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Abstract 
A study on depositional environment, diagenetic history, and sequence stratigraphy of the upper 
Cretaceous successions of the boundary between the Central and Eastern Alborz zones is lacking. This 
study attempts to tackle this issue by analyzing a succession composed of 120 meters of medium- to 
thick-bedded limestones. Facies analysis led to the identification of facies associations of terrestrial, 
inner ramp (proximal, mid, and distal lagoon and shoal), mid ramp, outer ramp, and basin settings. 
According to the lateral and vertical changes in facies associations indicating gradual facies variations 
and the absence of large barrier reef organisms, a carbonate platform of ramp type with a bioclastic shoal 
is suggested for the studied succession. However, regarding the presence of turbidites in the transition 
of mid and outer ramp facies, a distally steepened ramp better suits the studied succession. Diagenetic 
study reveals products of eogenesis, mesogenesis, and telogenesis stages. Sequence stratigraphic 
analysis based on facies analysis and field observation denoted one 3rd-order depositional sequence, 
which its maximum flooding surface is equivalent to MFS K180 of the Arabian Plate (AP) with middle 
Maastrichtian age. A disconformity at the topmost of the studied succession correlates with the upper 
sequence boundary of megasequence AP9 around the Cretaceous–Paleogene boundary. 

Keywords: Upper Cretaceous, Eastern Alborz, Depositional Environment, Sequence Stratigraphy, 
Carbonate Succession. 

Introduction 

Since the Cretaceous shares many similarities with the modern world, understanding of this 
part of the Earth’s history could be significant for developing dynamic models of the globe 
(Haywood et al., 2019; Tierney et al., 2020). This understanding demands the reconstruction of 
critical data such as past depositional environments. Additionally, the Cretaceous was the time 
of tremendous global environmental changes on lands and in marines (Heimhofer et al., 2018; 
Leckie et al., 2002), of which, the latest cretaceous environmental transformations associated 
with Cretaceous/ Paleogene (KPg) boundary could be mentioned (Henehan et al., 2016, 2019; 
Hull et al., 2020; Linzmeier et al., 2020).  
    To reconstruct ancient sedimentary environments, carbonate sedimentary rocks can provide 
an important source of data (James & Jones, 2016). In the past sedimentary environments 
consisting of different sub-environments, incidents and events such as sedimentary conditions, 
sea-level changes, and diagenetic processes within sedimentary units that took place over time, 
have been recorded through deposited strata (Zarza & Tanner, 2010). These recorded changes 
could be unfolded by analyzing and examining these strata (Miall, 2010). 
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Despite the importance of the Cretaceous strata, some great basins have not been studied yet. 
Although many attempts have been made to study the Cretaceous successions of the Zagros 
Mountains, such studies in the Alborz chains are rare, especially in the transition of Central–
Eastern Alborz. Most studies (e.g. Kalanat et al., 2015, 2016) have been conducted on the 
easternmost parts of the Eastern Alborz including Kopet Dagh.   
    In this study, a representative outcrop section of the upper Cretaceous successions was 
selected from the westernmost part of the Eastern Alborz Zone, located on the border between 
Eastern and Central Alborz zones, to define the depositional settings, diagenetic evolution, and 
sequence stratigraphy (Fig. 1A–B). Age assignment is according to the nannofossil 
biostratigraphy carried out in a neighboring section (Bodaghi et al., 2013) that its offset was 
implemented based on key stratigraphic units. It was applied and integrated with sequence 
stratigraphic interpretations to provide a more reliable stratigraphic framework for comparison 
with those in the Arabian Plate on the southeastern margin of the Neo-Tethys Ocean. 
   The study area, located on the northeastern margin of the Neo-Tethys (Fig. 1C), can represent 
the depositional characteristics of the border between the Western and Eastern Alborz zones. 
Although a study has analyzed the Cretaceous carbonate successions of this area in terms of 
carbonate nannofossils (Bodaghi et al., 2013), the lack of a study of depositional environment 
and sequence stratigraphy based on sedimentological data is evident. Therefore, this study 
aimed to evaluate facies changes, interpret the depositional environment, present a depositional 
model, and apply the results to determine and interpret sedimentary sequences. 
 

 
Figure 1. A. Geographical location and access road to the study area; B. Geological map of the study 
area derived from the 1:100000 geological map of Kiasar; C. Paleogeographic reconstruction of the Late 
Cretaceous (Maastrichtian; 68 Ma). The study area is shown by yellow star 
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Geological Setting and Stratigraphy  
 
