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Abstract

The Ilam Formation in the Zagros basin, southwest Iran, is a rich petroleum reservoir rock that possesses
considerable exploration potential. This study provides valuable insights into the paleoenvironmental
and paleogeographic conditions of the Ilam Formation using sedimentological and geochemical analysis
as well as sea-level changes during the Late Cretaceous time (Late Santonian-Late Campanian) in the
Lorestan area. Based on petrographic analysis, four microfacies were identified in the studied area
(Mehdi Abad section) in the llam Formation that were deposited in an outer ramp setting, from middle
neritic to bathyal, in a homoclinal ramp. Sequence stratigraphic analysis led to detect two transgressive
system tracts and one regressive system tract. In the current study, the paleogeochemical signatures,
using redox-sensitive elements, show strong evidence of declining oxygen level during the Late
Santonian and Late Campanian; however, increase of oxygen levels only observed during the Early
Campanian time. The changes in oxic-anoxic conditions in the depositional basin during deposition of
the llam Formation can be correlated with the final phase of the oceanic anoxic event in the Cretaceous.
However, the closure event of the Neo-Tethys Ocean and subsequent changes in fault mechanisms and
basin structure were causal mechanisms of oxic-anoxic conditions during this period.

Keywords: llam Formation, Late Santonian- Late Campanian, Oxic-Anoxic Conditions, Neo-Tethys
Ocean, Redox-Sensitive Elements.

Introduction

The southwestern region of Iran is recognized as a highly productive area for oil and gas,
boasting substantial proven reserves. These reservoirs are mostly developed in the Permo-
Triassic, Cretaceous, and Oligo-Miocene intervals of the Zagros basin (Motiei, 1995). The Late
Cretaceous time in the Zagros area of Iran is characterized by the occurrence of several large-
scale events including significant tectonic episodes, global sea-level changes, and an increase
in greenhouse gases and trends in temperature (e.g., Berberian and King, 1981; Agard et al.,
2005; Kordi, 2019; Razmjooei et al., 2020). These events led to the vast development of
petroliferous rock units and carbonate hydrocarbon reservoirs in this area (Pitman et al., 2004;
Liuetal., 2018).

The Bangestan Group, with the Albian to Campanian age, including Kazhdomi, Sarvak,
Surgah, and llam Formations is considered the second most important oil reservoir of Iran after
the Oligo-Miocene Asmari Formation, with approximately 37% of Iran’s proven petroleum in-
place (Motiei, 1993). The Upper Cretaceous carbonate rocks of the Ilam Formation represent
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remarkable reservoirs producing hydrocarbon in the Dezful Embayment and Lorestan subzones
of the Zagros Basin. The llam Formation is largely composed of argillaceous limestone, marl,
and limestone layers in the Lorestan subzone.

Most studies carried out on the Ilam Formation have focused on biostratigraphy aspects and
duration of sedimentation (Motiei, 1993; Rikhtehgarzadeh et al., 2017; Shafiee Ardestani et al.,
2022; Abasaghi and Omidpour, 2023), or on reservoir zonation and petrophysical analysis
(Kosari et al., 2017; Mehrabi et al., 2022; Ounegh et al., 2024), especially in the Dezful
Embayment. In spite of the successful outcomes of these studies, more studies are still needed
to reveal the geochemical characteristics of the Ilam Formation in relation to depositional
settings and paleogeographic conditions. Indeed, until now, there has been a notable deficiency
in a comprehensive examination of detailed chemical elements in the intervals of the llam
Formation, particularly in the Lorestan subzone.

The utilization of certain elements as paleoenvironmental analysis has grown significantly
over the past decades. It is proven that some trace and Rare-Earth Elements, called redox-
sensitive elements (RSEs), can be considered as quantitative means and paleo-redox indicators
that can be used to interpret the transition from oxic to anoxic conditions, as their distribution
is governed by environmental parameters and climatic conditions. Additionally, they are also
widely used in interpreting sediment sources, tectonic settings, and even stratigraphic
correlation (e.g., Van Cappellen & Ingall, 1996; Tribovillard et al., 2006; Yang et al., 2012;
Jones et al., 2018; Kouamelan et al., 2020; Zheng et al., 2024).

One of the most significant geologic events of the Cretaceous period, as categorized in paleo-
redox studies, is the Oceanic Anoxic Event (OAE). This event has long received extensive
attention from researchers. OAEs are defined by episodes of organic accumulation, an increase
in atmospheric CO2, enrichment or depletion of RSEs, changes in carbon isotope excursion,
severe oxygen exhaustion, an enhanced greenhouse effect, and global warming (e.g., Arthur et
al., 1990; Beckman et al., 2005; Tejada et al., 2009; Sachse et al., 2012; Jones et al., 2018;
Kouamelan et al., 2020; Jafarian et al., 2024). Evidence of this event has also been identified in
the Cretaceous intervals of the Zagros area (Jafarian et al., 2024).

