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Abstract

One hundred and forty-four sections of shallow-water carbonates, deposited between the Paleocene and

the Miocene, from the Levant to the Himalaya, have been investigated to analyze the distribution of 

carbonate facies and carbonate producing organisms. Large benthic foraminifera resulted the 

volumetrically most important group of carbonate producers during the whole period, with a peak in 

abundance during the Eocene. Colonial corals are relatively abundant during the Paleocene and in the 

Miocene, their abundance peak during the Oligocene and has a minimum during the Eocene. Red 

calcareous algae have a similar pattern although their peak in abundance covers both the Oligocene and

the Miocene. Green calcareous algae decrease from the Paleocene onward. Facies related to very 

shallow and/or restricted marine conditions peak during the Miocene and in particular during the 

Aquitanian. Both the pattern of large benthic foraminifera and of colonial corals seems to be related to 

temperatures, with warm periods favoring the former and cool periods the latter. Red calcareous algae 

display a pattern similar to that of colonial corals suggesting that the periods favorable for one group, 

on the large scale, are also favorable for the other. The progressive decrease of green calcareous algae 

could be tentatively related to a preservation bias connected to the transition from Paleogene 

assemblages that included presumably calcitic taxa of green algae and Neogene assemblages entirely 

constituted by aragonitic taxa with limited preservation potential. The Aquitanian peak in facies related 

to very shallow and/or restricted marine conditions is most likely connected to the progressive 

narrowing of the Tethys related to the collision between Arabia and Eurasia. These results denote an 

overall agreement between the abundance of the various types of shallow-water carbonate facies and 

large-scale environmental and geological processes, highlighting the potential for paleoenvironmental 

reconstruction locked in the shallow-water record.

Keywords: Reefs, corals, calcareous algae, large benthic foraminifera, Asmari Formation, Qom 

Formation.



1. Introduction

Earth’s biosphere is the result of a complex and ever-changing balance. Biomes can migrate 

geographically, expand, recede or disappear entirely with new ones arising to take their place. These 

shifts in environments and their inhabitants have been recorded in the fossil record. However, while 

many biomes leave limited trace of their existence, others, like tropical carbonate factories, produce 

massive sedimentary successions that testify on their evolution trough time. Carbonate factories 

represent both the space where biological carbonate sediments are produced and the associations of 

carbonate producing organisms (Tucker and Wright, 1990; Wright and Burchette, 1996; Schlager, 

2003). Since a sizable share of benthic organisms inhabiting the biomes of the carbonate factories (e.g.,

corals, mollusks, calcareous algae, foraminifera) possess a mineralized skeleton, generally either 

calcite, aragonite or a combination of both, their remains have an high preservation potential and can 

accumulate in rock-forming quantities. Thanks to this massive and widespread fossil record it is 

possible to use carbonate factories as a proxy for studying the changes in the climate of the planet 

through time (e.g., Halfar and Mutti, 2005; Bosellini and Perrin, 2008; Wilson, 2008; Perrin and 

Bosellini, 2012; Perrin and Kiessling, 2012; Pomar et al., 2017). Carbonate factories distribution and 

their paleoenvironmental implications have been extensively reviewed at both regional and global scale

(e.g. Kiessling et al., 1999; Kiessling et al., 2002; Halfar and Mutti, 2005; Nebelsick et al., 2005; 

Johnson et al., 2008; Pomar et al. 2017). However, these studies often encounter two main limitations. 

The first is the lack of quantitative data, which significantly hinders any large-scale analysis and 

accurate comparison of sedimentary successions. The second limitation relates to the geographic 

distribution of case studies, with the overwhelmingly majority of well-studied carbonate successions 

being located in the European area for historical reasons.

Here we strive to try to overcome both of these limitations by compiling a database that 

summarizes the distribution of Cenozoic carbonate facies of the Southwestern and Western Central 



Asia. With this database, we aim to reconstruct the large-scale patterns and discuss their 

paleoenvironmental implications. This vast region of the world is characterized by extensive carbonate 

successions deposited during the Cenozoic in the shallow water of the Tethys. The presence of large 

hydrocarbon reservoirs in these successions (especially in Iran; Perry and Choquette, 1985; 

Amirshankarami et al., 2007; Coletti et al., 2017) provides us with a trove of information scattered in 

individual publications which have not been considered in a larger framework. These papers provide a 

sizable and invaluable dataset for the investigation of the distribution of carbonate factories and 

carbonate producers, and to better grasp the global evolution of shelfal biomes during the Cenozoic.

2. Geological context

The region referred to here as the Southwestern and Western Central Asia consists of 

landmasses mostly located south of the suture line between the African-Arabian and Indian plates and 

the Eurasian plate (Fig. 1). During the Paleocene to early Miocene, this area was occupied by part of 

the Tethys, the ocean that separated the African, Arabian and Indian landmasses (Gondwanian derived 

fragments) in the South from the Eurasia in the North (Fig. 1). During the entirety of the investigated 

period (Paleocene – Miocene) the Tethys was mainly located at tropical latitudes (Rögl, 1999; Dercourt

et a., 2000; Scotese, 2014a, b). This, combined with an overall warm climate punctuated by extremely 

warm spikes during the early Paleogene (Zachos et al., 2001; Barnet et al., 2019; Miller et al., 2020), 

favored the deposition along Tethys’ shelves of shallow-water carbonates (and, at times, evaporites) 

through most of the investigated time-interval. These carbonates formed in a wide variety of 

environments, ranging from open shelves to restricted embayments and from nutrient-rich to 

oligotrophic settings, providing a comprehensive overview of the various types of carbonate factories 

of the Cenozoic.

The northward movement of the African, Arabian and Indian landmasses caused the progressive

closure of the Tethys (Robertson et al., 2012; Garzanti et al., 2016; Hu et al., 2016). The initial collision



between the Indian and Eurasian plate took place around 60-61 Ma (Hu et al., 2016; An et al., 2021), 

leading to the end of marine sedimentation in Tibet and in the Indus Basin (i.e. the western part of the 

study area) during the Eocene (Blondeau et al., 1986; Afzal et al., 2009, 2010; Ahmad et al. 2016) (Fig. 

