcontinent, leading to the opening
of small oceanic basins in the Late Cretaceous (Bagheri and Stampfli, 2008).

We tracked the base level facies of the Tirgan and Taft formations to define the onlap
surfaces in the KD mountain range and YB. Marine limestones, shales and marls at the base
of these formations show a change of the continental area due to a marine transgression,
which is shown on Figs. 12 and 13. The basal marine beds of the Tirgan and Taft formations
onlap the clastic and evaporite deposits of the underlying Shourijeh Fm and Sangestan fm
respectively in the KD range and YB area. Following the basal sequence boundary (Sbl), the
progressive onlaps of outer-shelf or inner to outer- platform successions mark a relative rise in
sea level (e.g., Kendall and Lerche, 1988) with a consequent diachronous basal age of the
Tirgan and Taft formations. The variability of observed facies and thickness inside the
formations along different sections (eg., Tirgan fm) can be related to a variations in

subsidence rate and to the inherited paleorelief physiography. Field observations show that the
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thickness of the Tirgan Fm drastically reduces from the Tirgan village section (640 m)
towards the Padeha section (25 m), and finally the Tirgan Fm disappears in the eastern part of
the KD mountain range (Fig. 12a; see also Gheiasvand et al., 2019). On the other hand,
Google Earth images in the area of the Tirgan Fm type section shows a pronounced westward
onlap of the Tirgan deposits onto the Shurijeh Fm (Fig. 12b). This means that the base of the
Tirgan Fm becomes younger towards the western part of the KD basin and explains why the
Tirgan village section starts with older deposits (Berriasian? to lower Valanginian) than the
Tirgan Fm type section (upper Barremian? to lower Aptian). The base of the Tirgan village
section also shows an older age than the base of the Amirabad and Padeha sections, due to a
mixture of subsidence effects and paleoreliefs in the KD basin (Fig. 12c¢), with the base of the
Tirgan Fm becoming younger towards the eastern part of the basin.

Also in the YB, the Taft fm in the Tehr section shows a pronounced southward onlap
pattern onto the deposits of the Sangestan fm (Fig. 13a). The base of the Taft fm therefore
becomes younger to the south, and this explains why the Tamer section starts with older
deposits than the Tehr section (Fig. 13b).

In the whole area, the upper boundary of the Tirgan and Taft formations is an
emersion surfaces with evidence of erosion and karstification features, including microcaves.
Finally, these sequence boundaries are covered by shaly deposits of the Sarcheshmeh and

Darreh-Zanjir formations.

5.3. Microfacies and carbon and oxygen isotope evolution

The distribution of the microfacies associations and their evolution in time provide
information on the morphology of the studied platforms and their evolution. The changes of
microfacies and environmental markers show that the evolution of the KD and YB platforms

is similar to those in the other Tethyan Platforms (e.g., Subalpine and Helvetic platforms; see
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Bonvallet, 2015). Here, phases of shallow-water carbonate development are present in the late
Valanginian to early Hauterivian, the early to middle late Barremian, and the late early to the
late Aptian, interspersed with deep-water, open-marine phases.

The Tirgan and Taft formations are followed by a transgressive phase, which can be
accompanied by the sedimentation of hemipelagic and deep-water facies above the emersion
surfaces. During the Valanginian to the Albian, the successions of the Tirgan and Taft
formations show the morphology of a rimmed platform by the presence of lagoonal facies
rimmed by oolitic shoals and scattered patch-reefs. These patch-reefs are composed by corals,
rudists, algae, bryozoans, and sponges (Bonvallet et al., 2019). These deposits reflect the
environmental location of ecosystems from the outer-shelf to inner-shelf. The successions of
the Tirgan Fm in the KD mountain range show 10 main microfacies types and the Taft fm in
the YB show 6 types, in which the environmental diversity is less than in the successions in
the KD. In the Amirabad section, the contact between the hemipelagic sediments of the
Tirgan Fm and the shallow-water carbonates of this formation represents an emersion surface,
which is specified by karstification features, including microcaves, covered by paleosols (Fig.
14; see also Gheiasvand et al., 2018).

The carbon isotope variations from the Lower Cretaceous successions show that
oceanic anoxic events are frequent and followed by the variations of the carbon cycle and
pCO,, which triggered climatic perturbations during this time (Schlanger and Jenkyns, 1976;
Jenkyns, 2010; Bonvallet, 2015). They also show some positive 6!13C excursions and many
minor events in the Lower Cretaceous successions of the KD basin and YB. The distribution
and evolution of facies and microfacies are associated with sea-level, geochemistry and
paleotopographic changes and with paleoceanographic conditions. The presence of positive
and negative carbon stable isotope excursions is compatible with some microfacies

associations. The positive shifts of the 6'°C recorded in the Tirgan village section and Tamer
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section coincides with the onset of the lagoonal facies (MF3; Fig. 15), which may be related
to an increase in aragonitic components (e.g., Follmi et al., 2006, 2007). In fact, the
abundance of green algae, rudists and other mollusk groups such as gastropods are originally
sources for the aragonitic components (e.g., Bandel, 1990; Steuber, 2002; Scholle and Ulmer-
Scholle, 2003; Fliigel, 2004; Skelton and Gili, 2012; see also Bonvallet et al., 2019). A good
correspondence is observed between reconstructed aragonite content and the 6'°C records
through our sections (see Figs. 3, 6a and 7a). The most negative values coincide with oolitic
facies (MF2; Fig. 15) which are grainstones and show early cementation (e.g. meteoric
cement). The 0'3C records and trends towards negative values also occur in relation to the
presence of emersion surfaces (see Bonvallet, 2015). The phase of erosion at 22 m of the
Amirabad section is well reflected in the carbon isotope record (Fig. 6a). Dolomitization is
also revealed in the oxygen isotope record. This process is widespread in the interval between
400 and 500 m of the Tirgan village section and the base (10 to 40 m) of the Tamer section. In
these intervals, the negative 0'%0 values, the presence of saddle dolomite cement, non-planar
texture and, coarse crystal size are evidence of a late diagenetic dolomitization phase at higher

temperatures conditions (Machel 2004; Davies and Smith 2006; Gheiasvand et al., 2019).