The Alborz Mountains are part of the Alpine–Himalayan Orogenic Belt in Western Asia. These 
mountains are bordered by the Caspian subducted block to the north and by the Central Iranian 
blocks to the south (Berberian, 1976). According to the geological and structural investigations 
by Stocklin (1974), the Alborz Mountains are structurally subdivided into three regions, from 
west to east, including (1) the Western Alborz zone which continues from Qazvin to the west 
of Iran, and encompasses Azarbaijan Mountains; (2) the Central Alborz zone which extends 
from Qazvin to Semnan; (3) the Eastern Alborz zone that ranges from the Semnan fault to the 
northern areas of Mashhad, and its continuation joins the western Hindu Kush in Afghanistan. 
The study area is located in the westernmost of the latter.  
    Subduction initiation (Moghadam et al., 2020; Moghadam & Stern, 2021), Neo-Tethys 
closure (Navidtalab et al., 2016, 2020), ophiolite obduction (Alavi, 2004, 2007), basement 
block reactivation (Mehrabi et al., 2015), active salt tectonic (Piryaei et al., 2010; Piryaei et al., 
2011), and vast magmatism unanimously indicate a very active tectonism in Iran during the 
Cretaceous. The Upper Cretaceous successions demonstrate very variable depositional facies 
characteristics. Seemingly, unlike the Lower Cretaceous, sedimentary basins of the Upper 
Cretaceous in Iran have been detached, and each basin was governed by individual conditions. 
In this sense, the Upper Cretaceous successions of Iran, except for Zagros and Kepet Dagh, 
have not been formally named, and have local names instead. One of the characteristics of the 
Late Cretaceous of Iran is the repetition of tectonic movements related to events comparable to 
the Subhercynian cycle. This justifies the frequent sedimentary hiatuses and erosional surfaces 
within these upper Cretaceous successions (Aghanabati, 2006).  
    The studied succession is composed mostly of cliff-forming massive rudistic limestones at 
the lower part which is known as K2

l1. It bears rare intercalations of marls near its top. The 
upper part of the succession is made of medium- to thin-bedded limestones and marl and 
marlstones intervals at the top which could be considered as K2

m1. Both K2
l1 and K2

m1 are of 
Upper Cretaceous (Jalilian et al., 1992).  
    The basal rudistic succession was not studied due to the hard access, and is overlain by Fajan 
Formation, with an erosional boundary in between. The section can be lithologically sub-
divided into two units, with the lower unit composed of thick-layered to massive rudistic 
limestones, and the upper unit is made of shales, marls, and limestone. The section under study 
is located 60 km southwest of Damghan (Figure 1), and this section with an Upper Cretaceous 
age is shown on the 1/100,000 Kiasar geological map (Fig. 1B). 
    The Upper Cretaceous strata in Eastern Alborz have been studied for their biostratigraphy 
based on calcareous nannofossil in four sections including Mojen (Bodaghi & Hadavi, 2015), 
Namazgah and Shahdar (Bodaghi & Hadavi, 2014), and Cheshmeh Gholghol (Bodaghi et al., 
2013). The latter is located in the vicinity of the here-presented section, and represents a 
calcareous nannofossil assemblage of 51 species assigned to 23 genera. They indicate CC16 to 
CC26 nannofossil biozones of Late Santonian to Late Maastrichtian age (Bodaghi et al., 2013). 
Paleoecological reconstructions prove that the Upper Cretaceous successions of interest were 
deposited under warm paleoclimatic conditions throughout lower latitudes, and in shallow 
depositional environments (Bodaghi et al., 2013).  
 
Materials and methods 
 
The studied Tuye-Darvar outcrop section is located 60 km southwest of Damghan (Figure 1), at 
the southeastern flank of the Kuh-e-Sorkh syncline (36° 02' 16" N; 53° 50' 36" E), in the vicinity 
of the Dade Hasan spring, between Darvar and Tuye villages. There, a stratigraphic succession 
covering 120 m of the Cretaceous sediments was described and sampled. In total, 126 samples 
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were collected at an average spacing of 95 cm, although in some cases spacing exceeds 1.5 m. 
The here applied working approach includes sedimentology and diagenesis studies based on field 
observations and thin-section petrography. Facies recognition is based on the integration of 
sedimentological and paleontological (macrofossils) field observations with thin-section analysis. 
For the classification of limestones, the scheme of Dunham (1962) modified by (Embry & 
Klovan, 1971) was applied. To determine microfacies associations and depositional environment, 
the standard microfacies assemblages suggested by (Flügel, 2010) were considered. 
 
Results 
 
Field observations and lithostratigraphy 
 
The studied section is composed of five main units including (Fig. 2A): (1) Massive rudistic 
limestone (SN1-2) with large rudist shells (Fig. 2B), which at its top, a thick limestone layer 
occurs with abundant, but smaller rudist shells perpendicular to the bed plane (SN3; Fig. 2C); 
(2) medium- to thick-bedded limestones with thin intercalation of easily-weathered marlstones 
as shallowing-upward cycles (Fig. 2A and D), which towards the top of this unit, the marlstone 
horizons disappear (samples 18-36), and bioturbation is observed (Fig. 2E). Again, from this 
part of the unit (SN36), marlstone-limestone cycles retrieve. In limestones (SN47-49), 
bioturbation become abundant again (Fig. 2F), and limestones show a calcareous sandy nature; 
(3) From SN50, the clay-sized argillaceous content of the strata increases to show a nearly thick 
interval of highly weathered marlstones (Unit 3 in Fig. 2A); (4) Above the marlstone unit, 
lithology changes to medium- to very thick-bedded limestones containing abundant, well-
preserved, whole-body rudists, indicating rudist boundstone similar to the top of unit 1 (Unit 4 
in Fig. 2A); (5) terrigenous materials including sand- to cobble-sized grains dominate the top 
of the section (Fig. 2G). This lithology shows the transition between marine and terrestrial 
settings that starts with sandstones. The color is red in this interval which may bear testimony 
to the continental dominance. This unit could be ascribed to the Fajan Formation (Fig. 2A).  
 