1). The collision between the Arabian and Eurasian plates probability initiated during the latest Eocene 

– early Oligocene and was entirely completed before ca. 14 Ma (middle Miocene) (Ballato et al., 2010; 

Agard et al., 2011; Cornacchia et al., 2018; Bialik et al., 2019; GholamiZadeh et al., 2021), leading to 

the end of marine sedimentation in most of the Mesopotamian and Iranian regions (i.e., the central part 

of the study area) during the Miocene (Ziegler, 2001; Al-Juboury and McCann, 2008; Mossadegh et al.,

2009; Reuter et al., 2009; Mohammadi et al., 2013; Sissakian, 2013; Ameen-Lawa and Ghafur, 2015; 

Sadooni and Alsharhan, 2019) (Fig. 1). The Arabian and Levant regions (i.e., the eastern and central 

part of the study area), during the late Eocene - Oligocene, were also affected by a regional uplift 

testified by large hiatuses (Alsharhan and Nairn, 1995; Whittle et a., 1995; Buchbinder et al., 2005; Al-

Juboury and McCann, 2008; Agard et al., 2011; Avni et al., 2012; Farouk et al., 2013; Bernecker, 2014; 

Coletti et al., 2019; Sadooni and Alsharhan, 2019). This event has been related to the development of 

the Afar Dome and the opening of the Red Sea (Ziegler, 2001; Avni et al., 2012; Bernecker, 2014). 

Both geodynamic processes progressively effected the marine environments of the Tethys that are now 

exposed as outcrops in this vast area running from western Tibet to the southeastern Mediterranean. 

3. Material and methods

In order to prepare the database, the main online repositories (Google Scholar; Scopus) were 

searched for papers dealing with the Cenozoic carbonate successions of Egypt, Cyprus, Israel, Jordan, 

Saudi Arabia, United Arab Emirates (UAE), Yemen, Oman, Iraq, Iran, Pakistan, India, Nepal and China

(Tibet). To be included into the database a paper needed to fulfill the following requirements: 1) a 

lithostratigraphic description of a section completed with a lithostratigraphic column; 2) facies 

descriptions, including a qualitative or quantitative assessment of the main carbonate producers; 3) 



information on facies distribution within the investigated section; 4) microphotographs of the 

recognized facies suitable for double checking facies descriptions; 5) a biostratigraphic or 

chronostratigraphic framework; 6) a reasonably accurate location of the investigated section. 

The facies described in the selected papers were analyzed based on the abundance of the 

following categories of carbonate grains: free-living larger benthic foraminifera (LBF), encrusting 

benthic foraminifera (EBF), smaller benthic foraminifera (SBF), red calcareous algae (RCA), green 

calcareous algae (GCA), colonial corals (CC), mollusks, echinoderms, bryozoans, ostracods, microbial 

crusts, ooids, peloids and carbonate mud. Each facies was reclassified based on its dominant 

component (e.g. RCA dominated), or on its codominant components (e.g. RCA & LBF dominated).  

Facies dominated by terrigenous grains, pelagic material or evaporites, where excluded from the 

analysis.

Each section included into the database was subdivided into fractions at epoch level (e.g. 

Eocene, Oligocene) and, wherever possible, at stage level (e.g., Ypresian, Lutetian). Within each 

fraction of a section the abundance of each recognized facies was calculated based on how many 

meters of the fraction are characterized by the facies (e.g., a 40 m fraction of section, deposited during 

the Ypresian, consists of 20 m of LBF dominated packstone and of 20 m of ooids dominated 

grainstone, thus the fraction consists of 50% of LBF dominated facies and 50% of ooids dominated 

facies). The raw data are available as supplementary material (Supplementary Table 1).

The data have been grouped based on two different approaches: section average and formation 

average. With the section average approach, the averages are calculated as the average of each fraction 

belonging to the same time slice (e.g., the average of all Miocene-aged fractions of sections; the 

average of all Burdigalian-aged fractions of sections). With the formation average approach, the 

averages of all the fractions of sections belonging to the same formation and the same time slice are 

calculated and then a general average is provided.



This analysis can be affected by two main biases, the first related to the reliability of the original

information and the second related to the geographic distribution of the sections included into the 

database. The former bias has been partially countered by cross checking both facies descriptions and 

biostratigraphic information and focusing only on those elements of the facies that were 1) described as

dominant and 2) appeared as dominant also in the microphotographs included in the source material. 

The geographic distribution of the sections is strongly related to the geological setting. While 

Paleocene and Eocene sections are more or less evenly distributed into the study area, Oligocene and 

Miocene sections mainly occur in the Iraq-Iran area (Fig. 1A). This is mainly related to the progressive 

closure of the Tethys due to the collision of the Indian and African-Arabian plates with Eurasia, which 

results in the lack of shallow-water carbonate successions in several regions during the Oligocene-

Miocene (e.g., Tibet). This geographical bias has been partially countered by proposing both a section-

average and a formation-average for each time interval. The section-average approach clearly indicates 

the average volume of a certain facies among the investigated carbonate successions. This approach 

provides quantitative data but can over-represents certain areas where there are more investigated 

outcrops per square kilometer (e.g., the Asmari and Qom formations of Iran during the Oligo-Miocene 

interval). The formation average approach partially solves this problem by averaging the data from 

each formation, thus reducing the overrepresentation of certain areas. Neither the geographic nor the 

reliability bias can be entirely solved and must be taken into account when approaching a 

paleoenvironmental interpretation of the results.



Figure 1. Geographic locations of the studied facies and paleogeographic reconstructions. A. Geographic location of the

fossil Neogene facies investigated in this study. Note the different symbols and colors for different epochs. All the

references are reported in Supplementary Table 1. B. Paleogeographic reconstruction of the Southwestern and Western

Central Asia about 56 Ma (Paleocene-Eocene), after Scotese (2014a, b). C. Paleogeographic reconstruction of the

Southwestern and Western Central Asia about 31 Ma (early Oligocene), after Scotese (2014a, b). D. Paleogeographic

reconstruction of the Southwestern and Western Central Asia about 19 Ma (early Miocene), after Scotese (2014a, b).