5.4. Phosphorus content and photozoan to heterozoan assemblages

The allochem content and the P accumulation of the carbonate successions are used
here to indicate trophic levels. Based on our studies, these areas experience changes from
photozoan to heterozoan assemblages several times during the Early Cretaceous (see Figs.
16a- d). The general decrease in P content is correlated with light-dependent fauna such as
green algae and corals, and represents a typical oligotrophic, photozoan association. Rudist-
rich photozoan limestones are also correlated with a decrease in P content as well expressed

through the rudist-rich- Tamer and Tehr sections located in the YB (see Fig. 7a). Although the
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rudist dependence on trophic levels is problematic here, the °‘Rudist-rich photozoan
limestones’ are recorded in other studies (e.g., James, 1997; Follmi et al., 2007; Bonvallet,
2015). Since most rudists are considered as heterotrophic suspension feeders, it is important
to review the paleoecologic and paleoceanographic conditions of these organisms during
different time intervals, and study deposits including them that despite of their being as
heterozoan association can be parts of a photozoan carbonate platform with fauna such as
green algae (see also Skelton and Gili, 2012; Michel et al., 2018). An increase in P content
shows the dominant groups of light-independent fauna, such as bryozoans, sponges,
echinoderms and annelids in the carbonate-producing ecosystem, and indicates a typical
nutrient-rich phase (mesotrophic to eutrophic) of heterozoan association. Lithocodium 1is
shown as forming part of the tropical platform biota which is recognised in the Tamer section.
This organism is temporarily replaced by rudist-coral assemblages (Rameil et al., 2010), and
represents an oligotrophic, photozoan association (Fig. 16c¢).

A shift from a photozoan to heterozoan association follows the effect of relative sea-
level rise and high nutrient levels. In some areas the development of phosphate-rich sediments
may also be a sign of eutrophication on the platform in relation to the drowning episode, such
as the upper Hauterivian-lower Barremian deposits in the northern Tethyan margin (Helvetic
realm; Bonvallet, 2015; Bodin et al., 2006b).

In the KD basin, the Lower Cretaceous platform shows a typically heterozoan
assemblage during the late Barremian, followed by eutrophication during the transgressive
phase. Phases of important heterozoan carbonate production are also recognised in the early
Aptian, late early Aptian and late Aptian, which recorded in other localities
of the Tethyan realm and interpreted as the consequence of global paleoceanographic changes
(e.g., Helvetic platforms; Follmi et al., 2006, 2007). In the Amirabad section, the Aptian

exposure surface is locally covered by the deposition of phosphatic beds of the Tirgan Fm as
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documented by a trend towards higher values. An important regressive phase near this surface
led to the emersion of the carbonate platform, followed by the deposition of widespread
hemipelagic sediments during the transgressive phase. The faunal associations indicate an
increase in nutrient levels linked to the transgression (Figs. 14 and 16a). P content in the
Tirgan Fm is generally higher than those in the Taft fm, which suggests the trophic levels
were higher during the deposition of the Tirgan Fm successions.

The oligotrophic fauna as observed in the Tamer and Tehr sections (YB) is likely due
to a change in climatic conditions towards dryer conditions. Photozoan organisms can
produce carbonate and adapt well to lesser trophic levels which are also shown by the trends

towards lesser values relative to the YB sections (Figs. 7a and 16¢, d).

5.5. Described paleobiogegraphic provinces

In order to construct the paleomaps and discuss the paleogeographical distribution of
the Early Cretaceous benthic foraminifera and colomiellids, data from other publications was
extensively used (Tables 3, 4 and 5). Here, six faunal provinces are described. The
hemipelagic sediments containing colomiellids belong to our four described provinces;
northern and southern Neotethys, northern Pacific Ocean and Gulf of Mexico during the late
Aptian to the Albian. In addition, the shallow-water carbonates containing benthic
foraminifera belong to the five provinces, including northern and southern Neotethys,
northern and southern Alpine Tethys, and northern Pacific Ocean during the Valanginian to
the Albian. The microfossils distributions are related to the paleoceanographical situations,
offering a new vision on the installation of the Lower Cretaceous carbonate successions in NE
and Central Iran.

During the Early Cretaceous, the successions of the KD basin and YB are located

approximately at the subtropical paleolatitudes, approximately at 30°N in the northern
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Neotethyan region. At this time, a shallow marine carbonate platform is also developed in the
northern and southern Alpine Tethys, whose assemblages are very similar to our areas; for
example, the upper Berriasian-Aptian shelf carbonate platform in Romania, part of the
Moesian Platform (Neagu, 1997; Neagu and Cirnaru, 2002; Dragastan et al., 2014), the
Berriasian - Valanginian platform in the Crimea Mountains (Krajewski and Olszewska, 2007),
the Hauterivian-Barremian shallow-marine successions of the Adriatic platform, Croatia,
southern Spain, Slovenia, Slovakia and Mljet Island in Croatia (Arnaud-Vanneau and Silter,
1995; Lesna, 1997; Husinec and Sokac, 2006; Veli¢, 2007), and the Barremian and Aptian
Urgonian Limestones (e.g., Neagu, 1997; Sudar et al., 2008; Schlagintweit et al., 2016, see
also Table 5). However, the regional formation of the carbonate platforms containing our
index microfossils can be limited by local factors, such as changes in basin morphology,
nutrient levels, water column stratification and hydrology.