Depositional facies and facies associations 
 
The aim of facies identification is to investigate changes in the environment such as 
paleoclimate, water energy, and changes in the relative sea level (Bachmann & Hirsch, 2006). 
Here, a detailed study of the Cretaceous depositional strata based on lithology, sedimentary 
features, texture, and fossil content led to the identification of clastic petrofacies and carbonate 
microfacies (Figs. 3–5) which belong to eight facies associations as follows (Table 1). 
Terrestrial facies group  
    Conglomerate petrofacies 
 
This facies is composed of considerable terrigenous content such as coarse-grained (granule to 
pebble) quartz and lithic grains (Fig. 3A). Limestone lithics are the most frequent grains, 
nonetheless, cherts are frequently seen. The limestone lithic grains are composed of abundant 
spicules which may be of Lar Formation origin of Jurassic age. The matrix is mainly micritic 
lime, which are sparsely replaced by cements. 
 
    Sandstone petrofacies 
 
The essential constituents of this facies include limestone and chert lithics in accompaniment 
with quartz grains (Fig. 3B). 
Table 1. Main characteristics of the identified facies and facies groups in the Upper Cretaceous 
succession in the studied section 
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Facies 
code 

Facies Name Lithology 
Allochems (skeletal & 

non-skeletal) 
Structures 

and features 
Facies 
Group 

Setting 

MF1 
Conglomerate 

petrofacies 
Siliciclastic 

Carbonate lithics, chert, 
quartz 

Cross 
bedding 

FG1 Terrestrial 

MF2 
Sandstone 
petrofacies 

Siliciclastic 
Carbonate lithics, chert, 

quartz 

Lamination, 
cross 

bedding 
FG2 Terrestrial 

MF3 
Sandy pellet 

peloid 
wackestone 

Limestone Pellet, peloid, quartz - FG3 
Inner ramp 
(proximal 
lagoon) 

MF4 

Benthic 
foraminifera 
peloid pellet, 
rudist debris, 

gastropod 
pack/grainstone 

Limestone 

Benthic foraminifera, 
peloid, pellet, intraclast, 

rudist fragments, red 
algae, gastropod, quartz, 

chert 

- FG4 
Inner ramp 

(mid 
lagoon) 

MF5 

Benthic 
foraminifera, 
peloid, pellet, 

rudist wacke to 
grainstone to  
floatstone and 

boundstone 

Limestone 

Benthic foraminifera, 
small to large rudist 
fragments, stabilized 

aragonitic bivalves, red 
algae, peloid, pellet 

- FG5 
Inner ramp 

(distal 
lagoon) 

MF6 

Peloid, benthic 
foraminifera, 

bioclast 
wackestone to 

grainstone 

Limestone 

Peloid, benthic and 
planktic foraminifera, red 
and green algae, bioclast, 

echinoderm, stabilized 
aragonitic bivalves, sparse 

rudist debris, quartz 

Rounded and 
well-sorted 

grains 
FG6 

Inner ramp 
(barrier 
shoal) 

MF7 

Intraclast, 
peloid, bioclast, 

benthic and 
planktic 

foraminifera 
wacke to 
packstone 

Limestone, 
dolomitic 
limestone, 
dolomite 

Intraclast, peloid, bioclast, 
benthic and planktic 

foraminifera, sparse green 
algae, echinoderms, small 
and rare rudist debris, and 
thin shelled bivalve, silt-

sized quartz 

Simultaneous 
occurrence 
of planktic 
and benthic 
foraminifera 

FG7 Mid ramp 

MF8 

Bioturbated 
foraminifera, 

spicule, 
radiolarian, 
mudstone 

Limestone, 
dolomitic 
limestone, 
dolomite 

Sponge spicule, benthic 
and planktic foraminifera, 

radiolaria, winnowed 
quartz 

Bioturbation, 
Grain 

grading 
FG8 

Outer 
ramp 

MF9 

Silty/sandy, 
intraclast, 
bioclast 

wackestone 
(calciturbidite) 

Limestone, 
dolomitic 
limestone, 
dolomite 

Intraclast, bioclast, 
sponge spicule, benthic 

and planktic foraminifera, 
radiolaria, winnowed 

quartz 

Grain 
grading 

FG8 
Outer 
ramp 

MF10 

Spicule, 
radiolarian, 

peloid mud to 
packstone 

Limestone, 
dolomitic 
limestone, 
dolomite 

Radiolaria, sponge 
spicule, peloid, winnowed 

quartz 
Bioturbation FG9 Basin 
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Figure 2. Field photographs of the studied section: A. the studied section of the Upper Cretaceous 
successions showing sequence stratigraphic elements, overlain by the conglomeratic Fajan Formation. 
Yellow triangles show some shallowing upward cycles; B. Massive limestones of Unit 1 containing 
large-sized rudist shells; C. Thick-bedded rudist boundstone at the top of Unit 1; D. Couplets of 
marlstone-limestone showing shallowing upward cycles; E-F. Abundant bioturbation in limestones; G. 
Sandstones and conglomerates of the transition between the Upper Cretaceous successions and the Fajan 
Formation 
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Figure 3. The microfacies identified in the studied thin-sections: A. Conglomerate with carbonate 
lithics; B. Fine sized Sandstone; C. Sandy Pellet Peloid Wacke/packstone; D–E. Pellet Gastropod 
Packstone; F–G. Rudist Boundstone; H. Rudist Rudstone facies 
 
