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A B S T R A C T   

Early Paleogene hyperthermal episodes including the Paleocene-Eocene Thermal Maximum (PETM) have long 
been viewed as analogues of the Anthropocene global warming. Few studies, however, have analyzed the 
environmental consequences of such climatic anomalies in deep-water turbidite-rich successions. This integrated 
sedimentological, biostratigraphic, and stable-isotope study of the Paleogene Pabdeh Formation, deposited along 
the Arabian continental margin of southwestern Iran, allowed us to document the geological response of 
hyperthermal events in deep Neo-Tethyan Ocean. The late Thanetian event (Pre-Onset Excursion or long-term 
late Paleocene climatic perturbation), the Early Eocene Climate Optimum, and the Middle Eocene Thermal 
Maximum were successfully identified within the Pabdeh Formation. The PETM event could not be documented 
because the Paleocene/Eocene boundary corresponds to a prolonged non-depositional hiatus marked by a 
glauco-phosphorite interval. Based on high-resolution microfacies analysis, three different processes in a car-
bonate slope to basin-margin environment were distinguished including pelagic settling, upwelling- 
condensation-reworking, and storm-induced turbiditic deposition. Detailed sedimentological analysis revealed 
an anomalous abundance of storm-induced proximal to distal turbidites represented by packstones with deep- 
water and reworked shallow-water bioclasts occurring during the hyperthermal intervals. A close causal link 
between climate warming and tropical storms during the early Paleogene hyperthermal events is thus envisaged. 
As a principal mechanism, we propose that rapid warming in response to massive carbon release triggered 
pronounced sedimentological changes along low-latitude tropical margins, leading to generation of storm- 
induced calciturbidite and re-deposition in the deep sea during hothouse stages.   

1. Introduction 

The climatically dynamic early Paleogene, with both sustained and 
extreme episodes of elevated global temperatures and pCO2 (Zachos 
et al., 2001; Westerhold et al., 2020), is a key period of the Cenozoic that 
allows us to investigate the catastrophic effects of global warming. Long- 
term warming from the late Paleocene to the early Eocene culminated in 
the Early Eocene Climatic Optimum (EECO), when the warmest global 
temperatures of the past 90 Ma were reached. Superposed on such a 
long-term climatic trend were multiple, high-amplitude, short-lived 
global warming and carbon-cycle events known as hyperthermals, the 

largest and best-studied of which are the Paleocene Eocene Thermal 
Maximum (PETM, ~56 Ma) and the Eocene Thermal Maxima 2 and 3 
(ETM 2, ETM 3; Kennett and Stott, 1991; Zachos et al., 2001; Westerhold 
et al., 2018, 2020). After the EECO, the Earth remained in a warmhouse 
state, with intermittent bursts of hyperthermal events such as the Middle 
Eocene Thermal Maximum (METM; Westerhold et al., 2020; Scotese, 
2021). Many, if not all hyperthermals were paced by changes in the 
Earth’s orbital parameters (e.g., eccentricity), and the triggering 
mechanisms of the PETM event are still hotly debated, leading to hy-
potheses involving the release of methane hydrates (Dickens et al., 
1997) or volcanic-gas emissions during emplacement of large igneous 
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provinces (Jones et al., 2019; Sternai et al., 2020). These hyperthermals, 
and especially the PETM, exerted a profound influence on ecological and 
sedimentary systems, and caused severe environmental changes 
including oceanic acidification, sharp modifications of the hydrological 
cycle, and enhanced storm activity (Zachos et al., 2005; Bowen et al., 
2006; Pagani et al., 2006; Hu et al., 2020; Jiang et al., 2021a; Jiang et al., 
2021b). 

As a potential ancient analogue to the present-day anthropogenic- 
forced climate change, the early Eocene hothouse period and hyper-
thermals have become a focal point of research during the last decades 
(Dickens et al., 1995; Lourens et al., 2005). Most studies dealing with 
early Paleogene hyperthermals focused on the age, duration, and 
mechanism of carbon emissions, and on the consequences on biotic 
evolution (Nicolo et al., 2007; Westerhold et al., 2007, 2018; Littler 
et al., 2014; Lauretano et al., 2015; Cui and Schubert, 2017; Li et al., 
2020a; Li et al., 2020b; Jiang et al., 2021a; Jiang et al., 2021b). More 
recently, an increasing number of studies have been dedicated to the 
sedimentological changes associated with the early Paleogene hyper-
thermals. These studies have highlighted their relationships with the 
frequency of hyperpycnal-flow and turbidity-current deposits in shelf 
and slope environments (Payros et al., 2012; Pujalte et al., 2015; Frieling 
et al., 2019; Martínez-Braceras et al., 2021; Jin et al., 2022). These 
events were interpreted as the result of increasing sediment fluxes 
controlled by the enhanced hydrological cycle (John et al., 2008; Sluijs 
et al., 2014), associated with submarine hydrate destabilization (Katz 
et al., 1999), or paced by orbital control (Jin et al., 2022). Few studies 
have investigated the relationships between hyperthermal events with 
an increased frequency of storm-induced calciturbidite. 