The depositional environment related to the development of the platform during the
Valanginian shows a dramatic reduction in carbonate production (e.g., Tennant et al., 2016),
and an abundance and diversity of foraminiferal associations. All of them may be indicators
of the carbonate platform demise in the mid-Valanginian through the western Tethys, which
coincided with the perturbation of the global carbon cycle, and may have resulted in a
regional or local extinction event, linked to the regional sea-level fall/uplifts (e.g., Erba et al.,
2004; Erba, 2006; see also Ivanova et al., 2015).

The upper Valanginian and Hauterivian carbonate platforms and shallow marine
carbonate platforms of the Barremian to Aptian, outcrop in many places around the world,
from Europe to Iran, and from Africa to the Middle East, but also in the Pacific Ocean, South
America, and Central and North America (e.g., Hashimoto and Matsumaru, 1971; Peybérnes,
1979; Pudsey et al., 1985; Canérot et al, 1986; Arnaud et al., 1994, 1995, 2000; Arnaud-

Vanneau et al., 1995; Vilas et al., 1995; Omana-Pulido and Pantoja-Alor, 1998; Bosellini et
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al.,, 1999; Van Buchem et al., 2002; Barragan-Manzo and Diaz-Otero, 2004; Matsumaru,
2005; Sudar et al., 2008; Masse et al., 2009b; Amodio et al., 2013; Wilmsen et al., 2013;
Morsilli et al, 2017; see also Bonvallet et al., 2019).

The benthic foraminifera that can be closely matched to the literature (Arenobulimina
meltae, A. cochleata, Bolivinopsis labeosa, Campanellula capuensis, Conorbinella
azerbaidjanica, Decussoloculina barbui, Feurtillia gracilis, Mayncina bulgarica, M. jucunda,
Orbitolinopsis nikolovi, Simplorbitolina manasi), suggests that circulation may have been
restricted during the Berriasian-Aptian with limited connections with the open oceans. The
presence of colomiellids and Campanellula capuensis 1s highly significant and a clear marine
connection with faunal migration routes between the Pacific oceanic realm and the eastern
and western Tethys is certainly established in late Valanginian and Hauterivian times (e.g.,
Riccardi, 1991). The distribution patterns of microfossils show that systems of surface
currents begin to develop during the late Valanginian (see Fig. 8), and their lateral migrations
across the Pacific and Tethyan realms can be assumed. The mixed benthic foraminiferal
faunas for the Early Cretaceous were previously recorded by Arnaud-Vanneau and Premoli
Silva (1995), and Arnaud-Vanneau and Sliter (1995). These authors presented several taxa
occurring between the margins of the Tethys and the Pacific oceanic realms for the
Hauterivian to the Aptian. On the other hand, there was no apparent barrier for the migration
of benthic faunas through the tropical oceans (see also Mancinelli and Chiocchini, 2006). Our
models show that the Pacific oceanic realms received migrating faunas (benthic foraminifera
and colomiellids) from the Tethys during the Hauterivian and Aptian, and the Gulf of Mexico
received colomiellidae family during the late Aptian. The degree of microfossil mixing from
the northern and southern Tethyan margins with the faunas from the Pacific Ocean and Gulf
of Mexico is important for paleobiogeographic considerations. Similar mixing is recognised

in the province from the southern Tethyan margin located in Italy, Tunisia, Algeria, Oman
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and Iran that were paleogeographically close to the northern Tethyan margin during the Early

Cretaceous.

6. Conclusions

The evolution of the Lower Cretaceous successions of the KD basin and YB (NE and

Central Iran, along the northern Tethyan margin) were investigated with emphasis on the
Tirgan and Taft formations. The Early Cretaceous biozone ages were refined using changes of
the 6'3C. In addition, the distribution of some microfacies associations, stable isotope
perturbations and phosphorus (P) content were evaluated.
The Tirgan and Taft formations start with a transgressive phase, represented by a pronounced
onlap pattern onto the Shurijeh and Sangestan formations. These successions reflect the
different depositional environment from the outer-shelf to the inner-shelf, and display
diachrony in ages at the base and the top of the stratigraphic successions, which suggests an
effect of a long-term subsidence of the areas during the Early Cretaceous and/or the presence
of paleoreliefs in the areas. The environmental diversity of the YB studied deposits is less
than the ones in the KD. On the other hand, the study of the microfacies and environmental
markers show the evolution on the KD and YB platforms is similar to those found in the other
Tethyan carbonate platforms.

The Lower Cretaceous units of the KD basin and YB show some major positive 6'3C
excursions and many minor events. The main Early Cretaceous events through our sections
are rather well constrained and correlated with a reference record from southeastern France,
along the northern Alpine Tethys, although the presence of hiatuses hamper in some cases a
true correlation. The correlation with the Tethyan realm allows us to refine ages of our
biostratigraphic zonal schemes and identify the equivalents of the following main events: the

latest early to the late Valanginian Weissert, latest Hauterivian Faraoni, early Aptian OAEla
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and late Aptian Fallot. The late Aptian to early Albian OAE1b (Jacob and Paquier) and latest
early to the late Aptian Noir events are also likely registered in these successions. Moreover,
the allochem content of the successions and the P accumulation show that these areas
experienced changes from photozoan to heterozoan assemblages several times during the
Early Cretaceous, especially in NE Iran where a fast shift between oligotrophic and meso-
eutrophic condition occurred. Phases of important heterozoan carbonate production are
recognised in the early Aptian, late early Aptian and late Aptian, which are recorded in other
localities of the Tethyan realm as the consequence of global paleoceanographic changes.