    Non-skeletal calcareous components such as peloids and skeletal fragment such as 
echinoderms are rarely observed. The grain size ranges between medium to coarse sand, but 
with some granule sized grains. The matrix is mainly lime which in rare cases are replaced by 
calcite cements.  
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Environmental interpretation: the abundance of quartz and chert grains, and the mixing of 
these particles with some rare skeletal fragments and their predominantly red color ascribes this 
petrofacies to the terrestrial which sometimes was affected by marine processes. These 
petrofacies are observed on the top of the studied section, and are attributed to the Fajan 
conglomeratic Formation. They show the transition from marine to terrestrial environment at 
the time of deposition.  
 
Inner ramp facies group 
 
   Proximal lagoon 
 
It includes Sandy Pellet Peloid Wackestone containing considerable angular quartz grains (Fig. 
3C). The quartz grains are silt to medium sand sized and compose more than 45% of the facies. 
After conglomerates, this facies contains the highest amount of terrigenous content. Abundant 
terrigenous content shows the proximity of this facies to the terrestrial setting, and the input of 
quarts grains during the deposition of this facies. 
 
   Mid lagoon 
 
Facies of this sub-setting include Benthic Foraminifera Peloid Pellet Pack/Grainstone, Benthic 
Foraminifera Peloid Pellet Rudist debris Pack/Grainstone, and Pellet Gastropod Packstone (Fig. 
3D–E). The two former facies contain benthic foraminifera, peloid, sparse intraclasts, and 
sparse, small to large sized rudist debris. Pellet and red algae are other components of these 
facies. Rare and sparse silt sized angular quartz, and sometimes cherts, are the terrigenous 
content. Pellet Gastropod Packstone consists of large gastropods along with pellets, peloid, and 
benthic foraminifera. Terrigenous grains mostly include sand to granule sized quartz, chert, and 
limestone lithics.   
 
   Distal lagoon 
 
Benthic Foraminifera Peloid Pellet Rudist Pack/Grainstone, Rudist Floatstone, Rudist 
Boundstone (Fig. 2C and 3F–H), and Rudist Wackestone facies are the most important facies 
of this sub-setting. The difference between the former facies and similar facies of proximal 
lagoon is the abundance and larger rudist debris. Rudist Boundstone and associated wackestone 
and rudstone facies are the most prominent facies of the distal lagoon. In the field, the rudists 
are perpendicular to the bed plane, so it seems more appropriate to consider them as boundstone 
facies. Other components include benthic foraminifera, red algae, scattered aragonitic bivalves 
and gastropods, peloids, and pellets. Most of the subordinate components are as fillings in pores 
of rudist shells. Rudistic facies, mainly boundstones, are observed at the top and base of the 
section.  
 
   Barrier shoal 
 
Peloid Grain/Packstone, Peloid Benthic Foraminifera Pack/Grainstone, Bioclast Grainstone, 
Foraminifera Peloid Pack/Grainstone, and Bioclast Foraminifera Wackestone are the most 
frequent facies of this setting. The skeletal fragments of the facies include mostly benthic 
foraminifera, echinoderm, bivalves, red algae, sparse rudist debris, and in rare cases, planktic 
foraminifera and green algae. Peloid is the main non-skeletal component of these facie (Fig. 
4A). Micritization of allochems is frequent. The grains are mostly rounded, showing high 
energy environment with continuous movements. Dissolution and cementation are pervasively 
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observed in these facies. Very fine, angular, silt sized, quartz grains are also sparsely distributed 
in these facies. 
 

 
Figure 4. photomicrographs of different facies: A. Peloid Benthic Foraminifera Pack/Grainstone; B. 
Bioclast Foraminifera (benthic and planktic) Wacke/packstone; C. Planktic Foraminifera Mudstone; D. 
Spicule Silty/Sandy Mudstone (graded turbidities); E–F. Spicule Mudstone showing siliceous spicule 
with central canal, G. Radiolarian Mudstone, H. Bioturbated Radiolarian Mudstone 
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Environmental interpretation: The described microfacies are mostly attributed to the inner-
ramp setting (Tucker, 2001; van Buchem et al., 2006; Flügel, 2010; Enayati-Bidgoli & 
Navidtalab, 2020). The co-occurrence of organisms such as red algae, gastropods, and rudists 
along with pellets shows restricted waters with higher salinity of lagoonal setting for these 
facies. Lagoon facies are typically placed between the terrestrial petrofacies and the barrier 
facies in a vertical sedimentary sequence (Lasemi, 2012). This facies group includes carbonate 
facies formed in different parts of the lagoon which is divided into the proximal, mid, and distal 
lagoon (van Buchem et al., 2006). The abundance of benthic foraminifera (such as miliolids), 
gastropod, and micrite (wackestone and mudstone facies) indicate the relatively low energy 
conditions and depositional environment of the lagoon (Bebout et al., 1981). Packstone and 
grainstone facies are also formed in more energetic conditions, such as the back-shoal setting 
located in lagoon. 
    Rudist bioherms are mostly found in distal lagoon as small buildups which also produce 
debris to form rudist debris facies of reef talus (Steuber, 1994, 2000, 2002). Reefs are often 
placed between units with different lithological characteristics and are thicker than carbonates 
of the same age (Feiznia, 1998). However, the studied rudist boundstones form medium- to 
very thick-layered horizons.   
 