The principal aims of this sedimentological, biostratigraphic, and 
geochemical study of Arabian continental-margin deposits in SW Iran 
are to track the record of late Paleocene to early Eocene hyperthermals 
in deep-water carbonates and calciturbidite of the middle Tethyan 
Ocean, and to discuss their triggering mechanism. A comparison will be 
eventually drawn between the distribution and intensity of storm events 
during the early Paleogene hyperthermal intervals and other storm- 
generated deposits worldwide. 

2. Geological setting 

2.1. The Zagros Folded Zone 

The Zagros Folded Zone (or Zagros fold-thrust belt) extends for 
~2000 km from SE Turkey to SE Iran between the Mesopotamian- 
Persian Gulf foreland basin to the south and the High Zagros belt to 
the north, (Fig. 1 A, B; Alavi, 2004, 2007; Homke et al., 2009; Mohajjel 
and Fergusson, 2014). In the early Paleogene, these sedimentary rocks 
were part of the northeastern continental margin of Arabia along the 
southern margin of Neo-Tethys at low latitudes in the northern hemi-
sphere (Murris, 1980; Berberian and King, 1981; Ziegler, 2001; Scotese, 
2021). Since the onset of collision with Eurasia, the Arabian continental 
margin evolved into a foreland basin and was filled by alternating sili-
ciclastic and carbonate sediments (Alavi, 2004; GholamiZadeh et al., 
2021). 

2.2. Stratigraphy of the Khormoj area 

The studied area is located near Khormoj town (Bushehr province, 
SW Iran; Fig. 1), in the southwestern part of the Zagros Folded Zone 
where Upper Cretaceous to lower-middle Paleogene shallow- to deep- 
water carbonates and upper Paleogene to Neogene gypsum and littoral 
siliciclastic rocks are exposed (Fig. 1C, 2). Our investigation focuses on 
the Paleogene Pabdeh Formation, which crops out in the Kuh-e-Khormoj 
anticline. 

In the Khormoj section, the Pabdeh Formation overlies the Gurpi 
Formation with sharp contact marked by a glaucony-rich marl bed 
documenting a hiatus spanning the topmost Maastrichtian to early 

Paleocene (James and Wynd, 1965). The ~220-m-thick Pabdeh For-
mation comprises gray and greenish, thin-bedded Globigerina-bearing 
calcareous shale, marl, and limestone, intercalated with 3-m-thick strata 
rich in benthic foraminifera (Fig. 3A, B, E; James and Wynd, 1965; Alavi, 
2004). The ~65-m-thick lower part of the Pabdeh Formation consists of 
many sets of 10–30 cm-thick hard limestone beds alternating with soft 
marl, and intercalated with a 60-cm-thick glauco-phosphorite bed at 
~15 m from the base of the unit (Fig. 3H). The limestone beds are 
lenticular and display erosive base with flute or load casts, ripples, and 
hummocky or trough oblique lamination (Fig. 3D, K, L, M). Normal 
grading and granules are locally observed at the base of limestone beds 
whereas their top may be extensively burrowed (Fig. 3C, I). Chert 
nodules, lenses, and bands commonly occur in limestone beds ~45 m 
from the base of the unit (Fig. 3G). The middle and upper parts of the 
Pabdeh Formation comprise light gray, medium- to thick-bedded, ho-
mogeneous marlstone lacking evident sedimentary structures (Fig. 3J). 

Abundant planktonic foraminifera, calcareous nannofossils, and 
pollens indicate a late Paleocene to earliest Oligocene age for the Pabdeh 
Formation in the region (James and Wynd, 1965; Senemari, 2014; 
Daneshian et al., 2015; Rabbani et al., 2015; Azami et al., 2018). 
Depositional environments were interpreted either as carbonate plat-
form and ramp (Sharland et al., 2001; Mohseni and Al-Aasm, 2004; 
Mohseni et al., 2011) or as deep-shelf and basin (Reza et al., 2010; 
Bahrami and Shirazi, 2009; Rezaee and Nejad, 2014). The origin of hard 
limestone beds has also remained controversial, with hypothesized 
mechanisms including turbiditic currents, slumps, storms, or bottom 
currents (Mohseni and Al-Aasm, 2004; Bahrami and Shirazi, 2009; Reza 
et al., 2010; Rezaee and Nejad, 2014; Bolourchifard et al., 2019; Salsani 
et al., 2020; Azami et al., 2021). Bahrami and Shirazi (2009) interpreted 
the glauco-phosphorite bed in the lower part of the Pabdeh Formation as 
an upwelling deposit, whereas Salsani et al. (2020) considered it as a 
storm layer. Based on calcareous-nannofossil biostratigraphy and inor-
ganic and isotope geochemistry, Azami et al. (2021) identified the PETM 
event within the Pabdeh Formation exposed in the Mehran area, ~700 
km to the northwest of the Khormoj section, and discussed it in terms of 
sea-level changes and redox conditions. 

