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Abstract

Heterogeneities of Late Cretaceous tropical carbonate platforms of the Middle East are yet
to be fully understood. The analysis of carbonate microfacies with materials obtained from
exploration wells can contribute to filling the noted gap. The present study focuses on the
Coniacian-Santonian deposits near the Kazerun fault in the central part of the southern
Zagros. The material from two exploration wells drilled east of this fault was used to es-
tablish carbonate microfacies and shale lithofacies and propose a depositional model. Six
carbonate microfacies signify the existence of a homoclinal ramp, and inner-ramp envi-
ronments were especially common. The stratigraphical distribution of the established mi-
crofacies made it possible to document a long-term transgression-regression cycle, which
looks dissimilar to the global sea-level changes. Another control of this cycle might have
been tectonic activity, particularly the activity of the Kazerun fault. The comparison of the
lines of evidence from two wells east of this fault and two other wells west of this fault
indicates striking differences.

Keywords: carbonate ramp; diagenesis; Ilam Formation; microfacies; tectonic activity

1. Introduction

The Zagros is a giant geological domain of the Middle East, and its studies have played
a significant role in the general understanding of fold-thrust belts [1-3]. This domain has
also become a focus of research dealing with the long-term development of large hydrocar-
bon systems [4,5]. The evolution of the Zagros was related closely to the large-scale geolog-
ical processes in the Mediterranean (sensu lato) and Central Asian regions [6-8].

Cretaceous carbonate successions of the Zagros sedimentary basin, which is located
in the southwestern part of Iran, are among the most famous hydrocarbon reservoirs in
the world, and they have attracted the attention of many researchers over several decades
[9-14]. These studies have shed light on the late Mesozoic sedimentation in tropical seas
on the Arabian plate margin. Practically, they have stimulated exploration and subse-
quent exploitation of the richest hydrocarbon reserves. Despite the long research history,
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some particular questions about the Cretaceous sedimentary successions of this region
remain unanswered. The ongoing geological investigations related to hydrocarbon pro-
specting bring new information that is useful for answering these questions.

In their seminal work, Sepehr and Cosgrove [15] focused on the Kazerun fault (also
known as the fault zone, transverse fault, or transfer fault) that cuts the Zagros Basin al-
most perpendicularly and separates two large structural units, namely the Dezful Embay-
ment in the west and Fars in the east (Figure 1). The Mountain Front Fault subdivides the
Fars unit into the Interior Fars and Coastal Fars sub-basins. The activity of the Kazerun
fault accelerated in the Cretaceous [15]. Zadeh et al. [16] proved that this fault was active
in the Aptian and influenced the local depositional environment. According to
Bagherpour et al. [17], block tilting east of this long-lived deformation zone created lateral
changes in the Coniacian-Santonian sequences. The material from the exploration wells
drilled near the Kazerun fault can enhance the understanding of the Coniacian—-Santonian
deposits.

MZRF: Main Zagros Reverse Fault
HZF: High Zagros Fault

MFF: Mountain Front Fault

BF: Balarud Fault

KTF: Kazerun Transverse Fault
ZFF: Zagros Foredeep Fault
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Figure 1. Structural subdivisions of the Zagros sedimentary basin (modified from ref. [3]) and the
geographic locations of Wells 1-4. The red line in the bottom image indicates lateral displacements
along the fault. The red rectangle in the bottom image marks the study area where the wells are
located. The units are colored differently for easier visual distinction, and their names are given in

violet for the same purpose.

The objective of the present study is the establishment of carbonate microfacies in the
Coniacian-Santonian deposits near the Kazerun fault in the central part of the southern
Zagros Basin. New material from the exploration wells is employed for this purpose. Car-
bonate microfacies are important indicators of the depositional environment [18]. Previ-
ous studies in different regions of the world such as the Middle East [19], the Moesian
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Platform [20], and the Volga-Ural Region [21] demonstrated the efficacy of their analyses
as the principal approach in studies of carbonate rocks based on materials from explora-
tion wells.

2. Geological Setting

The Zagros Mountains, with a length of ~2000 km and a width of 100-300 km, stretch
through a significant part of the Middle East, constitute a dominant feature of southwest-
ern Iran, and reach the Hormoz strait. Tectonically, this is a relatively young, Cenozoic
orogen (fold-thrust belt) created by the active contacts of the Arabian plate in the south-
west and the Iranian tectonic blocks in the northeast [2,22-28].