Mid ramp facies group 
 
Bioclast Intraclast Wacke/Packstone, Bioclast Foraminifera Wacke/packstone, and Peloid 
Foraminifera Wacke/packstone (Fig. 4B) are the main microfacies. The most characteristic 
feature of these facies is the simultaneous occurrence of planktic and benthic foraminifera. The 
variable factor in these facies group is the frequency of planktic versus benthic foraminifera. 
Other components include rare to abundant peloid, sparse green algae, echinoderms, small and 
rare rudist debris, and thin shelled bivalve. The terrigenous components enclose angular, fine, 
silt sized quartz with variable abundances. However, it abundance barely exceed 10%.  
Environmental interpretation: co-occurrence of open marine fauna such as planktic 
foraminifera, green algae, and echinoderms show nearly well circulated marine waters which 
mostly show the mid ramp setting (Flügel, 2010). Winnowed silts also corroborates the distance 
from marginal setting such as inner ramp.    
 
Outer ramp facies group 
 
Bioturbated Foraminifera Radiolarian Mudstone, Radiolarian Foraminifera Mudstone, Planktic 
Foraminifera Mudstone (Fig. 4C), Intraclast Bioclast Wackestone (calciturbidite), Bioturbated 
Mudstone, Silty Bioturbated Mudstone, Spicule Bioturbated Mudstone, and Spicule 
Silty/Sandy Mudstone (graded turbidities; Fig. 4D–F) are the microfacies distinguished for 
outer ramp in the studied section. Facies of this setting are mostly mudstones. Radiolarians are 
very rare. Spicules are also sparsely distributed, but they are more common than radiolarians. 
Winnowed, angular fine silt to fine sand sized quartz grains are commonly observed, especially 
in turbidities. Turbidities are very well graded.  
Environmental interpretation: Turbidities are always observed between mid ramp and outer 
ramp facies in the studied section and indicate a probable break in the platform. They are 
considered as the end of mid ramp or onset of outer ramp settings in distally steepened ramp 
models (Flügel, 2010). Pervasive bioturbation in the mudstone facies of this setting may 
indicate low sedimentation rates due to a deeper setting and distance from the platform margin. 
The presence of sponge spicules and radiolarians as the main allochems also corroborate the 
deeper nature of these facies.  
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Figure 1. Stratigraphic column, microfacies distribution, sedimentary settings, relative sea level changes 
and sequence stratigraphy of the studied section 
 
Basin facies group 
 
Radiolarian Peloid Packstone, Radiolarian Bioturbated Mudstone (Fig. 4G–H), Spicule 
Bioturbated Radiolarian Mudstone, and Radiolarian Spicule Mudstone compose the basin 
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setting. The most important feature is the privilege of radiolarians. Although they are not 
abundant, they appear as the most important allochems in these facies. Winnowed, angular, 
fine, silt sized quartz is observed occasionally. In some samples, bioturbation is pervasive. 
Another component that could be found in some limited samples is peloid.  
 
Environmental interpretation: Among the observed allochems in the studied samples, 
radiolarians are from the deepest setting (van Buchem et al., 2006). However, the rarity of these 
fauna in the samples may be related to the either lacking nutrients or input of winnowed silt-
sized quartz and other terrigenous materials. Nonetheless, facies containing these fauna belong 
to the deepest setting which could be proved by field observation and co-occurrence of outer 
and mid ramp facies. These facies are observed in the middle to near top of the section where 
bioturbated medium- to thin-layered strata are interbedded with thin marls (unit 3 in Fig. 2).  
 
Diagenesis 
 
Diagenesis includes physical and chemical processes that modify the characteristics of 
sediments during deposition and after deposition (Morad et al., 2013). Diagenesis can cause the 
loss of primary sedimentary features, but can leave valuable information about the history of 
the post-depositional environment, pore water composition and temperature, and the tectonic 
evolution of an area (Scholle & Scholle, 2006). Climate, tectonics, sea-level changes, 
topography, hydrology, the primary composition of sediments, grain size, type of interparticle 
fluids, temperature, and pressure are the most important controlling factors of diagenesis (Miller 
et al., 2012; Nascimento et al., 2019; Wu et al., 2019; Baques et al., 2020). The most important 
diagenetic processes that were identified in the studied sequences are as follows: 
 
Micritization: 
 
In some thin-sections, micritization around skeletal grains is well developed (Fig. 6A). This 
process occurs in the early stages of diagenesis, simultaneous with the sedimentation of 
particles and under conditions of slow sedimentation rate (Khalifa et al., 2014; Gharechelou et 
al., 2020), and is characteristic of marine diagenetic environments (Sahraeyan et al., 2013). 
 