The defined palaeobiogeographic provinces of benthic foraminifera and colomiellids
indicate that they belong to cosmopolitan forms. The comparison of different areas testifies of
more diversified ecosystems from the late Valanginian towards the Aptian. The development
of the platform during the Valanginian shows a dramatic reduction in carbonate production
and a decrease in diversity and abundance of foraminiferal associations. The degree of mixing
of microfossils from the northern and southern margins of the Tethys with the faunas from the
Pacific Ocean and Gulf of Mexico has important repercussions on the paleobiogeography of
that time. The new proposed models can provide an analogue for the evolution of depositional

environments of the other Tethyan carbonate platforms.
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FIGURE CAPTIONS

Fig. 1: Schematic settings of the Kopet-Dagh basin and Yazd Block during a) the Late
Triassic; b) the Mid-Jurassic; ¢) the Late Cretaceous and d) the Mid-Paleogene (modified
from Robert et al., 2014).

Fig. 2: (a). Simplified structural map of Iran (modified from Wilmsen et al., 2009; see also
Gheiasvand et al., 2018, 2019, 2020), with indications of the location of the investigated

sections in the Kopet-Dagh mountain range and Yazd Block; b) KD sections; ¢) YB sections.
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Fig. 3: Lithology and microfacies of the studied sections in the Kopet-Dagh basin and Yazd
Block (Tirgan village section is after Gheiasvand et al., 2019). 1: lower; u: upper; Be:
Berriasian; Va: Valanginian; Ha: Hauterivian; Ba: Barremian; Ap: Aptian; Al: Albian.

Fig. 4: The Tirgan Fm in the Padeha section, and the contacts with the underlying Shourijeh
Fm and overlying Sarcheshmeh Fm.

Fig. 5: Distribution of main microfacies along a rimmed platform and microphotographs of
them (B, G and J are after Gheiasvand et al., 2019), in addition to evidence of dolomitisation
(D). A: pelagic facies (F1, 26 m); B: echinoid facies (F2, 614 m); C: annelid facies (F3a, 10
m); D: calcareous sponge facies (F4, 508 m); E: bryozoan facies (F4, 321 m); F: foraminiferal
facies with rounded debris (F5, 125 m); G: oolitic facies (F6, 285 m); H: coral facies (F7, 14
m); I: miliolid facies (F8, 109 m); J: oncolite facies (F10, 169 m); K: supralittoral facies
(F11b, 407.5 m); L: dolomitized limestone (D, 38 m).

Fig. 6: (a). Lithology, whole-rock carbon and oxygen isotope record, and phosphorus content
through the studied sections in the Kopet-Dagh basin (Tirgan village section is after
Gheiasvand et al., 2019). (b). Chronostratigraphy of the Tirgan Fm in this study. For legends
and abbreviations, see Figs. 3.

Fig. 7: Lithology, whole-rock carbon and oxygen isotope record, and phosphorus content
through the studied sections in Yazd Block (Tirgan village section is after Gheiasvand et al.,
2019). (b). Chronostratigraphy of the Taft fm in this study. mid: middle (For the other
abbreviations and legends, see Figs. 3).

Fig. 8: Distribution of index microfossils on the plate tectonic maps from the Panalesis model
(Vérard, 2018) at a) 140 Ma; b) 130 Ma; and ¢) 120 Ma., with faunal migration routes.
According to the distribution of the Early Cretaceous benthic foraminifera and colomiellids

and also settings of the paleogeographic clusters, six faunal provinces (northern Neotethys,
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southern Neotethys, southern Alpine Tethys, northern Alpine Tethys, Gulf of Mexico and
northern Pacific Ocean) are defined.

Fig. 9: Correlation between the bulk-rock ¢'3C record from the sections of the Kopet-Dagh
basin and Yazd Block and a reference record from southeastern France (Follmi, et al., 2006;
Gheiasvand et al., 2019). e: early; mid: middle; 1: late. 1. stages and substages; 2. ammonite
zones; 3. calpionellid zones; 4. planktonic foraminiferal zones; 5. calcareous nannoplankton
zones; and 6. oceanic anoxic events (Gradstein et al., 2004).

Fig. 10: Lithostratigraphic units in the main zones of Iran (from Berriasian to Albian;
modified from Immel et al., 1997 and Aghanabati and Rezaee, 2009). 1: lower; u: upper.

Fig. 11: Paleogeographic reconstruction of the northern margin of Neotethys during the late
Oxfordian (Panalesis model; Vérard, 2018) showing the location of the Farah and south
Caspian back-arc basins. A-T: Alpine Tethys; ANAT: Anatolia; AFGH.: Afghanistan;
[ZANCA: Izmir Ankara; SS: Sanandaj Sirjan; Al: Alborz; Kd: Kopet-Dagh; Ya: Yazd Block;
Tb: Tabas Block; Lu: Lut Block. For some legends, see Figs. 8.

Fig. 12: (a). The studied sections with the disappearance of the Tirgan Fm in the eastern part
of the Kopet-Dagh mountain range as seen on Google Earth. (b). The lateral extension of the
successions of the Tirgan Fm and the onlap contacts with the underlying Shourijeh Fm and
overlying Sarcheshmeh Fm in the type area. (c¢). The highest parts of the Tirgan Fm with
onlap deposits onto a paleovalley in the setting of the Tirgan village section.

Fig. 13: (a). Google Earth image of the lateral extension of the sedimentary strata of the Taft
fm, and the contacts with the underlying Sangestan fm and overlying Darreh-Zanjir fm (b).
The studied sections in the Yazd Block.

Fig. 14: (a). The Amirabad section with evidence of emersion below the red bed (paleosol;
description of the units is in Gheiasvand et al., 2018). (b). microscopic aspect of the

karstification (microcaves, scale; 200 um).
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Fig. 15: Scatter plots of 0'3C vs. 0'0 from the sections of Tirgan village, Amirabad, Padeha
and Tamer. The coloured squares show the associations of microfacies (MF1 to MF3).
Fig. 16: Evolution of the phosphorus content vs. percent of the effective allochems through

the studied sections in the Kopet-Dagh mountain range and Yazd Block.

TABLE CAPTIONS

Table 1: Summary of main microfacies of the studied Lower Cretaceous successions along a
rimmed platform (Based on the Arnaud-Vanneau and Arnaud (2005) classification).