# Reference Country Formation Stratigraphic range N. of sections

1 Rahmani et al., 2009 Iran Asmari Chattian - Burdigalian 1

2 Adabi et al., 2008 Iran Taleh Zang Lutetian - Bartonian 2

3 Roozpeykar & Moghaddam, 2016 Iran Asmari Rupelian - Burdigalian 1

4 Nafarieh et al., 2012 Iran Jahrum Selandian - Ypresian 2

5 Mahyad et al., 2019 Iran Qom Aquitanian - Burdigalian 2

6 Moghaddam et al., 2002 Iran Jahrum & Pabdeh Ypresian 1

7 Heidari et al., 2014 Iran Mishan (Guri Member) Aquitanian - Langhian 2

8 Shabafrooz et al., 2015 Iran Asmari Rupelian - Burdigalian 9

9 Vaziri-Moghaddam et al., 2006 Iran Asmari Chattian - Burdigalian 1

10 Zohdi et al., 2013 Iran Jahrum Ypresian - Bartonian 4

11 Daraei et al., 2015 Iran Asmari early Miocene 3

12 Roozpeykar et al., 2019 Iran Asmari Burdigalian 1

13 Avarjania et al., 2015 Iran Asmari Chattian - Burdigalian 4

14 Bagherpour & Vaziri, 2012 Iran Taleh Zang Thanetian - Ypresian 2

15
Amirshahkarami & Zebarjadi, 
2018

Iran Jahrum Thanetian - Ypresian 1

16 Zoeram et al., 2015 Iran Asmari Rupelian - Burdigalian 1

17 Basso et al., 2019 Iran Qom Rupelian 1

18 Mohammadi et al., 2011 Iran Qom Chattian 1

19 Hadi et al., 2016 Iran Ziarat Ypresian - Bartonian 3

20 Sadeghi et al., 2011 Iran Asmari Rupelian - Chattian 3

21 Amirshahkarami, 2013 Iran Asmari Rupelian - Aquitanian 2

22 Vaziri-Moghaddam et al., 2010 Iran Asmari Chattian - Burdigalian 4

23 Amirshahkarami & Karavan, 2015 Iran Qom Rupelian - Burdigalian 1

24 Dill et al., 2018 Iran Asmari Rupelian - Burdigalian 5

25 Dill et al., 2012 Iran Asmari Chattian - Burdigalian 1

26 Noorian et al., 2021 Iran Asmari Rupelian - Burdigalian 3

27 Safari et al., 2020 Iran Qom Rupelian - Chattian 2

28 Amirshahkarami et al., 2007 Iran Asmari Rupelian - early Miocene 1

29 Babazadeh & Alavi, 2013 Iran Lut platform Ypresian 3

30 Taheri et al., 2008 Iran Jahrum Lutetian 1

31 Mossadegh et al., 2009 Iran Asmari Chattian - Burdigalian 2

32 Amirshahkarami et al., 2007 Iran Asmari Chattian - early Miocene 1

33 Adabi et al., 2016 Iran Asmari Rupelian - Burdigalian 1

34 Vaziri-Moghaddam et al., 2011 Iran Asmari Rupelian - Chattian 1

35 Mahboubi et al., 2001 Iran Chehel- Kaman Thanetian 2

36 Mohammadi, 2020 Iran Qom Rupelian - Burdigalian 2

37 Joudaki et al., 2020 Iran Asmari Rupelian - Burdigalian 2

38 Al-Qayim et al., 2016 Iraq Bajwan, Anah, Euphrates, Jeribe Rupelian - Burdigalian 1

39 Hussein et al., 2017 Iraq Euphrates, Jeribe Aquitanian - Burdigalian 5

40 Swati et al., 2013 Pakistan Margalla Hill Limestone Ypresian 1

41 Afzal et al., 2011 Pakistan Lockhart, Patala, Dungan Thanetian - Ypresian 5

42 Fahad et al., 2021 Pakistan Chorgali Ypresian 1

43 Ishaq et al., 2019 Pakistan Sakesar Limestone Ypresian 2

44 Ghazi et al., 2020 Pakistan Nammal Ypresian 6



45 Hanif et al., 2014 Pakistan Lockhart Thanetian 3

46 Ahmad et al., 2020 Pakistan Dungan Thanetian - Ypresian 1

47 Kamran et al., 2021 Pakistan Patala Thanetian - Ypresian 1

48 Kahsnitz, 2017 India
Spanboth, Zhepure Shan, Zongpu, 
Langzhu

Selandian - Ypresian 5

49 Sarkar, 2016 India Umlatdoh (Umlatdoh Limestone) Ypresian 1

50 Sarkar, 2017 India Prang Lutetian - Bartonian 1

51 Banerjee et al., 2018 India Furla Limestone, Maniyara Fort Lutetian - Bartonian, Chattian 2

52 Jahuri et al., 2006 India Lakadong (Lakadong Limestone) Thanetian 1

53 Jiang et al., 2021 China Jialazi Thanetian - Ypresian 2

54 Li et al., 2015 China Zongpu Danian - Ypresian 2

55 Li et al., 2020 China Not reported (probably Zhepure Shan) Thanetian - Ypresian 1

56 Willems et al., 1996 China Zhepure Shan Danian - Lutetian 1

57 Mattern & Bernecker, 2019 Oman Jafnayn Thanetian - Ypresian 1

58 Tomás et al., 2016 Oman Jafnayn Ypresian 1

59 Beavington-Penney et al., 2006 Oman Seeb Lutetian - Bartonian 1

60 Reuter et al., 2008 Oman Shuwayr, Warak, Ghubbarrah Rupelian - Aquitanian 2

61 Al-Kahtany, 2017
Saudi 
Arabia

Jabal Kibrit (Wadi Waqb Member) middle Miocene 1

62 Corlett et al., 2018 Egypt Hammam Faraun fault block Ypresian - Lutetian 1

63 Sallam et al., 2015 Egypt Minia, Sannor, Maadi Ypresian, Bartonian - Priabonian 5

64 Scheibner et al., 2000 Egypt Southern Galala Thanetian 6

65 Scheibner et al., 2003 Egypt Southern Galala Thanetian 4

66 Coletti et al., 2019 Cyprus - early Miocene -late Miocene 1

Table 1: Summary list of the papers considered in this work, reporting references, countries, formations, stratigraphic

ranges and the number of sections analyzed in the work. See Supplementary Table 1 for a complete dataset.



4. Results

Some 114 papers providing information on shallow water carbonate facies from the Paleocene 

to the Miocene were identified. Based on the aforementioned requirements, 66 papers and 144 sections,

from Cyprus, Egypt, Saudi Arabia, Oman, Iraq, Iran, Pakistan, India and China were included into the 

database (Table 1; Supplementary Table 1; the database is also accessible online, 

https://doi.org/10.6084/m9.figshare.19323821.v1). The remaining papers, although providing 

qualitative data on the distribution of the main carbonate producers, lacked quantitative information on 

facies distribution throughout the described sections. The information from this latter group of papers 

was still included into the discussion. 

The sections included into the database range in age from the Paleocene to the Miocene. The 

Paleocene is represented (in order of abundance) by the Thanetian, Danian and Selandian. As the 

database largely consists of shallow-water carbonates, the stratigraphic framework is strongly based on 

LBF biostratigraphy. Since LBF zonation is poorly constrained in the Danian-Selandian interval (e.g., 

Serra-Kiel et al., 1998), the pre-Thanetian stratigraphic framework is not well defined. The Eocene is 

largely represented by the Ypresian stage. Both stages of the Oligocene and both stages of the early 

Miocene are well represented within the database. On the other hand, the middle and late Miocene are 

poorly represented.

4.1 Epochs

Photozoan facies (sensu James, 1997), i.e. those dominated by CC, GCA, LBF, and RCA, 

dominate the carbonate successions of the study area, during the whole Paleocene-Miocene interval 

(Table 2; Fig. 2). Heterozoan facies (sensu James, 1997), i.e. those facies mainly dominated by 

heterotroph carbonate producers like mollusks, echinoderms, SBF, and bryozoans, are less common; 

their combined abundance peaks during the Miocene (Table 2; Fig. 2).