Bioturbation 
 
This process has been observed in some thin-sections, however, in the field, it is pervasive in 
some intervals (Fig. 2E–F; Fig. 4H; Fig. 6B). Bioturbation and excavation present the biological 
and depositional conditions as valuable indicators of simultaneous changes with sedimentation 
and diagenesis. Bioturbation occur pervasively in settings where oxygen and feeding are 
sufficient in the existing interparticle spaces, and the sedimentation rate is low.  
 
Cementation 
 
   Blocky cement 
 
This cement filled the open space between the grains and the cavities in the studied deposits 
with coarse crystals (Fig. 6C). This type is usually found in meteoric diagenesis environments 
(vadose or phreatic), burial environments, and rarely in marine reefs and hardgrounds (Flügel, 
2010). It is considered as second- and third-generation cement, and its expansion indicates the 
low ratio of Mg/Ca in their constituent fluids (Purser, 1978).  
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Figure 2. Diagenetic processes identified in the studied section: A. Micritization; B. Bioturbation; C. 
Blocky cement; D. Equant cement; E. Drusy cement; F. Physical compaction 
 
   Equant cement 
 
In the studied samples, this cement is observed as filling in the space between allochems and 
fractures (Fig. 6D). This type of cement is more abundant than other cement types, and is 
usually formed in meteoric diagenesis (Okubo et al., 2015).  
 
   Drusy cement 
 
This cement is the most frequent type identified in the studied samples, filling most cavities 
(Fig. 6E). It is formed as cavity filling in the interparticle space and within the skeletal pores, 
in mold cavities resulting from dissolution, and along the fractures, with the crystal 
characteristics of equidimensional to elongated, and euhedral to subhedral crystals (Flügel, 
2010).  
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Compaction 
 
Both physical and chemical compactions are observed in the studied samples. Physical 
compaction usually begins after deposition and causes compaction of sediments (Fig. 6F), loss 
of interparticle water, tighter grain arrangement, and reduced porosity (Ehrenberg et al., 2002). 
Chemical compression is also visible in dissolution veins and various stylolites in many facies 
(Fig. 7A), and also in the field (Fig. 2E). Chemical compaction may be the source of calcium 
carbonate for the formation of burial cements (Okazaki et al., 2014). 
 
Geopetal fabric 
 
In the studied thin-sections, geopetal fabric was mostly seen inside gastropod shells (Fig. 7B). 
Geopetal fabric is a good indicator for determining the layers top. These structures record the 
horizontal surface at the deposition time and, in some cases, show the initial slope (Tucker & 
Wright, 1990).  
 

 
Figure 3 Diagenesis processes identified in the studied section: A. Chemical compaction; B. Geoptal 
fabric; C. Dolomitization; D. Fracture and filling of veins; E. Iron staining; F. Pyritization 
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Dolomitization 
 
In this process, limestone or previous sediments are entirely or partially transformed into 
dolomite because of the replacement of primary calcium carbonate by magnesium carbonate 
under the influence of magnesium-containing waters. Dolomite can precipitate from waters 
with different chemical compositions in most stages of diagenesis, i.e. immediately after 
deposition to deep burial (Hood et al., 2004; Fantle et al., 2020). Dolomitization in the studied 
thin-sections is the secondary type as coarse and rhomboidal crystals (Fig. 7C). Seemingly, in 
the studied samples, dolomites are mostly associated with solution seems or stylolites (Enayati-
Bidgoli & Navidtalab, 2020).  
 
Fracture and vein filling 
 
In the studied samples, both in the field (Fig. 2E) and in thin-sections (Fig. 7D), calcite-filled 
fractures are evident. Tectonic activities cause rock fractures during the final stage of diagenesis 
and when sediments rise (Tucker, 2003). Propagation of fractures is a function of factors such 
as lithological characteristics, grain size, layer thickness, and stratigraphic features such as 
facies, sedimentary cycles, and diagenesis (Cooke et al., 2006). 
 
Iron staining 
 
In the studied samples, hematite staining is clearly observed (Fig. 7E). Hematite staining is 
mostly present in sedimentary facies of tidal flat, lagoon, and shoal environments (Sardar & 
Tamar-Agha, 2017). The presence of hematite in these samples can be considered a sign of oxic 
conditions during the deposition of sediments. However, in many cases in the studied section, 
iron staining is associated with stylolithization.  
 
Pyritization 
 
In the studied sections, pyrite is mainly present between particles in a euhedral form and the 
space resulting from the dissolution of shells or after the formation of iron-calcite types of 
cements in a concretionary form (Fig. 7F). Therefore, they are likely due to stylolithization. 
Pyrite usually precipitates in sediments rich in organic matter. This mineral is included in the 
initial stage of diagenesis and from the reaction of sulfide (resulting from sulfate reduction) 
with iron (Taylor & Macquaker, 2000). Fine euhedral pyrite crystals are a common form of 
pyrite formed during the initial diagenesis stage (Passier et al., 1997). Coleman and Raiswell 
(1995) believe that euhedral pyrite can be formed during burial. In addition, concretionary 
pyrites were included due to settling after developing iron-calcite cement, probably in the 
environments of the final stages of burial. 
 