In the current study, the llam Formation in the Lorestan subzone was chosen for examination
of the geochemical characteristics during the Late Cretaceous time. The Cretaceous strata in
the Lorestan subzone in the west of Iran include the Garu, Sarvak, Surgah, llam, and Gurpi
Formations, which consist of carbonate, marl, and organic-rich shale lithologies. The deposition
of these successions has been controlled by the tectonic phases of the Zagros orogeny and is
mostly related to passive margin settings. The objectives of this study are as follows: 1) to
identify sedimentary facies and establish a depositional model for the llam Formation during
the Santonian-Campanian, 2) to analyze the geochemical features of the carbonate strata within
the llam Formation, and 3) to explain paleogeographic control on the evolution of basin during
the Late Cretaceous time in the Lorestan subzone of the Zagros.

Geological background

The Lorestan subzone located in the west of Iran is one of the tectono-sedimentary units of the
Zagros fold-thrust belt (Alavi, 1994; McQuarrie, 2004). Considering the sedimentary and
structural history, the Zagros fold-thrust belt is divided into tectono-stratigraphic domains of
Izeh, Lorestan, Dezful Embayment, Fars, and High Zagros (Figure 1a) (Falcon, 1974; Sherkati
and Letouzey, 2004). The NW-SE trending of the Zagros orogenic belt is inherited from the
closure event of the Neo-Tethys Ocean during the Late Cretaceous to the Neogene time. In fact,
the Zagros range is a collisional belt between the Arabian Plate and the Iranian Block and its
zones trend parallel to the plate suture (Berberian and King, 1981).

The evolution of the Zagros fold-thrust belt, along with its corresponding foreland basin from
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the Mesozoic to Cenozoic, can be categorized into two distinct phases. The first phase, lasting
from the Triassic to the Turonian, saw the Zagros located on the northeastern passive margin
of the Arabian plate. The second phase extending from the Turonian to the present, is attributed
to the transition of the northeastern Arabian plate into an active continental margin (Agard et
al., 2005; Karimnejad Lalami et al., 2020).

The Ilam Formation in the Zagros area deposited during the Santonian to the Campanian time
(James and Wynd, 1965). The formations of Figa, Aruma, Ghadir, Kometan-Shiranish, and
Halul in the Arabian Plate are time-equivalent intervals of llam Formation (Alsharhan and
Nairn, 1997).

The Lorestan subzone contains 10-14 km stratigraphic successions from the Paleozoic to
Cenozoic, stretching approximately 300 km long and up to 200 km wide. In the Lorestan
subzone, the llam Formation has been deposited unconformably above the black shale layers
of the Surgah Formation and is overlapped disconformably by pelagic carbonates and shale
layers of the Gurpi Formation (Figures 2a and 2b). However, in some areas, it is difficult to
separate and define their boundaries with each other due to similar lithologies.

Quaternary

“ Paleocene

Cretaceous

3433
4615

Carboniferous

Figure 1. a) Subdivision of the Zagros fold-thrust belt including the studied area (after Alavi, 1994) b)
A part of 1/100000 llam geological map (after Sedaghat and Shaverdi, 1999). The geographic
coordinates of the Mehdi-Abad section are N 46° 19" and E 34° 35
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i
Figure 2. a) The boundary between the Surgah and llam Formations, b) The boundary between the llam
and Gurpi Formations, ¢) Gray limestone layers with interbedded shale layers of the llam Formation, d)
The hematite nodules at lower intervals of the llam Formation
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The Upper Cretaceous Ilam Formation is composed of light and dark gray limestone, with
interbedded black shales (Figure 2c¢). Hematite nodules are observed in the lower intervals of
the Ilam Formation in the Mehdi-Abad section (Figure 2d). The Mehdi-Abad section, located
southwest of Ilam town in the Lorestan subzone in the Surgah anticline and was chosen for the
current study (Figure 1b), because this is the only place that can be seen the top and base of the
Ilam Formation in the study area. The Ilam Formation in the Mehdi-Abad section consists of
193 meters of brown to gray limestone, argillaceous limestone, and black shales (Figure 3). A
planktonic foraminiferal biozonation consisting of five biozones (1- Dicarinella asymetrica, 2-
Globotruncanita elevate, 3- Globotruncana ventricosa, 4- Radotruncana calcarata, 5-
Globotruncanella havanesis, and 6- Globotruncana aegyptiaca) is proposed for dating the llam
Formation in the Mehdi-Abad section. The identified biozones suggest a Late Santonian-Late
Campanian (Late Cretaceous) age for the llam Formation at this location (Bohlouli, 2020).