Table 2: Summary of biostratigraphic records through stratigraphic sections in the Kopet-
Dagh basin and Yazd Block. Marker microfossils are highlighted (e: early; 1: late; Va:
Valanginian; Ha: Hauterivian; Ba: Barremian; Ap: Aptian; Al: Albian).

Table 3: List of microfossils and reported localities at 140 Ma (e: early; 1. late; Be:
Berriasian; Va: Valanginian; Ha: Hauterivian).

Table 4: List of microfossils and reported localities at 130 Ma (e: early; 1. late; Be:
Berriasian; Va: Valanginian; Ha: Hauterivian; Ba: Barremian).

Table 5: List of microfossils and reported localities at 120 Ma (e: early; l: late; Ha:

Hauterivian; Ba: Barremian; Ap: Aptian; Al: Albian).



50

Tirgan Village section
=MF1 Amirabad section
=MF2
& MF3 ng®
2 g . b
o o
> mon a® > L L []
é ]
o [ - 9| i | -
o iof
2 -2 -4 -8 o -2 4 -6 -8
120 (%e VPDB) 5'%0 (%0 VPDB)
5 Padeha section Tamer section
=MF1
@ * - L | uMF2
o s on om,, g MF3
g ’ L >
- - =
Q% g
ol o
-
1 | ] L] -
0 2 4 & 8 10 0 6 -8 -0 -12 -14 16 -18 -20
50 (% VPDB) 880 (%o VPDB)

36°33°40"N; 60°04°02"E




51

w
=
<
©
hy
o™
<
[-)

0
)

736°03'33.77°N



52




Journal Pre-proof:

‘Gentral kan

=%

Sheurigh

2| Rudistiimestone

[ETE] Bioclestic mestone. o] voicanic

wssoonen. Epi-orogenic movement
[ cemoneio- imestone [474 ] Grpeum, anhysrie
| e Hiatus.

(1mm|

_=~" Formational boundary

] our suces aren




54

d13C (% vs. PDB)
0.5 1.0 1.5 20 2.5 3.0 3.5 40 45

d13C (%o\
0.5 1.0 1.5 2.0 2.5

2

3|4

Albian
Early

mamm-
illatum

Tic.
primulaj

tardefu-
rcata

Aptian

Jacobi

nolani

__|melchioris|

subnodo-
costatum

furcata

deshayes

weissi

oglanle-
nsi

Barremian

sarasini
giraudi

feraudianus

sartfousiana

sayni

e

uhligi

COmEP’ e58ISSIima

Hauterivian

Valanginian

mortilleti
angulicostatum

balearis

ligatus

sayni

nodosoplicatum

e

loryi

furcillata

Hed.

CCs8

L. cabri

CC7

- |Glob. blowi

I
2
3

CC6

CC5
Faraoni

H.sigali / delrioensis

CC4

peregrinus

verrucosum

e

campylotoxus
perr:

m

CC3

Berriasian
e |mid

boissieri

CcC2

occitanica,

Jacobi

o O O

CC1

Titho

durangites

OAE1b
set

OAE1a

OAE

110

115

1204

12

Kilian

Fallot

Noir

Goguel

: Leenhardt

Paquier

aer

Jacob

1304

135

140,

. Faraoni level eq.

.. Weissert Event

=—=q13C Six-point moving average
+d13¢C Godet et al., 2006
+d13C Emmanuel & Renard, 1993
d13¢ van de Schootbrugge et al., 2000
+d13¢C Moullade et al., 1998
+d13C Hennig et al., 1999
+d13C Herrle et al., 2004

- 13C
= +d13C
mmn hiatu:
od13C
(Ghel
+d"13¢C
od1 3¢

Time (My)



55




56

Journal Pre-proofs

Tamer Section ('
o ggrrfﬁp (%, VPDB) Phosphc
<< Ammonite 613C 5180 (ppm
T s|Assemblage 1 2 3 4 |18 12 -6 20 40 60
£ Zone : : .
I )
I I R
? ﬂ]
[ IS [
5 =
S | J_H
0
o) o
§ .
>1300 ﬁ
R T
E . i
Q. =)
< & \ %
g ou | [ \ |
o o | | | l
< o S W
N3 | | |
o & L1 =
& T I
s ——
& $200 —
i
o
>
kT
Q
.
S
S
@ 3
= o
(e}




57

Journal Pre-proofs

Tirgan village section
(Gheiasvand et al., 2019)

(%, VPDB)
613C 6180
1234 |-6-4-20

<
Planktonic
ol
<<
Sl o
o —
8 -
o)
— £
)
20
8o o
<L C
Q. o
<<|C N
—| .
o)
=
m 2
mo
S
1
Q 2
S o
oS o
—|S €
_"'--m
e o
3-9
n
:‘E"Ez
o O
50 S
©
XL
(7))

Amirabad Se
) -
N =
= SE
= ©C C
NG
2 _[ Planktonic 40
< EAs:t;‘ml:?Ig:gce: =
:‘-)' ZoneI %E
‘| Orbitolinid =
8 < |Assemblage =
— Zone
=) ] S
* e
100 —
- N
o
120 @
1 Q
1 @ |
1
1 Q@
i
1 8 |




i-
nentall
w
(e
©
-5
Q

|
=

Inner shelf O
-tidal inner platform outer platform

Cont

F11 F10 F9 F8 F7 F6 F5 F4

studied sections

Al Q¥
® P
3z 073 ate, e
“w " e Cy
als \J
e )
Aty als als ale ]
* e w e w “w
ale Als als als al;
i "W ."

'\Microfacies through the




59

N

I Upper part of the Tirgan Fm.

Lower part of the Tirgan Fm.