Several major faults divide the Zagros Basin into segments (Figure 1). One of them is
the Kazerun fault, which formed in the beginning of the Paleozoic and reactivated in the
late Mesozoic-Cenozoic with remaining seismicity [15,16,29-31]. The study area is situ-
ated in the central part of the southern Zagros, where this fault separates the Dezful Em-
bayment from Coastal Fars (Figure 2). There, chiefly Cenozoic strata crop out. The Bang-
estan Group of the late Mesozoic age is distributed widely, although usually below the
surface.

I:l Holocene (muds-sands)

I:l Pleistocene (coglomerates-sandstones)
I:l Pliocene (shales-sandstones)

I:l Miocene (shales-marls)

I:l Miocene (evaporites-shales)

. Oligocene-Miocene (limestones-sandstones)
. Campanian-Eocene (limestones-marls)
\:l Coniacian-Santonian (limestones)

. Albian-Turonian (shales and limestones)
® City

— — Kazerun Fault

Figure 2. Schematic geological map of the study area (corresponds to the red rectangle in Figure 1)
(modified from ref. [32] with permission from the National Iranian Oil Company). Stars indicate
Wells 14 considered in this study. The stratigraphical packages and the corresponding rocks are

colored differently for easier visual distinction.

The Bangestan Group consists of several lithostratigraphic units, including the Laffan
Shale Member and the Ilam Formation [33,34]. These two units form a sedimentary pack-
age bounded by unconformities. At the bottom, the unconformity separates these deposits
from the Sarvak Formation (Albian-Turonian). At the top, the other unconformity sepa-
rates the package from the Gurpi Formation (upper Santonian-Maastrichtian). It should
be noted that the mentioned package experiences lateral changes in the Zagros Basin, and
the study area represents a domain where this package consists of the two above-men-
tioned units (Figure 3).
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Upper Cretaceous

Stage Lurestan Khuzestan Coastal Fars Interior Fars
Campanian Gurpi Fm. (300m) Tarbur Fm.
(530m)
Santonian TR Ilam Fm.(190m)
Coniacian Laffan shale (29m
Turonian

Figure 3. Generalized stratigraphical scheme of the Upper Cretaceous deposits in the Zagros Basin
(based on the information from James and Wynd [35]). White color indicates hiatuses. The units are
colored differently for easier visual distinction. The red rectangle corresponds to the sedimentary
succession in the study area. Approximate thicknesses of the units are given for reference in paren-

theses.

The Laffan Shale Member consists chiefly of grey to green shales with intercalation
of limestones. Their total thickness reaches 30 m, but these deposits are locally absent.
Previously, this small unit was reported from some oilfields of the Persian Gulf [36,37].
The Ilam Formation, which has been studied particularly by Abedi et al. [38], Adabi and
Mehmandosti [39], Bagherpour et al. [17], Fouladvand et al. [40], Khodaei et al. [41],
Mehrabi et al. [42], Moghadam et al. [43], and Reza [44], is primarily composed of fossilif-
erous limestones, dolomites, and marlstones. Their total thickness locally exceeds 120 m,
but these deposits are absent in some parts of the study area. Due to its high-quality res-
ervoir characteristics, this formation hosts a large oilfield in the southwest of Iran [40].
Taking into account the previous developments [17,33,34,45-47], the age of the considered
sedimentary package is Coniacian-Santonian. It should be added that a recent micropale-
ontological investigation by Hosseini et al. [48] questioned the ages commonly assigned
to the Laffan Shale Member and the Ilam Formation: it cannot be excluded that the former
is Turonian, and the latter is Turonian-Santonian. Indeed, further investigations are nec-
essary to comprehend these interpretations and to determine whether they are suitable
for all areas of the Zagros where the noted units exist. The foraminifer-based biostrati-
graphical evidence based on the biozones of Wynd [34] and Khalili [49] implies that the
Laffan Shale Member is Coniacian and the Ilam Formation is Coniacian-Santonian in the
study area.