Materials and methods

During fieldwork and the process of systematic sampling from the Mehdi-Abad section, a total
of 130 rock samples were collected for petrographic and geochemical analyses. Thin sections
were prepared for petrographical studies. The classification scheme of Dunham (1962) was
used to describe carbonate rocks of the llam Formation. We compared our identified
microfacies with standard models of Read (1985) and Fliigel (2010) to interpret depositional
environment of the Ilam Formation in the study area. Identification of system tracts and
sequence stratigraphy analysis was performed using the Hunt and Tucker (1992) and Catnueanu
etal. (2011) models
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Figure 3. The stratigraphic column of the Ilam Formation in the Mehdi-Abad section, associated with
position of collected samples (M-1 to M-30) for geochemical analysis. The range of identified biozones
by Bohlouli (2020) are shown on the column

For conducting geochemical analysis and determination of certain elements using method of
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS), 5 grams powder from 30 carbonate
samples were sent to Zar Azma laboratory in Tehran, Iran. The stratigraphic positions of these
samples are shown in Figure 3. The chosen samples were from those samples that had muddy
texture without diagenesis imprints and remnants of skeletal debris. ICP-MS is an analytical
technique that works based on ionization of elements within each sample by applying electrical
energy. In this process, 0.25 grams of powder from each sample were treated with HNO3, HCIO4,
HCI, and HF to dissolve of solid materials. The resulting solutions were subjected to hot argon
plasma that led to emission of energy with specific wavelengths for each chemical element.
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In order to determine the mineralogical composition of shale intervals in the Ilam Formation,
5 grams of four powder samples were analyzed using X-ray diffraction analysis (XRD) in the
laboratory of the Geological Survey of Iran. In this method, organic matters, carbonate
constitutes, and oxides were removed from samples. Various treatments were then applied,
including heating to 550° Celsius, and saturation with magnesium chloride, ethylene glycol, and
potassium chloride. In the final stage, X-ray spectra with specific wavelengths that were generated
during the irradiation of prepared samples allowed for the identification of clay minerals.

Results

Microfacies

The petrographic analysis led to the identification of four microfacies including:
Mudstone to mudstone with planktonic foraminifera (MF1)

This microfacies is mostly found in thin beds of gray limestones and argillaceous limestones from
the lower and upper parts of the outcrop, which are intercalated with black shale laminae. It
contains small amounts of grains, approximately 5%, while the rest of the rock is relatively
composed of dark micrite (Figure 4a). In some samples, planktonic foraminifera are present with
less than 10% abundance. This microfacies is rich in organic matter and pyrite grains at places.

Wackestone with planktonic foraminifera (MF2)

At the outcrop, the intervals including MF2 are thin to medium-thick limestone interbedded
with argillaceous limestone and shale. These intervals correspond to 16-50 meters at the base
and 120-183 meters at the top of outcrop. In this microfacies, the relative abundance of
planktonic foraminifera ranges from 30-45 % (Figure 4b). Most planktonic foraminifera consist
of Globotruncana, Dicarinella, Marginotruncana, Globotruncanella, and a few
Pseudotextularia. The significant presence of organic matter, accompanied by minor
occurrence of pyrite and phosphate, is remarkable in this microfacies.

Wackestone-packstone with planktonic foraminifera and oligosteginids (MF3)

This microfacies is identified within medium to thick limestone intervals in the outcrop. The
texture of this microfacies ranges from wackestone to packstone. MF3 exhibits most
development between 40 and 150 meters in the outcrop. The total relative abundance of grains
of this microfacies is 20 to 65 %. Most skeletal constituents include planktonic foraminifera
and oligosteginids along with minor to moderate presence of organic matter (Figure 4c). The
dominant genera of planktonic foraminifera in this microfacies are Globotruncana,
Macroglobigerinelloides, Archaeglobigerina, Heterohelix, Dicarinella, Marginotruncana,
Rugoglobigerina, Globotruncanella, and Contusotruncana.

Wackestone-packstone with planktonic foraminifera and skeletal fragments (MF4)

The thickness of limestone layers belonging to this microfacies is relatively more than other
microfacies. They are associated with argillaceous limestones. The texture of this microfacies
ranges from wackestone to packstone. MF4 has been deposited in the middle parts of the
section, ranging from 50 to 115 meters. This microfacies comprises well-preserved planktonic
foraminifera and skeletal fragments with a percentage of 30 to 70% (Figure 4d). Rare
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oligosteginids are present in this microfacies. The identified planktonic foraminifera are similar
to those in MF3. The present skeletal grains in this microfacies are small fragments of bivalve,
bryozoan, sponge, and brachiopods. The organic matters and pyrite grains are also observed but
with lower percentages compared to with previous microfacies.

Geochemical analysis
Mineralogy

In order to identify clay minerals present in shale samples from the llam Formation, four samples
were analyzed using XRD. Based on XRD results, kaolinite is the most abundant mineral in the
shale samples, however lower amounts of illite, and montmorillonite are also detected (Figure 5).
The associated non-clay minerals include calcite, quartz, albite, and hematite.