Formational boundary



60

Journal Pre-proofs

Tirgan village section

NW

Kopet-Dagh basin

(Gheiasvand et al., 2019)

Q
o)
3

uAp

| Ap (p-p.)

u Ba

| Ba

u Ha

| Ha

£
L

Thick.

600i

500

=
=
-

Unitd4

400\

300

2001

Uni‘_t3

Amirabad Section

90 Km 70 Kr
Sarche Microfacies
-shmeh association
= :=2:13 Conglomerate [~/
= -} & Sandstone |75
ﬁ =======8 A Igneous Rock R
i — = ++++++++ B —
— Emanan —
S ——— Evaporate T;_'T:[
=== = Shale Tirk
===t} 7
)} e
| :
ﬂ Limestone [ =T
=T=
0 20 40 (m) %;I_—:[
X
o | -|6 Sarche
2|k £ -shmeh
B a0
325
NIQ- .g’ !T'T‘_IT'?‘_
L B
= — | | —
I ! :
Shou [2307:4%, E
-rijeh [ i -
=

Brachiopods




61

@
Xe)
46 ° 54 ° & /2o
1 1 1 | 1 1 | gq- | 1
l Azerbaijan ~l~°
P,
oy
_Turkey Yturg
\
A\
-

-34°

—-26 °

Yazd Block @ City
QO Village

—— Highway
Lut Block Road

Tabas Block




62

LR 2
.
e

(
~
{ | an; ..
S~ \ K°"9f~opa"‘ &y
e - B JA A ag 4l i_' .........

Collision zone

N . \
\ N Eurasia \ L
P> A Turan Plate e (_/

/ . -~
‘South Caspian/

« Basin |




- [’W 2]
sueozolig ~ -
m .m. —
.m spiouldy - 8 o=
o) ‘spiouiyos3 o
o -
— s[elo)
3 -
sisipny - - FE
& —
| A A W Q  wniposoyirt
i spljauuy | - : :
E = A
= SEB[EUBID e — aebje uaalin
SHELES 00l
M i
S -A [0
eJoJIulWeIo) & o o EIo4IUILIEIO} o

4

N J214lud ™
AYIUdF  (w) sseuyoryl S




64

Journal Pre-proofs



65

Association of  Short description Environment

microfacies

F1 Marly limestone and marl with less than 50% deeper marine organisms (e.g.,  Outer-shelf (MF1)
calcispherids, radiolarian and colomiellids).

F2 Marly limestone to wackestone, enriched in thin echinoid fragments. Outer-shelf (MF1)

F3 Marly limestone to packstone and grainstone, together with small grains, Outer-shelf (MF1)
dominant circalittoral foraminifera, including F3a; with abundant annelids.

F4 Packstone, enriched in crinoids, calcareous sponges and bryozoans. Outer-shelf (MF1)

F5 Grainstone, well-sorted and with large rounded fragments, consisting mainly ~ Outer-platform (MF2)
of bioclastic accumulation.

F6 Oolitic facies. Outer-platform (MF2)

F7 Grainstone made up of coral reef debris. Outer-platform (MF2)

F8 Lagoonal facies; packstone to wackestone with abundant miliolids. Inner-platform (MF3)

F10 Lagoonal facies; wackestone with abundant oncolites, indicating intense Inner-platform (MF3)
microbial activity.

F11 Supralittoral facies; including F11a; beach environment with keystone vugs Supratidal
and grainstone and F11b; muddy environment with algal mats, mudstone,
bird’s eyes and sheet cracks.

Geological setting Section Biozone Identified microfossil Thickness (m)  Age Reference
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Kopet-Dagh basin

Tirgan village Feurtillia gracilis range zone

Campanellula capuensis range zone

Orbitolinid assemblage zone

Planktonic assemblage zone

Amirabad

Orbitolinid assemblage zone

Planktonic assemblage zone

Padeha Orbitolinid assemblage zone

Balkhania sp., Calpionellids, Danubiella sp.,
Epistomina sp., Feurtillia gracilis,
Hanlonh i ok ovskvi 17 Tovi
Haplop J Vi, via
salevensis, Scythiolina crumenaeformae

C liul is, Cuneoli i,

'p

ip
Trocholina molesta

Ammodiscus  cf.
balkhanica,

hah

glabratus,  Balkhania  cf.
Cuneolina sp.,
» pachymarginalis,
Dictyopsella sp., Gaudryna sp., Hensonina sp.,
Iragia  cf.  hensoni, Meandrospira  favrei,
Montseciella sp., Neotrocholina friburgensis, N.
sabbati,  Patellina sp., Praeorbitolina? P.
transiens?, Pseudocyclammina hedbergi,
R, di Simplorbitolina sp.,
Valserina sp.?, Undet. orbitolinid

Debarina

ensis, « Dict

oconus gig

Arenobulimina sp., calcispherids, colomiellids,
Colomiella sp., Fisherina carinata, Gaudryina
tuchaensis, Mesorbitolina  sp.,  Novalesia
cornucopia, Pseudotextulariella sp., radiolarian,
Reticulinella reicheli, Verneuilina aff. Pharaonica

Conorbinella azerbaidjanica, Orbitolinopsis cf.
nikolovi, Paleodictyoconus sp., Planispirilina cf.
ranzenbergensis, Sabaudia briacensis, Trocholina
molesta, Undet. orbitolinid

Cadosina  sp.,
Colomiella
Hedbergella sp., radiolarian

calcispherids,  colomiellids,

mexicana, Colomiella sp.,

« Dictyoconus » pachymarginalis, Kopetdagaria
sphaerica, Undet. orbitolinid

138 to 230 1Va

34210442

487 to 587

610 t0 635 1Ap

5t022 e Ap

241040

15 upwards

1 Ap-Al

1 Ba?-Ap

All  of the biozones
through  the  Tirgan
village section are after
Gheiasvand et al., 2019

1 Ha-Ba

e Ap-1 Ap

Gheiasvand et al., 2018

This work

This work

Yazd Block

Tamer Assemblage 1

Assemblage 2

Tehr Assemblage 1

Assemblage 2

Bolivinopsis labeosa, Cuneolina tenuis, C.

p ii, D loculi) barbui,
Istriloculina eliptica, Quinqueloculina robusta,
Trocholina molesta, Vercorsella sp.