Figure 2: Box and whisker plots showing the Photozoan (yellow), Heterozoan (light blue) and non-skeletal dominated

(white) facies distribution in the investigated fossil facies during the different epochs (Paleocene, Eocene, Oligocene,

Miocene).

Figure 3: Box and whisker plots showing the distribution during time (Paleocene, Eocene, Oligocene, Miocene) of the LBF

dominated and codominated facies (purple), CC dominated and codominated facies (blue), RCA dominated and

codominated facies (red), and GCA dominated and codominated facies (green); the key for the statistical symbols of the box

and whisker plot is as in Fig. 2.





Section Average

Dominant 
components LBF

LBF & 
RCA

LBF & 
GCA LBF & CC CC

CC & 
RCA 

CC & 
EBF RCA

RCA & 
Peloids GCA 

GCA & 
SBF EBF SBF 

SBF & 
Peloid

Microbial 
crusts Ooids Peloids Intraclasts Mud Heterozoan

Rupelian 51.35% 22.13% 0.00% 4.35% 2.00% 8.74% 0.00% 1.43% 0.00% 0.00% 0.00% 0.00% 2.17% 0.00% 0.00% 0.00% 1.26% 0.00% 2.82% 3.96%

Chattian 45.50% 15.95% 0.00% 4.73% 1.82% 8.98% 0.00% 2.52% 0.00% 0.00% 0.00% 0.00% 3.41% 0.00% 0.00% 0.45% 1.75% 0.00% 10.84% 4.05%

Aquitanian 30.81% 9.89% 0.00% 0.69% 0.42% 0.47% 0.00% 1.08% 0.00% 0.00% 0.00% 0.00% 11.83% 0.00% 0.08% 11.19% 3.81% 0.00% 20.72% 9.00%

Burdigalian 37.61% 6.95% 0.00% 0.00% 2.45% 1.03% 0.11% 0.87% 0.00% 0.00% 0.00% 0.00% 16.61% 0.00% 0.18% 0.45% 0.84% 0.00% 13.32% 19.61%

Formation Average
Dominant 
components LBF

LBF & 
RCA

LBF & 
GCA LBF & CC CC

CC & 
RCA

CC & 
EBF RCA

RCA & 
Peloids GCA

GCA & 
SBF EBF SBF

SBF & 
Peloid

Microbial 
crusts Ooids Peloids Intraclast Mud Heterozoan

Rupelian 40.20% 15.90% 0.00% 25.00% 1.57% 4.34% 0.00% 1.65% 0.00% 0.00% 0.00% 0.00% 4.53% 0.00% 0.00% 0.00% 0.45% 0.00% 1.90% 4.52%

Chattian 35.28% 14.97% 0.00% 34.67% 1.28% 4.02% 0.00% 2.42% 0.00% 0.00% 0.00% 0.00% 0.83% 0.00% 0.00% 0.10% 0.38% 0.00% 4.41% 1.65%

Aquitanian 15.47% 11.65% 0.00% 5.00% 0.12% 0.14% 0.00% 2.81% 0.00% 0.00% 0.00% 0.00% 7.46% 0.00% 0.02% 10.70% 2.67% 0.00% 11.80% 32.17%

Burdigalian 24.83% 14.41% 0.00% 0.00% 7.56% 0.73% 0.04% 1.35% 0.00% 0.00% 0.00% 0.00% 14.31% 0.00% 0.06% 0.71% 1.11% 0.00% 7.71% 27.19%

Table 4: Percent distribution of the dominant components in the Oligocene (Rupelian, Chattian) and early Miocene (Aquitanian, Burdigalian), following the Section

Average and the Formation Average approaches, respectively.



Section Average
Dominated
+
codominate
d facies LBF CC RCA GCA EBF

Ooids & 
Peloids Mud

Microbial 
crusts Heterozoan

Paleocene 63.90% 6.07% 25.69% 18.50% 0.00% 3.31% 1.33% 0.24% 14.43%

Eocene 81.70% 0.61% 4.20% 0.72% 2.39% 0.34% 2.95% 0.38% 10.43%

Oligocene 70.24% 14.71% 28.49% 0.00% 0.00% 1.80% 7.81% 0.00% 7.91%

Miocene 42.20% 4.65% 12.33% 0.00% 0.05% 7.58% 15.72% 0.13% 29.00%

Formation Average
Dominated
+
codominate
d facies LBF CC RCA GCA EBF

Ooids & 
Peloids Mud

Microbial 
crusts Heterozoan

Paleocene 60.00% 2.36% 26.03% 17.82% 0.00% 2.54% 2.31% 0.26% 13.95%

Eocene 81.61% 0.51% 5.54% 1.83% 2.54% 0.31% 2.04% 0.13% 10.21%

Oligocene 85.95% 36.61% 16.37% 0.00% 0.00% 0.34% 3.19% 0.00% 5.05%

Miocene 29.27% 21.42% 21.22% 0.00% 0.01% 8.59% 5.36% 0.02% 37.63%

Table 3: Percent distribution of the main groups of carbonate grains (dominated plus codominated facies) during Paleocene,

Eocene, Oligocene, Miocene, following the Section Average and the Formation Average approaches, respectively.

LBF dominated facies are the most abundant element of the shallow-water carbonates of the study area 

(Table 2; Fig. 3). Overall, taken together, the facies dominated by LBF and the facies codominated by 

LBF represent the majority of shallow-water carbonates of the Paleocene, Eocene and Oligocene and 

Miocene epochs (Table 3; Fig. 4). The abundance of LBF peaks during the Eocene and decreases 

hereafter. LBF dominated sections (>90% of the section) persist through all periods. Facies dominated 

solely by RCA are relatively rare, on the other hand, facies codominated by RCA are rather abundant, 

usually representing the second or third most abundant facies type (generally after LBF dominated and 

LBF codominated) (Table 2; Fig. 3). RCA codominated facies are relevant during the Paleocene, 

Oligocene and Miocene and their abundance is the lowest during the Eocene (Table 2; Fig. 3). Taken 

together CC dominated and CC codominated facies are usually the next most abundant facies type 

(Table 3; Fig. 4). Their abundance peaks during the Oligocene and has a minimum during the Eocene. 

GCA facies (either solely considering GCA dominated facies or both GCA dominated and GCA 



codominated facies) are only occurring in significant amounts during the Paleocene and Eocene, being 

more common in the former (Tables 2, 3; Figs. 3, 4). All other producers are uncommon for the entire 

time period (Paleocene to early Miocene). EBF facies are very rare in all the epochs except in the 

Eocene where they account for 2.5% of average of section fractions (Tables 2, 3). Microbial crusts-

dominated facies are extremely rare during every epoch (Tables 2, 3). Facies characterized by the 

dominance of non-skeletal grains are relatively rare during the Paleocene and Eocene and become more

common during the Oligocene and Miocene (Tables 2, 3; Fig. 2). Intertidal mud dominated facies occur

in every epoch and their abundance peaks during the Miocene where they are one of the most common 

non-skeletal facies type (Tables 2, 3). 