Trace elements

The results are presented in Table 1, the ICP-MS detected elements including vanadium (5 -
13.4 ppm), chromium (2-7.5 ppm), nickel (8-14 ppm), cobalt (1-3.4 ppm), thorium (0.2 - 1.2
ppm), uranium (0.2 - 6 ppm), molybdenum (1.4 - 58 ppm), iron (368- 1245 ppm), manganese
(106-392 ppm), strontium (109 -1101 ppm), and sodium (105-301 ppm) in the carbonate
samples of the Ilam Formation. As seen in Table 1, Fe, Mn, Sr, and Na exceed 100 ppm with a
wide range, while the elements of V, Cr, Ni, Co, Th, U, and Mo show lower values and define
a narrower range.

Py o
R

Figure 4. The identified microfacies of the llam Formation, a) Mudstone to mudstone with planktonic
foraminifera (XPL), b) Wackestone with planktonic foraminifera (XPL), c) Wackestone-packstone with
planktonic foraminiferaand oligosteginids (XPL), d) Wackestone-packstone with planktonic foraminifera
and skeletal fragments (XPL)
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Numerous studies have proved that certain ratios of redox-sensitive elements are useful for

further clarification about paleoredox conditions. In this study, the ratios of V/Cr, Ni/Co,
V/V+Ni, Th/U, and V/Mo were used as good criteria to differentiate samples that were
deposited in oxic conditions from those samples that were deposited under anoxic

environments. The analytical results of these ratios have presented in Figure 6.

Table 1. Trace elements concentration (ppm) of the carbonate samples of the llam Formation, Mehdi-

Abad section

Co Cr Mo Ni Th ) Vv Sr Na Fe Mn
M-1 1.2 2.3 25 9 0.4 5.3 47.2 430 175 947 325
M-2 14 2.8 32 10.1 1.2 6 65 762 105 957 357
M-3 1.3 2 7.1 9.5 0.6 2 39.7 542 124 832 392
M-4 14 3 34 10.8 0.3 45 53.4 398 120 1245 384
M-5 1.8 2.4 6.3 135 0.2 6 42 857 118 1204 303
M-6 2 35 2 12 0.5 1 13 964 256 436 106
M-7 15 3.7 3.9 9.4 0.6 0.2 12.2 1053 301 505 127
M-8 1.6 3.9 4 9.5 0.8 0.3 8.3 863 248 671 108
M-9 14 5.2 15 8.9 0.5 0.4 7 1101 230 658 302
M-10 3.1 45 14 9 0.7 0.3 5 836 261 642 169
M-11 34 4 15 9.1 0.8 2 6.2 839 255 640 201
M-12 25 4.1 4 8 0.4 1.8 15.8 740 242 443 253
M-13 2.1 3.2 25 10.3 0.7 35 5 759 203 904 264
M-14 2.3 45 34 13 0.4 2.1 18 352 173 590 297
M-15 2.6 3.1 3 12.8 1 5.1 6.6 531 185 623 204
M-16 3 35 1.8 125 0.8 0.7 5.7 438 210 429 142
M-17 3.1 34 3 13.2 0.6 1.5 5.9 389 174 368 198
M-18 2.2 4.7 6.9 12 0.9 1.8 17.1 370 183 388 106
M-19 2.8 6.4 20.5 14 0.4 0.7 38 368 265 573 207
M-20 2.6 75 5.6 13 0.6 1 30 403 149 705 185
M-21 15 4.3 4 12.8 0.7 1.4 17.6 360 237 1005 297
M-22 14 5.8 10 12 0.7 1 21.5 345 190 960 286
M-23 1.2 2.6 38.5 125 0.8 1.3 62 244 205 658 250
M-24 1 2.6 35.6 9 0.2 0.7 51.5 268 188 693 247
M-25 11 2.8 42 8 0.6 35 53 109 195 570 309
M-26 13 2.7 56 10.2 0.5 4.8 62.6 396 174 849 384
M-27 11 2.6 58 9 0.9 5 62.8 477 125 796 362
M-28 14 2.4 46 115 0.3 6 61.7 368 116 905 352
M-29 18 2.7 55 13 0.3 4.8 73 274 131 1105 367
M-30 1.6 25 40.3 11.6 0.4 4 48.1 305 109 758 359
80
60 - K
2
&
E 40 -
ol Q |
B VIMJ K
I I | | 1
10 20 30 40 50 60
2 Tetha

Figure 5. The XRD results of a shale sample from the Ilam Formation that exhibit highest peak for

kaolinite (K). Minor phases present include illite (1), montmorillonite (M), quartz (Q) and hematite (H)

minerals
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Figure 6. The variations of V/Cr, Ni/Co, V/V+Ni, Th/U, V/Mo, Sr, Na, Fe, Mn (ppm) across the llam
Formation in the Mehdi-Abad section. The yellow box indicates the highest oxygen level area in this
section