Following modern plate tectonic reconstructions, the study area was located in the
northeastern margin of the African—Arabian lithospheric plate in the Late Cretaceous
[50,51]. The Coniacian-Santonian deposits of the study area formed not so far from an
outer edge of a large sea (partly epeiric and partly shelfal), which was a marginal sea of
the Neo-Tethys ocean [52]. The sea was tropical, with rich ecosystems, and dominated by
carbonate deposition. The environment was very favorable for hydrocarbons [53]. The
Sanandaj-Sirjan tectonic block was separated from the plate margin by a narrow, deep
basin, which was a branch of the Neo-Tethys ocean [52]. If this reconstruction is correct,
the study area was situated near the entrance to this branch. However, one should take
into account differences in regional geodynamic interpretations [54-57]. Generally, the
study area can be imagined as a tropical marine domain divided into two parts by a major,
long-lived fault zone.

3. Materials and Methods

The present study employed the information obtained from four exploration wells
drilled in the study area (Figure 1). Two of them are located west of the Kazerun fault,
and two others are located east of this lineament. This information made it possible to
register the presence/absence of the Laffan Shale Member and the Ilam Formation in the
study area. In Well 1, these lithostratigraphic units are absent, and the Sarvak Formation
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is overlain directly by the Gurpi Formation. In Well 2, only the Ilam Formation with a
thickness of only ~1.5 m is registered. In contrast, Well 3 and Well 4 sufficiently represent
both units. This is why the present study utilized material from two wells (3 and 4), and
it took into account evidence from two other wells (1 and 2) in the subsequent interpreta-
tions.

This study refers to the modern version of the geological time scale [58,59]. Microfos-
sil-based biostratigraphical developments by Khalili [49] and Wynd [34] were followed.
Particularly, the Laffan Shale Member corresponds generally to biozone 30a (Chara—ostra-
cods facies zone), and the Ilam Formation corresponds to biozone 30 (Rotalia sp.22-algae
assemblage zone) and biozone 31 (Archaecyclus-mid-orientalis-Pseudedomia (Fabularia) as-
semblage zone).

The exploration wells were drilled by the Exploration Management of the National
Iranian Oil Company (Iran). The materials provided to the authors included logs of these
wells, which were used to construct composite stratigraphic sections (some modifications
were made after microscopic examinations), and thin sections suitable for examination of
microfacies.

A total of 129 thin sections derived from the cutting chips of Wells 3 and 4 were ex-
amined in the paleontological laboratory of the Exploration Management of the National
Iranian Oil Company (Tehran, Iran). These investigations made it possible to distinguish
several microfacies and lithofacies, with a subsequent proposal of a general depositional
model. The rock texture classification based on Dunham [60] and Embry and Klovan [61]
for non-reefal and reefal carbonates and the Udden-Wentworth grain-size scale [62-66]
were followed. The common principles of carbonate (micro)facies studies [18,67,68] (see
also a brief summary in ref. [69]) were applied. The depositional model reflects spatial
regularities in the distribution of the registered carbonate facies. In other words, this is an
idealized scheme used to summarize the available evidence, and it should be distin-
guished from real paleogeographical reconstructions, which differ essentially. The utility
of such depositional models in carbonate studies has been demonstrated in numerous re-
search projects and, particularly, in the recent works by Aliane and Benmansour [70],
Amente et al. [71], and Shah and Shah [72]. Due to some peculiarities of the well drilling,
shales were not studied petrographically.

Additionally, the stratigraphical distribution of the established microfacies along the
wells made it possible to identify the long-term trajectories of relative sea-level changes.
Microfacies related to a shallower environment indicated a relatively low position of the
sea level, and microfacies related to a deeper environment indicated a relatively high po-
sition of the sea level.

Diagenetic patterns in carbonates of the Ilam Formation were recorded, described
with a common terminology [73], and interpreted on the basis of the available knowledge
[18,74-85]. This information is marginal regarding the objectives of this study, but it is
worth reporting (Supplementary Materials).