Figure 4: Summary diagrams showing the distribution of the main recognized facies (LBF, CC, RCA, GCA) during the

Paleocene, the Eocene, the Oligocene, and the Miocene, using the two different approaches (see Methods): the Section

Average and the Formation Average approaches. Note the preponderance of LBF dominated and codominated facies in all

the epochs; the key to the symbols of the various carbonate producers is as in Fig. 3; as certain facies can be codominated

by, e.g., LBF and CC (and thus be included in both the CC dominated + CC codominated facies and in the LBF dominated +

LBF codominated facies), in this graph the total can exceed 100%.



Section Average
Dominant 
components LBF

LBF & 
RCA

LBF & 
GCA LBF & CC CC

CC & 
RCA CC & EBF RCA

RCA & 
Peloids GCA

GCA & 
SBF EBF SBF

SBF & 
Peloid

Microbial 
crusts Ooids Peloids Intraclasts Mud Heterozoan

Paleocene 35.21% 19.40% 9.29% 0.00% 3.38% 2.69% 0.00% 3.60% 0.00% 8.55% 0.67% 0.00% 7.69% 1.81% 0.24% 1.14% 0.36% 0.38% 1.33% 4.26%

Eocene 78.21% 3.21% 0.28% 0.00% 0.61% 0.00% 0.00% 0.95% 0.03% 0.33% 0.11% 2.39% 4.97% 0.00% 0.38% 0.25% 0.07% 0.00% 2.95% 5.35%

Oligocene 47.93% 17.91% 0.00% 4.40% 1.80% 8.51% 0.00% 2.06% 0.00% 0.00% 0.00% 0.00% 2.86% 0.00% 0.00% 0.29% 1.51% 0.00% 7.81% 5.06%

Miocene 33.02% 8.88% 0.00% 0.29% 1.88% 2.42% 0.05% 1.02% 0.00% 0.00% 0.00% 0.00% 13.65% 0.00% 0.13% 4.94% 2.64% 0.00% 15.72% 15.35%

Formation Average
Dominant 
components LBF 

LBF & 
RCA

LBF & 
GCA LBF & CC CC

CC & 
RCA CC & EBF RCA

RCA & 
Peloids GCA

GCA & 
SBF EBF SBF

SBF & 
Peloid

Microbial 
crusts Ooids Peloids Intraclasts Mud Heterozoan

Paleocene 35.89% 18.36% 5.74% 0.00% 1.56% 0.81% 0.00% 6.86% 0.00% 11.68% 0.40% 0.00% 7.24% 0.54% 0.26% 1.59% 0.41% 0.57% 2.31% 5.77%

Eocene 77.26% 3.65% 0.71% 0.00% 0.51% 0.00% 0.00% 1.81% 0.08% 0.83% 0.29% 2.54% 6.53% 0.00% 0.13% 0.21% 0.02% 0.00% 2.04% 3.38%

Oligocene 41.34% 11.90% 0.00% 32.71% 0.99% 2.90% 0.00% 1.57% 0.00% 0.00% 0.00% 0.00% 2.82% 0.00% 0.00% 0.05% 0.29% 0.00% 3.19% 2.23%

Miocene 16.36% 9.79% 0.00% 3.13% 7.68% 10.61% 0.01% 0.83% 0.00% 0.00% 0.00% 0.00% 10.51% 0.00% 0.02% 6.74% 1.85% 0.00% 5.36% 27.11%

Table 2: Percent distribution of the dominant components during Paleocene, Eocene, Oligocene, Miocene, following the Section Average and the Formation Average

approaches, respectively.



Section Average
Dominated
+
codominate
d facies LBF CC RCA GCA EBF

Ooids & 
Peloids Mud

Microbial 
crusts Heterozoan

Rupelian 77.83% 15.09% 32.30% 0.00% 0.00% 1.26% 2.82% 0.00% 6.13%

Chattian 66.18% 15.52% 27.45% 0.00% 0.00% 2.20% 10.84% 0.00% 7.45%

Aquitanian 41.39% 1.58% 11.44% 0.00% 0.00% 15.00% 20.72% 0.08% 20.83%

Burdigalian 44.55% 3.58% 8.84% 0.00% 0.11% 1.29% 13.32% 0.18% 36.21%

Formation Average
Dominated
+
codominate
d facies LBF CC RCA GCA EBF

Ooids & 
Peloids Mud

Microbial 
crusts Heterozoan

Rupelian 81.10% 30.91% 21.89% 0.00% 0.00% 0.45% 1.90% 0.00% 9.05%

Chattian 84.92% 39.97% 21.41% 0.00% 0.00% 0.48% 4.41% 0.00% 2.48%

Aquitanian 32.12% 5.26% 14.59% 0.00% 0.00% 13.36% 11.80% 0.02% 39.63%

Burdigalian 39.24% 8.33% 16.49% 0.00% 0.04% 1.81% 7.71% 0.06% 41.49%

Table 5: Percent distribution of the main groups of carbonate grains (dominated plus codominated facies) in the Oligocene

(Rupelian, Chattian) and early Miocene (Aquitanian, Burdigalian), following the Section Average and the Formation

Average approaches, respectively.

4.2 Rupelian-Burdigalian detailed analysis

Since the Paleocene is mainly represented by Thanetian, the Eocene by the Ypresian, and the 

Miocene by the early Miocene, the analysis at stage level was performed only in the Rupelian-

Burdigalian interval. As in the epoch analysis, the photozoan facies dominate the investigated 

carbonate successions (Tables 4, 5). The heterozoan facies reach their maximum during the Burdigalian

(Tables 4, 5). Both type of calcifiers decrease trough the time period as the non-skeletal grains 

dominated facies become more significant (Tables 4, 5). LBF dominated facies display a clear peak 

during the Rupelian and reach their lowest abundance in the Aquitanian (Table 4). By taking together 

both LBF dominated and LBF codominated facies, the Rupelian peak can no longer be observed in 

both the formation-average and section-average representations, while the minimum during the 

Aquitanian still occurs (Table 5). Similarly, the abundance of CC dominated facies (either solely 

considering CC dominated facies or considering both CC dominated and CC codominated facies) 



displays a minimum during the Aquitanian (Tables 4, 5). Both the facies dominated by non-skeletal 

grains in general and those characterized by intertidal muds specifically peak during the Aquitanian, in 

both the section-average and in the formation average representations (Tables 4, 5).