Discussion
Interactions between foraminiferal biozones, depositional environment, and sea-level changes

The biostratigraphic analysis, based on planktonic foraminifera in the Mehdi-Abad section, led
to the identification of six biozones from the Late Santonian to the Late Campanian (Bohlouli,
2020). The identified biozones include Biozone 1- Dicarinella asymetrica, Biozone 2-
Globotruncanita elevate, Biozone 3- Globotruncana ventricosa, Biozone 4- Radotruncana
calcarata, Biozone 5- Globotruncanella havanesis, and Biozone 6- Globotruncana aegyptiaca
(Figure 7). The record and the relative abundance of planktonic foraminifera assemblages are
utilized to reconstruct the paleobathymetric evolution of the Ilam Formation. The
paleobathymetric studies display an upper bathyal setting for planktonic foraminiferal
assemblages (Biozone 1) in the Late Santonian. During the Campanian, a deepening trend is
observed from neritic to upper bathyal environments in the distribution of planktonic
foraminifera. Specifically, Biozone 2 is classified as outer neritic, Biozone 3 as middle neritic,
Biozone 4 and 5 as outer neritic environments and Biozone 6 as upper bathyal.

According to identified microfacies, the deposition of llam Formation occurred in the outer
ramp parts of a homoclinal ramp. The identified microfacies of the Ilam Formation in the
Mehdi-Abad section contains moderate to high percentage of micrite with planktonic
foraminifera that are attributed to deep marine intervals under low-energy hydrodynamic
regimes and below the storm wave base (SWB). The occurrence of pyrite and organic matter
within samples elucidates low-oxygen conditions (Berner and Raiswell, 1983). The presence
of small and fragmented bioclast grains points to unfavorable conditions for the life of biota.
Overall, this evidence confirms a deep marine setting for the development of the Ilam
Formation during the Late Cretaceous time. Finally, based on recorded evidence, the increase
of depth for microfacies is in the order of MF4, MF3, MF2, and MF1.

In the current study, paleo-water-depth fluctuations for the interpretation of sequence
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stratigraphic analysis were analyzed using integration of vertical facies distribution and
paleobathymetric studies. This led to the identification of two third-order depositional
sequences (DS) in the llam Formation. The first DS consists of both transgressive system tracts
(TST) and regressive system tracts (RST) with the age of the Late Santonian-Early Campanian,
and the second depositional sequence only consists of transgressive system tract (TST) that
form during the Late Campanian time (Figure 7).

Initially, it is observed that the Ilam Formation deposited unconformably over the Surgah
Formation. The occurrence of hematite nodules in the lower parts of the llam Formation is
related to this unconformable surface. During the Late Santonian stage, a deepening trend is
observed in facies associations. MF4 and MF3 are dominant in the lower intervals of the Late
Santonian, while MF2 and MF1 show more development in the upper parts. The Late Santonian
intervals in the Ilam Formation in this outcrop are considered a TST, with a thickness of 30
meters. The maximum flooding surface (MFS) is characterized by the predominance of MF1,
the lowest energy level, an increase in argillaceous limestone layers, and black shale layers.
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Figure 7. The distribution of microfacies across the Ilam Formation and sequence stratigraphy analysis
from the Late Santonian to the Late Campanian
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Interestingly, the TST is compatible with Biozone 1 that shows shows an upper bathyal depth
for planktonic foraminifera. The beginning of the Campanian stage in the llam Formation
displays a shallowing trend in facies from MF1 to MF4. This trend continues up to 61 meters
of section and is compatible with the occurrence of Biozones 2 and 3 that are formed in the
outer neritic and middle neritic environment settings, respectively. This part is attributed to an
RST with a thickness of 31 meters that show the end of sequence boundary. The sequence
boundary is characterized by a decrease in black shales at the outcrop and increasing MF4 in
the petrographic studies. The highest energy level at the outcrop corresponds to this system
tract. Here, the sequence boundary is interpreted as type-2, as it is located approximately 60
meters from the base of section and there is no objective evidence of erosional truncation or
subaerial exposure. The thickness of carbonate layers increased near the sequence boundary,
while the deposition of shaly and argillaceous sediments ceased.

Continuing, the transgressive system tract again dominates and deposition in bathyal settings
resumes. MF2 and MF1 increase towards the top of the llam Formation. This TST has the most
thickness (131 meters) among the identified system tracts in the Ilam Formation. This system
tract corresponds to Biozones 4 and 5, indicating outer neritic to upper bathyal settings. The
increase in thin-bedded argillaceous limestone at the upper parts of the Ilam Formation confirms
the sea level rise towards the MFS. Finally, the Ilam Formation has been separated by a type-1
sequence boundary from the Gurpi Formation.