4. Results
4.1. Microfacies and Lithofacies

The analyzed materials made it possible to establish six microfacies (MF) and one
lithofacies (LF) in the Coniacian-Santonian deposits of the study area (Figure 4). They
correspond to carbonate and fine siliciclastic rock types, respectively. The stratigraphical
distribution of these microfacies and lithofacies was documented in Well 3 (Figure 5) and
Well 4 (Figure 6). Their characteristics are presented below.
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Figure 4. Carbonate microfacies types and fine siliciclastic lithofacies of the Laffan Shale Member
and the Ilam Formation: (a,b) —MF1, (c,d)—MF2, (e,f) —MF3, (g h) (particle in ellipse) —MF4, (i,j) —
MF5, (k)—MF6, (1)—LF1. Labels: B—bivalve, C—Cuneolina, Ch—charophyte, Di— Dicyclina, G—
gastropod, Ro—Rotalia, Gr—green algae, M—miliolid, E—echinoid, P—peloid, R—rudist. Green

arrows indicate the components labeled by the letters.

®  Peloid
X Imperforate
- Lithology Foraminiferaj
)
,.E @ Rotalia
@D Algac 5
§ , He Facies types <
= < > Limestones je= Bivalve <
p=
‘E E g = =~ Echinoid St
S = S =7 z
N = = 8 Shales &> Coral E
)
L E = . P== Rudist %
= .8 5 smmssnnn  UNCONOTMILY| >
S E = Ostracod | | e <|wn| o 2]
’E‘E = | = =
8 2 ' Gastropod | S = > = S| =
- _ Bryozoan
~ 1 Gurpi
@ | 2o~ [3331m .
2tz =y
SI8El g |ggs SH Yo
SlE = SEE o 3
SIEE = | £5% [3350m —
5 S » 3 az [N _— S
L 3358
= 11672 = o | ] TS
| Sarvak
14
Cenomanian Laffan \Chara- ostracods
Shale facies#30a

(Khalili 1967)

Figure 5. Coniacian-Santonian deposits in Well 3. Different colors are used for easier visual distinc-
tion. Systems tracts: TST —transgressive systems tract; HST—highstand systems tract; MFS—maxi-
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mum flooding surface (shown approximately). Sources indicated in the image: (Wynd 1965)—[34],

(Khalili 1967)—[49].
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Figure 6. Coniacian—-Santonian deposits in Well 4. Different colors are used for easier visual distinc-

tion. Systems tracts: TST —transgressive systems tract; HST—highstand systems tract; MFS —manxi-

mum flooding surface (shown approximately). Sources indicated in the image: (Wynd 1965)—[34],

(Khalili 1967)—[49].

Bioclastic wackestone microfacies (MF1). Biogenic components such as bivalve and gas-
tropod shells make up as much as ~5-10% of all constituents (Figure 4a,b). These bioclasts
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range from 0.01 mm to 1 mm in size, and they are embraced by a fine micritic matrix.
Mollusk debris particles are often large (up to 1 mm) and well preserved; they signify low-
energy sedimentation. From benthic foraminifera, miliolid tests are present in a small
amount. The low diversity of benthic foraminifera and the entire marine biota, as well as
the poorly sorted texture, indicate a shallow, restricted lagoonal environment.

Imperforate foraminifera bioclastic packstone-grainstone microfacies (MF2). The grains
consist of medium-sized particles (0.1-1 mm), and they are scattered in a micritic matrix
with poor sorting. In some samples, the texture changes to grainstone where a micritic
mud is replaced by a sparitic matrix. The main distinctive feature is the presence of rela-
tively diverse, non-porous (agglutinated and porcelaneous) tests of benthic foraminifera,
which constitute ~50% of the rock. Among them, miliolids with porcelaneous walls are
abundant, while taxa with agglutinated walls such as Nezzazatinella, Cuneolina, Montchar-
monita, Nezzazata, and Dicyclina occur in smaller amounts. Shell debris of mollusks (rud-
ists), echinoids, ostracods, and green algae was also found (Figure 4c). Charophyte re-
mains are subordinate components (Figure 4d). The primarily non-skeletal constituents
are peloids. Micritization of bioclasts (mainly bivalve) is common in this microfacies type.
The mentioned components are poorly sorted and dispersed within a micritic matrix. This
is evidence of deposition in a low-energy environment. The diversity of non-porous tests
of benthic foraminifera implies a restricted lagoonal setting. Charophyte algae signify a
possible influx of freshwater from nearby land [18,86,87]. The presence of the grain-sup-
ported texture in this setting can be explained by episodic high-energy events or proximity
to shoals, and, thus, the presence of grainstone in MF2 does not contradict a restricted
lagoon interpretation, and it reflects internal facies heterogeneity within a lagoonal set-
ting.