Discussion 
 
Conceptual depositional model 
 
The depositional model of the basin can be reconstructed by comparing the facies associations 
with the standard types (e.g. Flügel, 2010). Basically, most of the depositional models are 
assumed to be rimmed platforms and ramps. In the studied section, the gradual facies transition 
and the absence of large reef-forming organisms at the edge of the platform may reject the shelf 
type platform. Therefore, a homoclinal or distally steepened ramp better suits the studied 
interval (Burchette & Wright, 1992). Although homoclinal and distally steepened ramps 
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encompass tidal flat, lagoonal, and oolitic and bioclastic barrier shoal facies, they indicate 
differences in deeper water and basinal deposits (Flügel, 2010). Deeper water facies of 
homoclinal ramps include fossiliferous wackestones to lime mudstones and marls with diverse 
biota of open marine. Deeper water facies of distally steepened ramps indicate similar facies 
but may have breccias and turbidites on the transition of the ramp to basin (Burchette & Wright, 
1992; Flügel, 2010). In the studied section, turbidites with grain grading appear on the transition 
between mid and outer ramp settings and suggest a distally steepened ramp type with a break 
at the onset of outer ramp (Fig. 8) (Read, 1985; Flügel, 2010).  
    In ramps, extensive continuous reefal margins are absent (Read, 1985; Pomar et al., 2001). A 
total of eight sedimentary settings were identified through the facies sequence of the Upper 
Cretaceous sedimentary rocks according to the energy of the environment, the frequency of 
constituents, and the skeletal and non-skeletal ingredients. The sub-environments include terrestrial, 
proximal lagoon, mid lagoon, distal lagoon (rudistic bioherm), shoal complexes, mid ramp, outer 
ramp, and basin. In these facies, there are mostly winnowed quartz silts. Invasion of terrigenous 
sands and conglomerates in the shallow edge of the sedimentary environment imprinted the tidal 
flat. Therefore, facies of this setting could not be distinguished in the studied section. 
    The rudist buildups facies consists of boundstones with a large amount of in-situ rudists. 
Rudists build reefal structures mostly throughout lagoon, on the proximal and distal lagoon 
margins (Burchette & Wright, 1992; Steuber, 1994, 2000, 2002; Flügel, 2010; van Buchem et 
al., 2011). The lagoon environment includes carbonate facies with mudstone, wackestone, 
packstone, and grainstone textures. These facies were deposited in different parts of the lagoon 
depending on the energy level. Lagoon has low energy and limited water circulation. The shoal 
complex setting includes packstone to grainstone textures. In this setting, with the increase of 
energy, the micrite content decreases and the sparite calcite increases. Shoal facies associations 
separate the open marine facies from the lagoon facies, hence, open marine and lagoon 
organisms are found in these facies. The mid ramp setting includes wackestone to packstone 
textures, containing a lot of common open marine organisms, and pelagic fauna such as planktic 
foraminifera. The outer ramp setting consists mostly of mud/wackestone textures with frequent 
spicules of siliceous sponge that indicate deeper part of the marine. The basin setting is 
characterized by radiolarian mudstone which are mainly bioturbated. Although previous studies 
suggested a shallow environment for the upper Cretaceous strata based on nannofossil 
assemblages in neighboring sections (Bodaghi et al., 2013; Bodaghi & Hadavi, 2014, 2015), 
our findings suggest a rather deeper depositional environment for these strata. This difference 
may arise from the location of the study. Our section was selected near the edge of Alborz and 
Central Iran subdivisions and may represent the deeper parts of the platform.  
 

 
Figure 4 Schematic illustration of the depositional model based on the upper Cretaceous succession in 
the studied section 
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Paragenetic sequence 
 
The paragenetic sequence of carbonate rocks can be followed in the initial (eogenesis), 
intermediate (mesogenesis), and final (telogenesis) stages (Choquette & Pray, 1970). The 
paragenetic sequence indicates the relative occurrence time of diagenetic processes. The 
processes include physical and chemical changes during three marine, shallow and deep burial, 
and uplift stages.  
A. Primary diagenesis stage (eogenesis) 
The most important diagenetic processes of this stage include boring, micritization, physical 
compaction, calcite cement precipitation, primary pyritization, and iron-staining (Fig. 9). These 
processes evidence that the deposits in the studied area have been influenced by marine waters 
in the first stage. During the early stage of sedimentation in the bottom of the environment 
under marine phreatic conditions, some allochems were micritized through the biological 
activity of microorganisms under low energy conditions (Sahraeyan et al., 2013). 
B. Middle diagenesis stage (mesogenesis) 
The diagenetic processes of this stage occurred during the burial of sediments and increased 
pressure and temperature, including neomorphism, physical and chemical compaction, 
dissolution, silicification, dolomitization, blocky calcite cement precipitation, and a part of 
pyritization (Enayati-Bidgoli & Navidtalab, 2020). 
C. Final diagenesis stage (telogenesis) 
This stage was formed due to the uplift of limestones. Vein calcite cements, fractures, part of 
dissolution, and iron staining processes in limestone, mainly occurred through this stage 
(Enayati-Bidgoli & Navidtalab, 2020). 
    The diagenetic products indicate that the studied deposits experienced syn- and pos-
depositional diagenesis via marine diagenetic processes during and a little after sedimentation. 
These diagenetic products were produced by both marine organisms and waters. Immediately 
after deposition and during early stage of diagenesis in marine realm, the sediments were 
affected by meteoric waters that led to dissolution and also cementation of the allochems altered 
by marine diagenesis. The siliciclastic sediments transported by stream waters denotes 
pervasive presence of meteoric waters on the nearby territories. Other diagenetic products such 
as chemical compaction cutting the meteoric diagenetic products notify the occurrence of burial 
diagenesis after meteoric.  
 