Trace element characteristics of the llam Formation

Numerous studies indicate that trace elements (such as Co, Cr, Cu, Mo, Ni, Th, U, V) may serve
as indicators of paleoredox conditions (e.g., Van Cappellen and Ingall, 1996; Tribovillard et al.,
2006; Yang et al., 2012; Bennett and Canfield, 2020; Zheng et al., 2024). The ratios of V/Cr,
Ni/Co, Th/U, and V/Mo are considered effective criteria for examining ancient depositional
environments.

In anoxic and anaerobic environments, the V/Cr and Ni/Co ratios exceed 4.25 and 7,
respectively. Conversely, ratios below 2 and 5 suggest the presence of oxidizing conditions.
Dysaerobic conditions are characterized by V/Cr and Ni/Co ratios ranging from 2-4.25 and 5-
7, respectively (Xiumian and Chengshan, 2001). Th/U values greater than 2 indicate oxidant
conditions, while values lower than 2 indicate anoxic conditions (Wignall and Twitchett, 1996).
V/Mo ratios of less than 2 are indicative of anoxic conditions, whereas ratios exceeding 10
suggest oxic conditions. Ratios between 2 and 10 for /Mo are attributed to dysaerobic or
suboxic conditions in environmental settings (Gallego-Torres et al., 2010). V/(V+Ni) is also a
dependable measure for depositional both the environment and ocean stratification of the
oceanic water body. Values lower than 0.8 indicate anoxic conditions (Wignall, 1994; Pi et al.,
2014).

The ratios presented in the intervals of the Ilam Formation, as depicted in Figure 6, indicate
several transitions in environmental conditions from oxic to anoxic states. The distribution
patterns of the V/Cr, Ni/Co, V/V+Ni, Th/U, and V/Mo ratios show relatively striking
similarities in different parts of the llam Formation, corresponding to sea-level changes. As
previously mentioned, the Late Santonian was a time of increased sea level and dominance of
transgressive system tracts and upper bathyal settings. The average ratios of V/Cr, Ni/Co,
VIV+Ni, Th/U, and V/Mo are 20.3, 7.4, 0.83, 0.16, and 2.7 ppm, respectively. All ratios
obtained indicate anoxic conditions. However, a few samples display suboxic conditions during
the Late Santonian.

At the beginning of the Campanian stage, corresponding to regressive system tracts and
movement of the sea level towards outer and middle neritic settings, the mentioned paleo-redox
proxies suggest suboxic and somewhat oxic conditions. In these intervals, V/Cr, Ni/Co,
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V/V+NIi, and Th/U ratios possess lower concentrations compared to the Late Santonian time,
while VV/Mo ratios show enrichment. Based on the calculated values, V/Cr, Ni/Co, V/V+Ni,
Th/U, and V/Mo display an average concentration of 4.3, 5.3, 0.5, 1.45, and 4.4, respectively,
which are attributed to suboxic to oxic environments.

As continue, a gradual increase in sea level led to again development of the transgressive
system tract in the upper parts of the llam Formation. Based on paleobathymetric studies, the
onset of TST in the Campanian is compatible with outer neritic sediments and towards the MFS,
anoxic conditions are completely preserved. Considering the results that obtained from these
ratios, a suboxic to somewhat oxic conditions were created in the beginning of the sea-level
rises. This is supported by average values of 2.6, 4.6, 0.45, 0.4, and 3 ppm for V/Cr, Ni/Co,
V/V+Ni, Th/U, and V/Mo, respectively. In the upper 70 meters of the llam Formation, V/Cr,
Ni/Co, V/V+Ni, and Th/U show higher concentrations with averages of 22.7, 8.1, 0.84, and 0.2
ppm. In contrast, the average VV/Mo ratio is 1.3 ppm, indicating anoxic environments.

Concentrations of Na, Sr, Mn, and Fe are also considered as useful paleoenvironmental
indicators in this study. In the Ilam Formation, Na and Sr elements are mainly concentrated in
the samples belonging to regressive system tract, between 30 to 61 meters. Mn and Fe values
display a different trend compared to Na and Sr. Fe and Mn show relative enrichment in both
identified transgressive system tracts upwards, but their concentrations are reduced in
regressive system tracts. Many researches indicate that increases the values of Fe and Mn and
decreases the Na and Sr are the indication of the anoxic and dysaerobic environments where
sediments have been deposited (\VVan Cappellen et al., 1998; Abbas Ali, 2012).

Finally, based on all data presented above, the anoxic to suboxic conditions were present
during deposition of the Ilam Formation in the Late Cretaceous time. However, during the Early
Campanian, paleoclimate evidence suggests a transition towards oxic conditions.