5. Discussion

5.1 Carbonate factories evolution

Large benthic foraminifera appear to be the most important carbonate producers within the 

investigated time-interval in the southern Tethyan realm as they are very common in every region and 

in every epoch (Tables 2, 3; Figs. 3, 4). They reach their maximum abundance during the Eocene 

(where they are overwhelmingly dominant) and their lowest during the Miocene (still remaining the 

most important carbonate producers). Our results indicate that, from the late Paleocene to the early 

Miocene, in the southern Tethyan realm, the majority share of the biogenic carbonates accumulated in 

shelfal carbonate factories, has been produced by benthic foraminifera. This now manifest with a large 

fraction of the shallow water carbonates of the study area being comprised of LBF dominated facies. 

These results are also supported by the lithostratigraphic information reported by Höntzsch et al. (2011)

and Hussein (2019) for Egypt, by Schaub et al. (1995), Buchbinder et al. (2005) and Rosenfeld and 

Hirsch (2005) for Israel, by Farouk et al. (2013) for Jordan, by Alsharhan and Nairn (1995) for the 

Arabian Peninsula, by Sadooni and Alsharhan (2019) for UAE, by Bernecker (2014) for Oman, by 

Sissakian (2013), Ameen-Lawa and Ghafur (2015), and Sadooni and Alsharhan (2019) for Iraq, by 

Reuter et al. (2009), Van Buchem et al. (2010), Yazdi-Moghadam et al. (2018a), Hadi et al. (2019), Dill

et al. (2020) and Benedetti et al. (2021) for Iran, by Akhtar and Butt (1999), Naveed and Chaudhry 

(2008), Afzal et al. (2010), Özcan et al. (2015), Ahmad et al. (2016), Khan et al. (2018) and Özcan et 

al. (2018) for Pakistan, by Gaetani et al. (1983), Less et al. (2018) and Sarkar (2018) for India, and by 

Zhang et al. (2013) for China. Other reviews of carbonate production in the Eurasian province during 

the Cenozoic also highlighted a remarkable abundance of LBF during the Paleocene, Eocene (where 



they dominates), Oligocene and early Miocene (Geel, 2000; Nebelsick et al., 2005; Scheibner and 

Speijer, 2008; Pomar et al., 2017; Boudagher-Fadel, 2018; Cornacchia et al., 2021). A similar pattern 

can be also observed in the American province (Aguilera et al., 2020). 

In the modern oceans LBF distribution is strongly controlled by temperature (Langer and 

Hottinger, 2000; Renema et al., 2018) and so is their diversity. Tropical assemblages display a much 

large number of genera and species than sub-tropical ones (Beavington-Penney and Racey, 2004). 

During the early Eocene, following an extinction event at the Paleocene-Eocene boundary, LBF 

became significantly more diverse with the rise of large nummulitids that would dominate LBF 

assemblage until the Bartonian (Boudagher-Fadel, 2018; Benedetti and Papazzoni, 2022). The high 

temperatures of the early Eocene as well as the temperature drop at the end of the Bartonian (Zachos et 

al. 2001), suggests, as already noted by other authors (e.g., Scheibner and Speijer, 2008), a strong 

relation between temperature and LBF abundance. During the early Paleogene their dominance started 

at low-latitudes and progressed towards higher latitudes as temperatures rose, paralleled by a decrease 

of CC (Scheibner and Speijer, 2008; Martín-Martín et al., 2020). Therefore LBF success during the 

Paleogene would have been favored by the green-house conditions that prevailed for most of the period

(except during the Oligocene, when the opening of the Tasmanian and Drake passages lead to the 

isolation and the progressive build-up of ice on Antartica) (Zachos et al., 2001). Our dataset clearly 

shows that LBF facies peak in the Eocene (which is mainly represented by the early Eocene in the 

database). However, taken together, LBF dominated and codominated facies do not diminish much 

during the Oligocene. The review of Nebelsick et al. (2005), focused on Eocene circumalpine 

carbonates, also indicates that LBF facies largely dominated during the middle Eocene, far after the 

Early Eocene Climatic Optimum. This suggests a more complex pattern. According to Pomar et al. 

(2017) and Hallock and Seddighi (2022), LBF are perfectly suited to deal with extreme oligotrophic 

conditions associated with periods of reduced thermohaline circulation. This might have played a role 

in fostering their abundance during the warm periods of the Paleogene. LBF also seems to be better 



adapted than CC to water turbidity related to nutrient abundance (Wilson and Vecsei 2005), and to 

outperform both CC and RCA in environments characterized by high sedimentation rates (Lokier et al.,

2009; Coletti et al., 2021b). We have to remember that, although relatively complex, LBF are 

unicellular organisms, and thus, they are very flexible. Eventhough throughout the geological time 

certain groups of LBF clearly evolved pursuing a K-strategy compared to other benthic foraminifera 

(see Hottinger, 1982), their life cycle is still significantly different from that of multicellular organism 

like RCA and CC. Furthermore, unlike CC and RCA, they are mobile and so they can relocate if they 

need to. LBF probably took advantage from the reduced competition in shelfal settings caused by the 

harsh condition created by the Paleocene Eocene Thermal Maximum and the other Paleogene 

hyperthermals and, thanks to their adaptability, became able to thrive even after the end of the early 

Paleogene greenhouse. Encrusting benthic foraminifera, similarly to free-living LBF, reach peak 

abundance during the Eocene (Tables 3, 4). Presently EBF are relatively rare and mainly produce 

centimeters-sized nodules (e.g., Hottinger, 1983; Bassi et al., 2012). However, during the early and 

middle Eocene LBF were a relevant group of reef-builders, creating extensive reefs in the Western 

Tethys (Perrin, 1992, 2009; Rasser, 1994). While modern EBF do not harbor symbionts (Leutenegger, 

1984) and usually occur between 40 and 105 m of water-depth (Rasser and Piller 1997; Bassi et al., 

2012), Eocene EBF are often associated with shallow-water assemblages typical of the upper part of 

the photic zone (e.g., they commonly associated with alveolinids) (Rasser, 1994; Tomás et al., 2016; 

Coletti et al., 2021b). Both evidence indicate that Eocene EBF might have been relatively different 

from their modern counterparts. More detailed analysis might help understanding if Eocene EBF were 

symbiont bearing organisms or not, and thus clarifying the environmental reasons of their abundance 

during the Eocene.