Green algae—Rotalia—imperforate foraminifera bioclastic packstone—grainstone microfacies
(MF3). This microfacies contains skeletal grains, which are fine to moderately coarse (0.1-
1.4 mm) and surrounded by a micritic mud or sparitic cement. The texture is dominated
by grain-supported packstone to grainstone with poor sorting. Diverse skeletal compo-
nents such as thick-walled Rotalia tests and imperforate tests of Textularia and miliolids
form 30-40% of the rock (Figure 4e,f). Other imperforate tests of foraminifera such as Di-
cyclina are also present (10-15%). The diversity of marine invertebrates is higher relative
to the microfacies types described above, and the components belong to rudists, echi-
noids, gastropods, and red and green algae. Non-skeletal peloid grains (15-20%) are dis-
persed within a micritic to sparitic matrix. These grains fill interparticle spaces. Particles
contact directly, or calcitic cement occludes empty pores. The texture variation implies an
environment with energy fluctuations. Generally, the reported features represent a shal-
low lagoonal setting connected to an open marine environment.

Bioclastic, Rotalia, miliolid peloid grainstone microfacies (MF4). The rocks exhibit mud-
free, grain-supported textures, generally dominated by grain sizes of ~0.3 mm, which are
subrounded to rounded and sorted. The components are less diverse than in MFE3. The
main skeletal components belong to Rotalia with thick and lenticular tests and miliolids,
which constitute up to 35% of the rock (Figure 4g/h). Foraminiferal tests are quite well
preserved due to their hardness. Invertebrate debris (bivalves and echinoids) is also pre-
sent. The texture is determined by sparry calcite, which replaced micritic mud. This is
proven by the presence of well-sorted and rounded biogenic and non-biogenic particles.
These features are typical of a shallow, high-energy environment. This microfacies can be
related to shoals along the platform margin.

Peloid rudist bioclastic rudstone microfacies (MF5). The component-dominated texture
contains a mixture of very coarse (6 mm) to fine (0.2 mm) particles, often angular to sub-
angular, embraced by a poorly sorted, micritic mud. The key component is coarse bio-
clasts (>2 mm in size) of invertebrates, which constitute 30-50% of the rock. They belong
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mainly to rudists, corals, echinoids, and bryozoans (Figure 4i,j). Ostracod shells are also
present in a small amount. Miliolids, Rotalia and Textularia are found among foraminifera.
Non-skeletal components belong to peloid grains. Millimeter-sized bioclasts are charac-
teristic of this microfacies type and indicate a medium- to high-energy environment. The
presence of the noted foraminifera and the absence of green algae imply the carbonate
platform’s deeper part.

Echinoid bivalve packstone microfacies (MF6). The packstone texture is made of particles
with sizes varying from 0.1 mm to 1.2 mm; they are poorly sorted and surrounded by a
micritic mud. Fragmented shells of echinoids and bivalves are the main components. Bi-
valve bioclasts are thin and differ in size (Figure 4k). Rotalia with thin and delicate tests
are present, and miliolids and Textularia are common. They are dispersed in a muddy
matrix. Fragmented bioclast debris implies that high-energy water motions broke shells,
but they were not so strong as to create a sorted texture. Delicate tests of hyaline forami-
nifera signify a deeper, but middle part of the platform, where symbiont-bearing tests
received enough light.

Shale lithofacies (LF1). The entire rock consists of very fine (<0.062 mm) particles, and
the matrix is dominantly homogenous. These are grey to green shales found in the Laffan
Shale Member. They coexist with limestones, for which MF2 and MF3 are interpreted.
Echinoid and bivalve debris with particles <0.1 mm in size are found in a clay matrix (Fig-
ure 41). These strata formed in a lagoonal setting.