Arenobulimina  chochleat, Belorussiella  cf.
taurica, Bolivinopsis labeosa, Charentia cuvillieri,
Derventina filipescui, « Dictyoconus »
pachymarginalis, Everticyclammina sp.,
Gl ira urgoniana, Haploph ides cf.

globosus, Istriloculina  eliptica, Martinotiella
Jucunda,  Mayncina  bulgarica,

Quinqueloculina
Sabaudi

Novalesia
robusta,
minuta, S.
briacensis, Trochamminoides coronus, Vercorsella
aff. immaturata, V. scarsellai, Vercorsella sp.

cornucopia,

R loculina ~ sp.,

Balkhania balkhanica, Charentia cuvillieri,
Derventina filipescui, « Dictyoconus »
pachymarginalis, Iragia simplex?, Istriloculina
eliptica, Lenticulina sp., Nautiloculina
bronni i Orbitoli

7.

sp.?, Palorbi

is, Palorbii sp., Pseudocycl.
sp., P. hedbergi, Quinqueloculina robusta,

Vercorsella scarsellai

Arenobulimina cochleata, A. meltae, Charentia
cuvillieri, Derventina filipescui, Lenticulina sp.,
Mesorbitolina parva, N 3
Novalesia Sp., Orbitolinopsis sp.?,
Paleodictyoconus ~ sp.,  Palorbitolina sp.,
Praeorbitolina cormyi, P. claveli,
Pseudocyclammina  hedbergi, Quinqueloculina
robusta, Simplorbitolina manasi and Valvulineria

sp.

7

ulina b

0to 85

85 to 345

0 to about 350

360 to 590 1 Ap

Va?-Ha

1 Ba-¢ Ap

Both of the biozones
through  the  Tamer
section are after
Gheiasvand et al., 2020

1Ba-1 Ap

Both of the biozones
through the Tehr section
are after Gheiasvand et
al., 2020

Microfossil

Paleogeographic cluster Locality

Tectonic element

paleoLat®/paleoLong® Age

Reference

Decussoloculina barbui
D.barbui
D.barbui
D.barbui

Northern Neotethys Taft, Iran

Southern Alpine Tethys Crimea Mts.

Southern Alpine Tethys Crimea Mts.

Yazd 25.029381/75.358063
33.578769/ 55.511754
33.515134/55.428914

Crimea

Crimea

Va?-Ha
mid-Tithonian-Va

mid-Tithonian-Va

Gheiasvand et al., 2020
Krajewski and Olszewska, 2007
Krajewski and Olszewska, 2007




67

D.barbui

Southern Alpine Tethys

South Dobrogea, Romania

South Dobrogea

33.911905/ 49.664841

1 Be-e Va

Dragastan et al., 2014

Microfossil

Paleogeographic cluster

Locality

Tectonic element

paleoLat®/paleoLong® Age

Reference

Feurtillia gracilis

F.gracilis Northern Neotethys Tirgan village, Iran Aghdarband 29.433327/77.126902 1Va Gheiasvand et al., 2019
F.gracilis Southern Alpine Tethys Cernavoda, Romania South Dobrogea 37.877966/ 46.340047 1Be-Va Neagu and Cirnaru, 2002
F.gracilis Southern Alpine Tethys Bank of the Vederoasa South Dobrogea 37.757464/ 46.178782 1Be-Va Neagu and Cirnaru, 2002

lake, Romania
Bolivinopsis labeosa
B.labeosa Northern Neotethys Taft, Iran Yazd 29.794232/ 73.416997 Va?-Ha Gheiasvand et al., 2020
B.labeosa Southern Alpine Tethys Muran Mts, Slovakia West Carpathian 35911159/ 34.903747 1 Ha-e Ba Lesna, 1997
Campanellula capuensis
C.capuensis Mid-Northern Pacific Hole 866A M1_MidPacific Plain 19.881112/ -87.098408 Ha, 1 Ha? Arnaud-Vanneau and Silter, 1995
C.capuensis Southern Neotethys Zagros FTB, Iran Ar Rayn -4.739373/ 54.828254 Ha Hosseini, 2014
C.capuensis Northern Neotethys Tirgan village, Iran Aghdarband 29.433327/ 77.126902 1 Ha-Ba Gheiasvand et al., 2019
C.capuensis Southern Alpine Tethys Slovenia Carnic Alps — South Karawanken 32.755366/ 35.038688 1Ha Arnaud-Vanneau and Silter, 1995
C.capuensis Southern Alpine Tethys Mljet Island, Croatia Karst 25.39486/ 32.578736 Ha-Ba Husinec and Sokac, 2006
C.capuensis Southern Neotethys Fara San Martino, Italy Apennine foredeep 22.60933/28.727924 Be-Ba Bruni et al., 2007
C.capuensis Southern Alpine Tethys Adriatic platform Central Bosnian 26.689123/32.626611 1 Ha-Ba Veli¢, 2007
C.capuensis Southern Neotethys Gafsa, Tunisia Pelagia 18.328293/23.165672 Ha-Ba Tawadros, 2011
C.capuensis Southern Neotethys Algeria Iforas 16.123964/ 14.219171 Va-Ba Loeblich and Tappan, 1988
C.capuensis Northern Alpine Tethys South Spain East Central Iberian 33.254676/ 15.273894 1 Ha Arnaud-Vanneau and Silter, 1995
Microfossil Paleogeographic cluster Locality Tectonic element paleoLat°/paleoLong Age Reference
Conorbinella azerbaidjanica
C.azerbaidjanica Northern Neotethys Gojgi village, Iran Aghdarband 32.63376/ 78.08652 e Ap Gheiasvand et al., 2018
C.azerbaidjanica Northern Neotethys Azerbaidjan Kura 37.365919/ 65.359531 1Ba-1 Ap Poroshina, 1976
C.azerbaidjanica Northern Alpine Tethys France Ligerian 43.818584/20.876863 1Ba-1 Ap Loeblich and Tappan, 1988
Orbitolinopsis nikolovi
O.nikolovi Northern Neotethys Gojgi village, Iran Aghdarband 32.633759/ 78.086519 e Ap Gheiasvand et al., 2018
O.nikolovi Southern Alpine Tethys Bogovina, Serbia South Getic 39.851227/ 37.402578 1Ba-e Ap Sudar et al., 2008
O.nikolovi Southern Neotethys Northern Chotts chain, Air 19.725975/ 22.281629 ¢ Ap Hfaiedh et al., 2013