 
Figure 5 Paragenetic sequence of the Upper Cretaceous deposits in the studied section 
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    Calcite-filled fractures cut the stylolites and other burial diagenetic products which bear 
testimony to the diagenetic processes occurring after burial, i.e. telogenesis. Some vein calcite 
dissolution and vugs also indicate these features as products of telogenesis stage.     
 
Sequence stratigraphy 
 
Combining petrographic and field investigations, vertical and lateral changes in facies, and the 
position of facies in the depositional environment can lead to interpret sequence stratigraphy 
(Sarg et al., 1988; Van Wagoner et al., 1988; Haq, 1991; Lehman et al., 2000; Ehrenberg et al., 
2007). Sea-level fluctuations during the Cretaceous period in different regions around the world 
can be inferred from successions deposited in this time-span, which indicate the numerous sea-
level rises (Haq, 2014). The paleogeographic location of the studied area was in the Alborz 
structural zone with severe tectonic activities. Therefore, it is difficult to know the sedimentary 
history in this area compared to the neighboring regions (Aghanabati, 2009).  
    Here, terminology and interpretation of sequence stratigraphic scheme follows the simple 
model Transgressive–Regressive (T–R) of Embry (1993) and Embry (1995). The Cretaceous 
sedimentary record of the Middle East is divided into three super-sequences (Thamama, Wasia, 
and Aruma) according to the occurrence of two major disconformities around upper Aptian and 
upper Turonian (Christian, 1997; Sharland et al., 2001). According to nannofossil studies in 
neighboring sections, the studied succession is ascribed to upper Campanian–Maastrichtian 
based on nannofossil zones of CC22 to CC26 ( Bodaghi et al., 2013; Bodaghi & Hadavi, 2014, 
2015). This interval equals to the top of the upper Cretaceous Megasequence AP9 of the 
Arabian Plate (Sharland et al., 2001). In the Studied succession, one 3rd-order (Sequence AM: 
Alborz Maastrichtian) sequence was distinguished based on facies variations and field 
observations (Fig. 4). The TST (transgressive systems tract) of the sequence AM starts from a 
sequence boundary occurring on the rudistic massive limestone which forms the HST 
(highstand systems tract) of the below-laying sequence (Fig. 2A). The TST starts with lagoonal 
facies and continues to basinal facies to SN90 around 87 m of the section. The top of the rather 
long interval of outer ramp/ basinal facies is considered as MFS of this sequence which equals 
MFS (maximum flooding surface) K180 of the middle Maastrichtian (~68 Ma) age of the 
Arabian Plate. Over this MFS, from SN90, the environment starts shallowing which is reflected 
in intermittent occurrence of the mid and inner ramp facies that indicate a gradual shallowing 
upward. Overlaying, the stratigraphic boundary between the studied successions and the Fajan 
Formation is expressed through a disconformity with sandstones, sandy limestones and iron 
oxide staining which is considered as sequence boundary type I. This disconformity is in 
complete concordance with the age and pervasiveness of the upper sequence boundary of AP9 
around KPg (~63 Ma). The overlaying formation is conglomeratic Fajan which in parts, its 
grains size reaches to boulder.  
    The distinguished sequence AM of the Alborz fits well with the Arabian Plate, and suggests 
a potential for establishing a framework for the Alborz similar to Zagros and Arabian Plate. 
However, producing reliable ages and extensive studies are needed to establish a 
comprehensive sequence stratigraphic framework for the Alborz.  
 
Conclusions 
 
The 120-meter-thick Tuye-Darvar stratigraphic section of the Santonian-Maastrichtian age was 
studied to reconstruct depositional environment, diagenetic history, and sequence stratigraphy.  
    Petrographic thin-section inspections led to recognition of a carbonate distally steepened 
ramp for the studied succession based on the identified microfacies associations of terrestrial, 
inner ramp (proximal to distal lagoon and shoal), mid ramp, outer ramp, and basin settings.  
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    Detailed examination of diagenetic products in microscopic thin-section studies indicates 
that these rocks have been affected by various diagenetic processes. During eogenesis in marine 
environment, micritization, bioturbation, and physical compaction occurred. Through meteoric 
diagenesis, blocky, druzy, and isopachous types of calcite cements formed. During 
mesogenesis, physical and chemical compaction, dissolution, silicification, dolomitization, 
blocky calcite cement precipitation, and a part of pyritization were left as products of burial 
phase. Finally, in telogenesis, at the uplift stage, vein calcite cements, fractures, partial 
dissolution, and iron staining processes in limestone were recorded.  
    Sequence stratigraphic analysis led to identification of one 3rd-order depositional sequence. 
The maximum flooding surface of this sequence is equivalent to MFS K180 of the middle 
Maastrichtian (~68 Ma) age of the Arabian Plate. The top sequence boundary of this sequence, 
which is expressed as a disconformity between the studied succession and the Fajan Formation, 
correlates with the upper sequence boundary of megasequence AP9 around KPg (~63 Ma).  
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