Colonial corals are abundant in the Paleocene, Miocene and they reach a peak during the 

Oligocene (Tables 2, 3; Figs. 3, 4). They are rare during the Eocene (Tables 2, 3; Figs. 3, 4). This is also

supported by the lithostragraphic information provided by Coletti et al. (2021a) for Cyprus, by Kuss 



and Boukhary (2008) for Egypt, by Whittle et al. (1995) and Sadooni and Alsharhan (2019) for UAE, 

by Bernecker (2014) for Oman, by Sissakian (2013), Ameen-Lawa and Ghafur (2015), Ghafur (2015) 

and Sadooni and Alsharhan (2019) for Iraq, by Reuter et al. (2009), Van Buchem et al. (2010), Ghaedi 

et al. (2016), Yazdi-Moghadam et al. (2018, 2021) and Dill et al. (2020) for Iran, by Afzal et al. (2010) 

for Pakistan, by Less et al. (2018) and Sarkar (2018) for India. Our results are overall consistent with 

other reviews of CC distribution in the Eurasian province (Perrin and Bosellini, 2012; Scheibner and 

Speijer, 2008; Pomar et al., 2017), East Pacific province (López-Pérez, 2005, 2017) and American 

province (Budd, 2000; Johnson et al., 2008), that indicate the Oligocene as a favorable period for both 

CC and CC dominated reefs. 

Similarly to LBF, this pattern seems to be strongly connected to global temperatures. During the

Paleocene, in the Eurasian province, CC are actually more abundant during the early to late Paleocene 

(Scheibner and Speijer, 2008; Martín-Martín et al., 2020). This time-interval is characterized by 

temperatures lower than those of the latest Paleocene and the following early Eocene (Barnett et al. 

2019). During the Eocene, in the Eurasian province, CC are relatively rare and became relevant 

carbonate producers only during the late Eocene (Nebelsick et al. 2005; Scheibner and Speijer, 2008; 

Bernecker, 2014), which is the coldest stage of the epoch (Zachos et al., 2001). The Oligocene is the 

coldest period of the Paleogene (Zachos et al., 2001), and it is recognized worldwide as a period of 

great abundance of CC (Dishon et al., 2020). During the early Miocene CC are still very common, but 

during the middle Miocene, worldwide, RCA become significantly more abundant in tropical shelf at 

the expenses of CC (Esteban, 1979, 1996; Halfar and Mutti, 2005; López-Pérez, 2005; Cornacchia et 

al., 2021; Bialik et al., 2022). CC abundance increases again in the late Miocene in the Western Tethys 

(Esteban, 1979, 1996; Pomar and Hallock, 2007; Pomar et al., 2017; Cornacchia et al., 2021) and in the

Plio-Pleistocene in the East Pacific and in the Caribbean (López-Pérez, 2005; Johnson et al., 2008). 

Thus, the distribution of CC during the Neogene can be also related to temperatures. CC are less 

abundant in the warm Middle Miocene Climatic Optimum and more abundant during cooler periods 



(Zachos et al., 2001; Herbert et al., 2016; Steinthorsdottir et al., 2020; Dishon et al., 2020). As CC 

presently thrive in a narrow temperature range and are severely damaged (i.e., the coral bleaching) 

whenever temperatures exceed this threshold (e.g., Marshall and Clode, 2004; Crabbe, 2008), it is 

conceivable that the warm peaks of the Cenozoic might had a detrimental effect on CC abundance. 

Colder periods are also characterized by a stronger oceanic circulation than warmer periods, and this 

factor could also have favored CC over other carbonate producers like LBF (e.g., Pomar et al., 2017). 

Furthermore, colder periods are favorable towards aragonite-producing organisms like CC (e.g., 

Hallock, 1997; Scheibner and Speijer, 2008), whereas the ocean chemistry of warm periods (like the 

Paleocene-Eocene) is favorable to calcite generation (Stanley, 2006) and possibly detrimental to CC. 

However, we must also consider that the low pH (Boudreau et al., 2019), which characterized most of 

the Paleocene and Eocene, likely had a significant negative impact also on the accumulation and 

preservation potential of CC – if they even calcified in shallow water at this time and had not shifted to 

a non-calcificing lifestyle (Fine and Tchernov 2007). With the currently available data, disentangling 

the effects of these factors is probably impossible, although it is clear that temperature played an 

important role.

RCA abundance displays a pattern similar to the one of CC and characterized by a minimum 

during the Eocene (Tables 2, 3; Figs. 3, 4). This is supported by the lithostratigraphic information 

provided by Coletti et al. (2021) for Cyprus, by Kuss and Boukhary (2008) for Egypt, by Whittle et al. 

(1995) for UAE, by Afzal et al. (2010) for Pakistan, by Bernecker (2014) for Oman, by Seyrafian and 

Toraby (2005), Reuter et al. (2009), Ghaedi et al. (2016) and Yazdi-Moghadam et al. (2021) for Iran. 

Within the various sections the abundance of CC and RCA codominant facies shows a positive 

correlation in the Paleocene and in the Miocene, but not as clearly during the Eocene and the Oligocene

(Fig. 3). 

Modern RCA are extremely adaptable and can thrive in both warm and cold climates, in both 

oligotrophic and nutrient-rich water and from the shallow intertidal zone to the lowest limit of the 



photic zone (e.g., Riosmena-Rodríguez, 2017; Pomar et al., 2017). CC requires a hard substrate for 

their initial recruitment on the seafloor and RCA can generate hard-substrates. Free-living nodules can 

progressively coalesce leading to the creation of a hard substrate suitable for the colonization of other 

organisms or the expansion of RCA bioconstructions. In turn the complex framework of CC-reefs 

creates several niches that can be used by coralline algae. Therefore, to a certain extent, the two groups 

are mutually beneficial to one another, justifying why the periods favorable for the former can be also 

favorable for the latter. However, we also need to consider that most of the analyzed papers pay little 

attention to RCA in comparison to LBF (which are useful for biostratigraphy), and CC (that can be 

easily observed in the outcrops), therefore a bias in the database that could lead to an underestimation 

of RCA can not be excluded. 

Within the study area, in the Paleocene, GCA are rarely a dominant component of the skeletal 

assemblage (Tables 2, 3; Figs. 3, 4). In the Eocene they dominate very rarely, while in the Oligocene 

and in the Miocene they occur only as a minor component of the skeletal assemblage. These results are 

supported by the lithostragratiphic information provided by Höntzsch et al. (2011) for Egypt, by 

Nafarieh et al. (2019) and Benedetti et al. (2020) for Iran, by Akhtar and Butt (1999), Afzal et al. 