4.2. Depositional Environments

Summarizing the microfacies types established in the Coniacian-Santonian package
of two considered wells makes it possible to propose a depositional model of the Ilam
Formation (Figure 7). A carbonate platform in the study area was a homoclinal ramp
(sensu [18,68]) due to the dominance of micritic textures, the gradual facies variations, and
the absence of reefs. MF1 and MF2 mark its inner part, with a restricted, low-energy set-
ting. Apparently, this part was not connected broadly to open marine environments and
received an influx of freshwater. MF3 marks a deeper part of the ramp, and the texture
shifts from packstone to grainstone may be interpreted as a signature of short-term sea-
level changes. A shoal with a high-energy environment (MF 4) existed between the inner
and middle parts of the ramp. Bioclastic—peloidal components of the shoal facies are in
accordance with the tropical warm climate in the Zagros Basin [38]. This grain-supported
microfacies type implies a fair-weather wave base [18,68]. A deeper middle-ramp envi-
ronment with high energy (waves and/or storm currents) (MF 5) changed gradually to an
even deeper setting with low energy (MF 6). The grain-supported texture of ME5 and var-
ying grain sizes encountered in a micritic matrix indicate a storm wave base. The presence
of marine invertebrate bioclasts in association with thin-walled benthic hyaline foraminif-
era in MF6 and its stratigraphical position close to MF5 prove the existence of the deep
part of the middle ramp. It can be added that the deposition of the Laffan Shale Member
preceded massive carbonate accumulation, but took place on the same ramp. Apparently,
LF1 was linked to more active erosion on nearby land and subsequent delivery of fine
siliciclastic material to newly formed lagoons.

The distribution of microfacies and lithofacies types in Wells 3 and 4 shows that MF2
and MF3 are the most frequent (Figures 5 and 6). This means that shallow-water, inner-
ramp depositional settings were common in the Coniacian-Santonian. Nonetheless, the
stratigraphical distribution of the established microfacies (Figures 5 and 6) implies the
existence of two long-term trajectories. First, the relative sea level tended to rise during
the deposition of the Laffan Shale Member and in the beginning of the deposition of the
Ilam Formation. MF6 marks the culmination of this trajectory in both considered wells
(Figures 5 and 6). The relative sea level tended to fall during an interval, when the middle
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(Fair-Weather Wave Base)

(Storm Wave Base)

and upper portions of the [lam Formation were deposited. In other words, there was a
major Santonian-Coniacian transgression-regression cycle, which started and ended with
hiatuses and probable erosion.

SWB:= =i s & S 8 inner ramp
{ middle ramp
Microfacies Components
MF1: Bioclastic wackestone ° Imperforate Foraminifera
MPF2: Imperforate foraminifera-bioclastic packstone-grainsone @ Rotalia === Rudist
MF3: Green algae- Rotorbinella- Imperforate foraminifera- bioclastic
packstone-grainstone @ Algae v Ostracod
MF4: Bioclast- Rotorbinella- miliolid- peloid grainstone &\ Bivalve ‘ Gastropod
MFS: Peloid-rudist-bioclastic rudstone Echinoid ¥  Bryozoan
MF6: Echinoid-bivalve packstone
LF1: Shale lithofacies O Coral @  Peloid

Figure 7. Depositional model of the Ilam Formation in the study area (different colors are used for
better visualization of the details). This model is a schematic summary of the outcomes of the car-

bonate microfacies analysis and not a paleogeographical reconstruction of the study area.

5. Discussion
5.1. Transgression—Regression Cycle and Its Possible Controls

The analysis of microfacies and depositional environments made it possible to realize
the correspondence of the Coniacian-Santonian deposits of the study area to a single long-
term transgression-regression cycle that started near the beginning of the Coniacian and
ended before the end of the Santonian (the lower part of the Gurpi Formation is Santonian
in age). In the common terminology of sequence stratigraphy [88,89], the unconformities
bounding the considered package are sequence boundaries (Figures 5 and 6). According
to Simmons et al. [90], who revised the initially proposed sequence model of the Arabian
plate [12], there were two maximum flooding surfaces in the Coniacian-Santonian inter-
val, namely K150 in the mid-Coniacian and K160 in the lower Santonian. The MF6-domi-
nated horizon approximately at the Coniacian-Santonian transition (Figures 5 and 6),
which reflects the relatively highest position of the sea level in the study area, would be
difficult to correlate with either K150 or K160.