Paleoclimatic and paleogeographic implications

The Cretaceous basin evolution is one of the most important events during the tectonic history
of the northeast margin of the Arabian Plate, including the Zagros area. In this regard,
understanding of sea-level fluctuations in relation to paleogeography and ultimately establish a
regional scheme is useful that can provide important clues about the geochemical features of
oceans during that period.

In recent decades, many studies worldwide have focused on the opening and closure of the
Neo-Tethys Ocean. However, there is disagreement and confusion about its causes and timing
that formed. In different studies, the onset of the Neo-Tethys opening is attributed to the Late
Devonian to the Late Triassic (Stocklin, 1977; Berberian and King, 1981; Golonka, 2004;
Abasaghi et al., 2023). Moreover, a time range from the Late Cretaceous to the Neogen is
considered for the closure of the Neo-Tethys Ocean (Gealey, 1988; Alavi, 1994; Golonka, 2004;
Agard et al., 2005; Liu etal., 2017; Zhu et al., 2022). Furthermore, the Zagros area was affected
by this significant tectonic event during the Cretaceous. On the basis of the paleogeographic
studies, the Zagros area was located near tropical latitudes during the Late Cretaceous time
(10°-15° N) (Figure 8a), and as a result, was affected by warm and humid climatic conditions
(Heydari, 2008).

During this time, increase in volcanic activities in large magmatic provinces was associated
with the development of oceanic crust and massive emissions of greenhouse gas concentrations
such as CO2 and methane into the atmosphere (Larson, 1991; Gradstein et al., 2012; Martinez-
Rodriguez et al., 2021). The amount of atmospheric CO2 was almost nine times of its current
amount, which was about 3500 ppm (Bice et al., 2006). Besides, because of higher
concentration of COy, the oceans are becoming more acidic and ice shelves were shrinking
(Wang et al., 2014). The tectonic movements also led to changes in wind systems and
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subsequent surface and deep oceanic circulation patterns (Hay, 2011). The increase in
temperature and the development of oceanic crust contributed to the rise in sea levels.

The combination of factors mentioned above created significant changes in the chemistry of
ocean water during the Cretaceous time. One of the most important changes appeared in the
occurrence of OAEs, particularly in the western Neo-Tethys Ocean and the North Atlantic
Ocean (e.g., Friedrich et al., 2008; Wagreich, 2012; Martinez-Rodriguez et al., 2025). OAEs in
the Cretaceous are characterized by increasing of organic matter-rich sediments, the dominance
of anoxic conditions, perturbations in the carbon cycle, and high ocean temperature. The last
OAE in the Cretaceous happened at the Coniacian-Santonian boundary, which is called OAE3
subevent (Arthur et al., 1990). However, many studies indicate that the temporal and spatial
distribution of OAE3 and the driving mechanisms are varied in different regions and remain a
topic of ongoing debate (Bomou et al., 2011; Jones et al., 2018; Mansour and Wagreich, 2022,
Sun et al., 2025).

Considering the deposition of the llam Formation during the Late Santonian to Late
Campanian and its proximity to the OAE3, the suboxic and anoxic conditions in this
formation can be related to this event. In previous studies, several pieces of evidence from
OAEs in the Cretaceous intervals of Zagros has been documented for instance in the Early
Aptian (Moosavizadeh et al., 2013) and Cenomanian to Campanian (Asadi Mehmandosti et
al., 2021). In most studies, OAE3 has not been regarded as representing genuinely anoxic
conditions on a regional scale; instead, its formation is typically ascribed to local conditions
rather than to global influences (e.g., Wagreich, 2012; Sache et al., 2014; Mansour and
Wagreich, 2022).

In the current study, frequent interbedded black shale with limestone indicate a long-term
accumulation of laminated organic matter. The abundance of kaolinite minerals within the shale
samples reflects humid climatic conditions that are in line with tropical latitudes. Moreover, the
geochemical signatures provide strong evidence for the dominance of an aragonitic ocean
during deposition of the I1lam Formation in the Late Cretaceous (Adabi and Asadi Mehmandosti,
2008). The occurrence of aragonitic minerals serves as further evidence of a warm climate near
tropical latitudes, which is in close agreement with global trends. Generally, climate model
simulations during the Cretaceous time estimate that the highest temperatures of the world’s
oceans occurred from the Cenomanian to Santonian stages (Laugié et al., 2020). According to
a study by Abasaghi and Omidpour (2023), the dominance of long eccentricity cycles during
the deposition of the llam Formation was one of the factors that affected the development of a
warm climate at that time.

The high content of redox-sensitive elements and ratios (V/Cr, Ni/Co, V/V+Ni, V/Mo, Th/U)
in most intervals of the outcrop, along with few benthic foraminifera, and the occurrence of
organic matter were an amplified response to low oxygen deficiency during the development
of the homoclinal ramp of the llam Formation (Figure 8b). It is important to note that other
subzones of the Zagros such as the Dezful embayment, were affected by different
paleoenvironmental conditions during the deposition of the Ilam Formation. The predominance
of shallow carbonate settings (inner and middle ramp facies) in the llam Formation and low
content of organic matter are attributed to higher levels of oxygen in this area.