Tunisia

Arenobulimina cochleata
A.cochleata Northern Neotethys Taft, Iran Yazd 32.177054/ 72.211846 Ap Gheiasvand et al., 2020
A.cochleata Northern Neotethys Taft, Iran Yazd 32.386969/ 72.058509 1Ba, Ap Gheiasvand et al., 2020
A.cochleata Southern Neotethys Oman Semail -7.197054/ 58.043594 e Ap Chartrousse and Masse, 1998
A.cochleata Southern Alpine Tethys Dobrogea, Romania South Dobrogea 40.789749/ 44.533557 e Ba-Ap Neagu, 1997
A.cochleata Northern Alpine Tethys Switzerland PreAlps Briangonnais 36.966771/ 25.386239 e Ap Arnaud-Vanneau and Silter, 1995
A.cochleata Northern Alpine Tethys Vercors Chamrousse 42.286823/24.315788 e Ap Arnaud-Vanneau and Silter, 1995
A.cochleata Northern Alpine Tethys Spain East Central Iberian 36.357241/ 14.272595 e Ap Arnaud-Vanneau and Silter, 1995
Colomiella sp.
C.sp Northern Neotethys Tirgan village, Iran Aghdarband 33.084987/ 77.267543 1Ap Gheiasvand et al., 2019
C.sp Northern Neotethys Gojgi village, Iran Aghdarband 32.633759/ 78.086519 1 Ap-Al This work
C.sp Southern Neotethys J. Mrhila, Tunisia Pelagia 20.847819/22.945673 1Ap Zghal et al., 1996
C.sp Gulf of Mexico Tamaulipas, Mexico Guachichil 24.076056/ -46.815259 1 Ap-e Al Longoria and Gamper, 1974
C.sp Gulf of Mexico Mexico Caborca 30.968949/ -55.265930 1 Ap-Al Trejo, 1975
C.sp East-Northern Pacific La Pena, Mexico Teloloapan 15.364651/-60.275043 1 Ap-¢ Al Longoria, 1972
Arenobulimina meltae
A.meltae Northern Neotethys Taft, Iran Yazd 32.386969/ 72.058509 Ap Gheiasvand et al., 2020
A.meltae Southern Alpine Tethys Bulgaria Moesia 39.099468/ 41.464653 1Ba, Ap Kovatcheva, 1979
Martinotiella jucunda
M jucunda Northern Neotethys Taft, Iran Yazd 32.177054/ 72.211846 Ap Gheiasvand et al., 2020
M jucunda Northern Alpine Tethys Bajuvaric, Austria Helvetic 44.975957/ 32.196307 e Ap-Al Rehakova et al., 1996
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Mayncina bulgarica
M.bulgarica
M.bulgarica
M.bulgarica

Simplorbitolina manasi
S.manasi
S.manasi
S.manasi
S.manasi

S.manasi

Northern Neotethys
Northern Neotethys
Southern Alpine Tethys

Northern Neotethys
Northern Neotethys
Southern Neotethys
Southern Alpine Tethys
Northern Alpine Tethys

Taft, Iran
Lesser Caucasus

Mljet Island, Croatia

Chenaran, Iran

Taft, Iran

Shiraz, Iran
Transdanubia, Hungary
Spain

Yazd
Sanandaj

Karst

Aghdarband
Yazd

Ar Rayn
Transdanubian

Cantabria

32.177054/ 72.211846
33.817497/ 50.551756
27.665772/ 31.269038

32.777605/ 77.069458
32.386969/ 72.058509
0.854202/ 54.775216

35.762954/ 34.854946
39.396972/ 15.425611

Ap
Ap
Ha-¢ Al

Ap
1Ap
1Ap
1Ap

1 Ap-Al

Gheiasvand et al., 2020
Voznesenskii et al., 2002
Husinec and Sokac, 2006

Yavarmanesh et al., 2017

Gheiasvand et al., 2020

Afghah and Fanati Rashidi, 2007

Bodrogi, 1999
Schlagintweit et al., 2016
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Paleobiogecgraphic Provinces
(Benthic foraminifera and Colomiellids)

Thrgan Fm.

B
c

A
: Southern Alpins Tethys
- Horthern Alplne Tethys
114
E: Mid- Horthern Pacific Doean
F: Guilf of Mexico

=

Morthern Meotethys

Southern Meotsthys

Tirgan ¥illage Amirabad Fadeha
East- Horthern Paclflc Ooean Kopet-Dagh basin Tazd Eleck

Tehr

Horthern Meotethys

Highlights

The Early Cretaceous biozone ages in NE and Central Iran were refined by & 3C
trend.

Paleobiogeographic provinces of foraminifera and colomiellids were worldwide
defined.

Diachrony of studied deposits reflects subsidence effects and remnant paleoreliefs.

P content in the deposits shows changes from photozoan to heterozoan assemblages.

The deposits indicate environmental changes similar to those in other Tethyan realms.
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