The transgression—regression cycle interpreted in the study area can be compared to
the global sea-level changes. Taking into account the time span of accumulation of the
Ilam Formation and the limited biostratigraphical resolution of the available records, it is
reasonable to compare this cycle to only long-term sea-level changes (Figure 8a). Accord-

https://doi.org/10.3390/jmse14131227



J. Mar. Sci. Eng. 2026, 14, 1227

12 of 20

ing to Haq [91], a global long-term sea-level fall started in the Turonian and culminated
in the Coniacian, after which a gradual rise started. These changes contrast strikingly with
the local interpretations (Figure 8a). According to Kominz et al. [92], there was a long-
term tendency of a global sea-level rise through the entire Coniacian-Santonian interval.
This tendency also does not match the evidence from the study area (Figure 8a). Appar-
ently, these interpretations matter irrespective of the possible reconsiderations of the po-
sition of the Coniacian/Santonian boundary in the studied sedimentary succession be-
cause the established cycle would not match the global curves in any case (Figure 8a).

a Local transgression-  Global long-term sea-level curvecsl y
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Ma stages § : based on Haq (2014) Kominz et al. (2008)
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1000 km

Figure 8. Paleogeographical interpretations for the study area: (a)—comparison of the transgres-
sion-regression cycle established in the study area with the global long-term sea-level changes
(based on the information from [91,92]), (b)—location of the study area in the central sector of the
Neo-Tethys (based on the information from Golonka [52]; only blocks indicated in that work are
labeled). Due to biostratigraphical uncertainties, the change from the long-term transgression
(green) to the long-term regression (orange) is shown very approximately. Sources indicated in the
image: Haq (2014) —[91], Kominz et al. (2008)—[92].
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An alternative explanation is that the established transgression-regression cycle
might have been determined tectonically (at least, in the long-term perspective). Particu-
larly, the activity of the Kazerun fault and vertical motions of the related tectonic blocks
[15,17] as well as deformations related to salt diapir movements and far-distance tectonic
influences [93] should be taken into account. More generally, the northeastern margin of
the Arabian plate was active due to subduction processes; there is fresh evidence of their
initiation already in the Late Cretaceous [94,95]. Epeirogenic motions can also be hypoth-
esized; at least, the mechanisms of epeirogeny were already considered for Arabia [96,97]
and the Zagros [98]. Nonetheless, these interpretations should be taken with certain cau-
tion because of two reasons. First, significant uncertainties in the reconstructions of Late
Cretaceous global sea-level changes remain [99,100]. Second, the actual ages of the Laffan
Shale Member and the Ilam Formation may differ from those commonly accepted [48].
Therefore, it is too early to rule out the eustatic factor of local sedimentation and postulate
the dominance of the tectonic factor. Moreover, the possible contribution of local changes
in the accommodation space needs further examination.

5.2. Hypothesizing the Local Depositional Environments and the Role of the Kazerun Fault

The study area is a peculiar domain divided by the Kazerun fault (Figure 8b). Thus,
it is of great interest to correlate the wells located on the opposite sides of the latter. Wells
3 and 4, which are emphasized in this study due to their representative Coniacian-Santo-
nian successions, are located east of the Kazerun fault (Figure 1). But there are two other
wells located west of this fault. Well 1 does not contain the Laffan Shale Member or the
Ilam Formation, whereas Well 2 contains only a thin horizon of the latter (Figure 9). The
absence of the strata in Well 1 evidences a hiatus. The Ilam Formation in Well 2 is similar
to this unit in Wells 3 and 4, and, thus, one can hypothesize a short-term, episodic depo-
sition of these strata west of the fault (not necessarily due to the peculiarities of block
motions; paleotopography might have also mattered).