As previously stated, the Zagros area was a part of the eastern Tethyan region that was
affected by the events of opening and closure of the Neo-Tethys Ocean. Considering the
geological age of the study area, inception of Neo-Tethys closure led to considerable changes
in sedimentary architecture, basin subsidence patterns, and sedimentary processes during
development of the Ilam Formation. The beginning of closure of the Neo-Tethys Ocean led to
create a narrow basin with limited access to open waters and also reorganization in patterns of
oceanic circulations and reduced water column ventilation.

The closure of the Neo-Tethys Ocean at the beginning of the Upper Cretaceous aligned with
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subtle alterations in displacement rates and vectors of the African plate (Mdller et al., 2016),
which affected on tectonic active and quiescence periods in the Zagros area. On the other hand,
the reactivation of a basement lineament in the Zagros area, in response to ophiolite obduction
during the Late Cretaceous time, resulted in the formation of clinoform geometries and as well
as paleohighs, affected on the sedimentation patterns (Farzipour-Saein et al., 2009). Noted, the
convergence rate of the Afro-Arabian and Iranian plates during the closure of the Neo-Tethys
Ocean was less in the Lorestan in comparison with other subzones of the Zagros (Jackson and
McKenzie, 1988). Furthermore, different subzones of the Zagros experienced various
depositional settings that reflect in thickness and facies types at the same time.

These factors changed the depositional environment of the Late Cretaceous from neritic to
mostly pelagic settings in the Lorestan subzone. From the Cenomanian onwards, the evolution
of the Zagros foreland basin was controlled by the Balarud deep-seated fault zone with an
approximately west-east trend and a dip towards the north and northeast. The Balarud fault
zone, located between the Dezful Embayment and Lorestan subzones, is part of the Mountain
Front Fault that has been active since at least the Coniacian stage (Motiei, 1995). This fault in
the south of the Lorestan subzone is a flexure belt that resulted in structural lowering, changes
in thickness and facies, and sediment layers dipping in a north and northeast direction (Sepehr
and Cosgrove, 2004; Hajialibeigi et al., 2011).
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Figure 8. a) The paleogeographic positions of the Zagros area (marked with a red star) during the Late
Cretaceous (after Scotese, 2014), b) Dominance of anoxic to suboxic conditions in the carbonate ramp
of the Ilam Formation
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In sum, the role of paleogeographic events and local faults in increase of accommodation
space and deepening the basin during the Upper Cretaceous of the Zagros is undeniable.
Moreover, the dominance of anoxic conditions is compatible with OAE3 in the Late
Cretaceous. However, TOC and carbon isotope data are needed to support our findings. High
temperature oceans and changes in circulation patterns can be considered as subfactors affecting
water column redox conditions at that time.

Conclusion

Understanding the driving forces that control the geochemical and sedimentological
characteristics of the llam Formation is fundamental for reconstructing the paleogeographic
conditions of the Zagros area in the Upper Cretaceous. A perusal of the intervals of the llam
Formation through petrography and geochemical analyses leads to the following conclusions:

The identified microfacies in the Illam Formation consist of mudstone to mudstone with
planktonic foraminifera, wackestone with planktonic foraminifera, wackestone-packstone with
planktonic foraminifera and oligosteginids, and wackestone-packstone with planktonic
foraminifera and skeletal fragments. These microfacies developed under low energy conditions
of the outer parts of the homoclinal ramp.

Analysis of sea-level changes during deposition of the llam Formation indicates the
development of two third-order sequences, including transgressive and regressive system tracts
during the Late Cretaceous. The integration of sequence stratigraphic and paleobathymetric
analyses suggests the dominance of neritic and bathyal settings for the sediments of the Ilam
Formation.

The values of V/Cr, Ni/Co, V/V+Ni, Th/U, V/Mo, Sr, Na, Mn, and Fe across the Ilam
Formation indicate the dominance of anoxic conditions in the Late Santonian as well as the
Late Campanian corresponding to transgressive system tracts and movements of sea level
towards bathyal and outer neritic environments. In contrast, the mentioned ratios and elements
in the intervals of the Early Campanian show an increase in oxygen levels, which is compatible
with regressive system tracts and the development of outer and middle neritic settings.

Low oxygen conditions and the development of deep-marine settings in most intervals of
the llam Formation may have been induced by multiple allogenic and autogenic mechanisms
including OAES3, the inception of the closure of the Neo-Tethys Ocean in the Late Cretaceous
and the occurrence of local events, such as changes in the basement and activity of faults.
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