(2010), Khan et al. (2018) and Khitab et al. (2020) for Pakistan, by Gaetani et al. (1983) for India, and 

by Zhang et al. (2013) for China. Differently from our results, the review of Pomar et al. (2017) of 

Cenozoic carbonates of western-central Tethys indicates abundant GCA only in the Danian (mainly 

dasyclads) and in the Miocene (mainly Halimedales). Based on the fossil record, during the Cenozoic, 

GCA biodiversity peaks in the Paleocene and decreases afterwards (Aguirre and Riding, 2005). This 

pattern is consistent with the abundance of GCA in the successions of the study area. However, while 

biodiversity may be related to abundance it is usually decoupled from carbonate production (e.g., 

Johnson et al. 2008). Modern GCA mostly precipitate aragonite and are thus easily susceptible to 

diagenetic dissolution, which can start even when the alga is still alive (Granier, 2012). Several fossil 

taxa of Dasycladales are thought to have precipitate calcite instead of aragonite (Granier, 2012). The 



last of these supposedly calcitic taxa occurred during the Eocene (Granier, 2012). Therefore, the 

observed pattern of GCA distribution might be, possibly in a similar to CC, related to a preservation 

bias as opposed to an environmental variable like in the case of LBF. The progressive decrease of GCA 

abundance throughout the Cenozoic in this region might have been connected to a transition from early 

Paleogene assemblages rich of calcite-producing taxa to Neogene assemblage entirely constituted of 

aragonitic taxa.

5.2 Regional and global implications

Several remarkable similarities can be observed by comparing our results for the Southwestern 

and Western Central Asia with the other few available reviews of carbonate production: the peak in 

LBF abundance during the Eocene and the increase in coral abundance during the Oligocene (Kiessling

et a., 1999; Nebelsick et al., 2005; Johnson et al., 2008; Scheibner and Speijer, 2008; Pomar et al., 

2017; Aguilera et al., 2020). These changes are likely to have been strongly related to temperature, as 

the global increase in both CC diversity and importance as carbonate producers, is paired with a 

decrease in temperatures, while the Eocene widespread abundance of LBF is heralded by high global 

temperatures (Zachos et a., 2001). CC achieve the highest calcification rates within a narrow 

temperature range (e.g., Marshall and Clode, 2004; Crabbe, 2008). This range is usually much larger 

for LBF (e.g., Titelboim et al. 2019), suggesting that LBF can take advantage of the detrimental effect 

that very high-temperatures have on their competitors. Our dataset is backed by a quantitative data on 

facies abundance, and thus provide a strong argument in favor of the major rearrangements of shallow 

water carbonate factories at the Paleocene-Eocene and Eocene-Oligocene boundaries indicated by the 

other reviews. As these changes are witnessed at the global scale and are most likely temperature-

driven, they provide a clear evidence on the long term effect of temperatures on carbonate factories and

shelfal biomes.



Differently from the northwestern Mediterranean Tethys area analyzed by (Pomar and Hallock, 

2007; Pomar et al., 2004, 2012, 2017), LBF are always the dominant carbonate producers, even after 

the Eocene. LBF in northwestern Mediterranean Tethys are reported to diminish during the Oligocene 

and show a resurgence during the Miocene (Pomar et al., 2017). This is not observed in our study area. 

Such a difference could be still, at least partially, temperature related, as our study area was located 

southern than the northwestern Mediterranean Tethys and thus was probably more favorable for LBF. 

During the Oligocene and the early Miocene, thanks to global cooling and a progressive north-ward 

shift, the southern Tethys became more favorable to CC, leading to their increase. This cooling is also 

testified by the progressive increase of Heterozoan carbonate facies (Fig. 2). While in the northwestern 

Mediterranean Tethys RCA abundance increases only in the Miocene, in the study area, RCA 

dominated facies become very common already in the Oligocene following the increase in CC, 

suggesting a favorable relationship with the two groups.

The abundance of non-skeletal facies related to restricted conditions (Flugel, 2004) peaks in the 

early Miocene and in particular in the Aquitanian. This is also supported by the lithostratigraphic 

information provided by Al-Juboury and McCann (2008) and Ameen-Lawa and Ghafur (2015) for Iraq,

Reuter et al. (2009) and Mohammadi et al. (2013) for Iran. During the Miocene the convergence 

between the African-Arabian and Eurasian plate lead to the progressive restriction and then to the 

closure of the Mediterranean-Indian Ocean Seaway (e.g., Rogl et al., 1998; Robertson et al., 2012). 

Sedimentation rates in the Eastern Mediterranean indicates that most of the deep water restriction 

occurred in the 24 - 21 Ma interval (Torfstein and Steinberg, 2020), while Nd isotopes indicates that 

surface water exchange was reduced by ~90% at ca. 20 Ma (Bialik et al., 2019). Consequently, 

although a shallow connection between the two basins persisted for much longer (e.g., Buchbinder, 

1996; Sissakian, 2013; Cornacchia et al., 2018), most of the restriction occurred during the Aquitanian, 

consistently with the observed peak of carbonate facies related to restricted marine conditions.



6. Conclusions

The quantitative analysis of facies distribution in the Paleocene to Miocene outcrops of shallow 

water carbonates of the Southwestern and Western Central Asia highlighted several trends in the 

composition of carbonate factories and in the abundance of carbonate producing organisms. Large 

benthic foraminifera resulted the most important group of carbonate producers during the whole 

investigated period, with their importance peaking during the Eocene and dwindling only during the 

Miocene. The abundance of colonial corals is the highest during the Oligocene and the lowest during 

the Eocene (which in the database is mainly represented by the lower Eocene). Both patterns seem to 

related to global temperatures which (within the investigated time-period) reach their maximum during 

the early Eocene and their lowest in Oligocene. Colonial corals achieve the highest calcification rate in 

a very narrow temperature range compared to large benthic foraminifera. The very high temperatures of

the early Paleogene, in the tropical ocean that was the southern Tethys, might, thus, have favored large 

benthic foraminifera dominated carbonate factories. Thanks to their adaptability large benthic 

foraminifera would have kept their position as dominant carbonate producers for the whole period, 

even after the end of the early Paleogene green-house. Red calcareous algae display a patter much like 

the one of colonial corals. Since red calcareous algae and colonial corals are currently the main 

framework builder of shallow-water tropical reefs it is possible that, on the large scale, the two groups 

are probably mutually beneficial to one another in terms of carbonate production. Green calcareous 

algae decrease from the Paleocene onward. As the last taxa of presumably calcitic green calcareous 

algae went extinct during the Eocene, it is possible that their overall decrease as carbonate producers 

might be related to a preservation bias connected to the transition toward modern assemblages that are 

entirely constituted by fragile, aragonite-producing, taxa.

Nutrient abundance and seawater chemistry most likely also played a role in shaping these 

large-scale patterns of carbonate production. However, any attempt at disentangling the weight of the 



various variables not backed by more accurate and standardized data on the skeletal assemblages, 

would be only speculative.

The Aquitanian peak in the abundance of carbonate facies related to very shallow and/or 

restricted marine conditions is most likely connected to the progressive narrowing of the Tethys related 

to the ongoing collision with the Arabian plate.

Overall, this analysis displays a clear agreement between large-scale patterns in shallow-water 

carbonate sedimentation and both environmental and geological processes, indicating the trove of 

information locked within the shallow-water sedimentary record. However, to unlock this potential, a 

standardized, quantitative and reproducible approach is absolutely necessary.
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