Apparently, carbonates accumulated west of the fault only near the maximum of the
Coniacian-Santonian transgression. At least, this interpretation matches the information
from the four considered wells (Figure 9). One can assume the relatively elevated position
of the western part of the study area relative to its eastern part. The most logical (although
not the only possible) explanation implies vertical motions along the Kazerun fault com-
bined with regional sea-level changes, subaerial erosion, and changes in the local accom-
modation space. However, these motions were different in direction from those supposed
by Sepehr and Cosgrove [15]. According to these specialists, the western part of the fault
subsided in the mid-Cretaceous. If so, the vertical motions along this fault changed with
time, which is expectable regarding the tectonic complexity of the northeastern margin of
Arabia [55]. Moreover, a reactivation of the Kazerun fault after the deposition of the Sar-
vak Formation was hypothesized in the study area [101]. Nonetheless, these interpreta-
tions require further verification. The reconstruction offered by Bagherpour et al. [17] in-
dicates that the eastern side of the Kazerun fault remained uplifted when the Ilam For-
mation was deposited. The difference in the interpretations could be rooted in the spatial
heterogeneity of motions along the fault and attention to different areas. Moreover, other
explanations are also possible (for instance, the effects of epeirogenic motions and pale-
otopography).

The study area was situated in the northeastern margin of Arabia, embraced by a
large sea [52]. Shallow-marine and lagoonal environments interpreted together with the
analysis of carbonate microfacies and shale lithofacies (Figure 7) signify the proximity of
the study area to a landmass, most probably an island (Figure 8b). The latter can only be
hypothesized, as well as the relation of its origin to the vertical motions along the Kazerun
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Figure 9. Correlation of the considered wells in the study area. The insert scheme shows the relative
positions of the wells marked by stars (see Figure 1 for scale and other details). Different colors are
used for easier visual distinction. Sources indicated in the image: (Wynd 1965)—[34], (Khalili
1967)—[49].

5.3. General Inferences

The interpretations presented above match the ideas of Bagherpour et al. [17] on dif-
ferentiated vertical motions (also tilting) of the blocks in this part of the Zagros Basin in
the Late Cretaceous. Evidently, the growth of carbonate platforms in the Arabian margin
was significantly complicated by the local tectonic activity. More generally, when any car-
bonate platform was too large and not limited to a particular tectonic block, its evolution
can be described as a complex and changeable interplay between massive carbonate dep-
osition and tectonic processes related to long-lived structures inherited from the previous,
pre-platform phases of geological evolution. This interplay can be understood as a com-
bination of two totally different trends leading to a homogenization of paleogeographical
spaces and increases in their heterogeneity.

Several examples of when the fault activity affected the development of carbonate
platforms were reported previously from different geological time slices and domains.
These examples include the Cambrian Yangtze Platform of South China [102], the Triassic
carbonate system in the Southern Alps of North Italy [103], and the Cenozoic platform in
Northwest Sabah in Malaysia [104]. These examples and the outcomes of the present
study imply a diversity of fault-related effects in the history of carbonate platforms, and
synthesizing the related knowledge is a challenging but important task for future re-
search. The interpretation of the local geological development of the study area resembles
a reconstruction of the Triassic carbonate platform in the Megyehegy Dolomite of Hun-
gary [105]. There, differential motions of fault-controlled blocks led to the fragmentation
of the carbonate platform: the character of sedimentation changed in the locally drowned
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blocks, whereas smaller carbonate platforms continued to evolve in the other blocks. In
the case of the study area, the situation might have been the opposite, but the mechanism
can be regarded as essentially similar.

6. Conclusions

The present analysis of Coniacian-Santonian deposits near the Kazerun fault makes
it possible to draw three general conclusions.

(1) Six carbonate microfacies and one shale lithofacies are established in these deposits,
which accumulated on a homoclinal carbonate ramp.

(2) The Laffan Shale Member and the Ilam Formation were deposited during a single
transgression-regression cycle, which cannot be related to the long-term global sea-
level changes.

(3) The activity of the Kazerun fault might have influenced the Coniancian-Santonian
sedimentation in the study area.

The next step to enhance the understanding of the influences of the Kazerun fault on
the Late Cretaceous sedimentation should be the construction of structural models and
seismic profiles on the basis of information from exploration wells and outcrops. Another
urgent task is the accumulation of biostratigraphical data required to increase the resolu-
tion of the local records and to refine their correlation with regional/global events. Pres-
ently, it is possible to discuss the relative roles of eustatic and tectonic factors in the long-
term perspective, and, therefore, it is urgent to find stratigraphical markers that would
make it possible to shift to the short-term perspective. More generally, fault activity en-
hanced the spatiotemporal heterogeneity of large carbonate platforms, and additional,
comparative investigations are necessary to conceptualize the related mechanisms.
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