3. Methods 

The Khormoj section (28◦36′29.1′′N, 51◦36′8.1′′E, 258 m a.s.l.) was 
studied during two fieldwork seasons in 2018 and 2019. From the lower 
and middle Pabdeh Formation, 163 samples were collected for 
biostratigraphic and carbonate microfacies analysis and 110 samples for 
stable carbon-isotopic analysis. Carbonate rocks were sampled with a 
frequency of ~2 m in 2018 (18HM samples) and between 0.5 and ~ 1 m 
in 2019 (19HM samples, which represent the main object of this study). 

3.1. Carbonate microfacies analysis 

Microfacies analysis was based on sedimentary textures, grain 
composition, and fossil assemblages, as well as on sedimentary struc-
tures observed in outcrop. Carbonates were described based on Dunham 
(Dunham, 1962; integrated by Embry and Klovan, 1971). Environ-
mental conditions and depositional processes were interpreted accord-
ing to the standard microfacies and depositional model of Flügel (2010). 

3.2. Stable carbon and oxygen isotopes 

Carbon-isotope analyses were performed on 110 carbonate samples 
(data provided in Table A1) powdered by micro-drilling while taking 
care to avoid cement-filled veins and pores as well as bioclasts. Carbon- 
and oxygen-isotope ratios were measured at the State Key Laboratory for 
Mineral Deposits Research, Nanjing University, using a Finnigan MAT 
Delta Plus XP mass spectrometer coupled with an in-line GasBench II 
autosampler. Samples were reacted with purified orthophosphoric acid 
at 70 ◦C. Isotopic measurements were calibrated to the Chinese national 
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Fig. 1. Geological maps. (A) Topographic map showing Arabian and Eurasian plates with intervening Zagros orogen. (B) Simplified tectonic map of SW Iran (redrawn from Homke et al., 2009) showing the location of 
the study area. (C) Geological map of the study area (redrawn from the 1:250,000 geological map), showing the Khormoj measured section. Age of strata in the Kuh-e-Khormoj anticline is given in legend. 
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standard calcium‑carbonate sample GBW04405 (δ13CVPDB = 0.57‰ ±
0.03‰; δ18OVPDB = − 8.49‰ ± 0.14‰). Data are expressed in delta 
notation (δ), as permil deviations from the Vienna Pee Dee Belemnite 
standard (VPDB). Duplicate measurements of standards yielded an 
analytical precision (1σ) of 0.05‰ for δ13C and 0.07‰ for δ18O. 

4. Foraminiferal biostratigraphy 

The carbonate rocks rich in well-preserved foraminifera of the 
Khormoj section were correlated to the standard biozonation proposed 
by BouDagher-Fadel (2015, 2018), based on Blow (1979) and compared 
against the Paleogene earlier zonation of Wade et al. (2011). Firm age 
constraints of the studied strata could thus be obtained. The distribution 
and typical species of planktonic foraminifera are shown in Fig. B1-B2 
and Fig. B3, respectively. Because the Khormoj section contains also 
recycled planktonic foraminifera, biozones were based on the youngest 
fossil assemblage. 

Samples 18HM67–68 and 19HM01 from the uppermost Gurpi For-
mation yielded Globotruncana ventricosa, Globotruncana bulloides, Glo-
botruncana patelliformis, Alanlordella ultramicra, Abathomphalus 
intermedius, and Heterohelix globulosa (Fig. B3 A), indicating a late 
Maastrichtian age for the top of the unit. 

The P1-P4b Paleocene biozones and much of the P4c biozone are not 
documented in the section, indicating that the Gurpi/Pabdeh boundary 
corresponds to a hiatus of ~10 Ma. The presence of Morozovella acuta 
(Fig. B3 B) and Morozovella conicotruncata in sample 19HM02 indicate 
the late Thanetian age (P4c-P5a biozones). The Thanetian P5a biozone is 
indicated by the first appearance of Acarinina soldadoensis (Fig. B3 C) in 
sample 19HM06, and by the first appearance of Acarinina angulosa 
(Fig. B3 D) in sample 19HM17, indicating the base of the Eocene. 
Morozovella formosa, indicating the Ypresian P6b biozone, first appears 
in sample 19HM18. The base of the P7 biozone is well constrained by the 
first appearance of Morozovella aragonensis in sample 19HM22. The first 
appearance of Turborotalia frontosa (Fig. B3 E) in sample 19HM30 points 
to onset of the Lutetian P10 biozone. The base of P11 biozone of the mid- 
Lutetian is documented in sample 19HM48 by the assemblage Turbor-
otalia centralis, Igorina broedermanni, Globigerinatheka subconglobata, and 
Globigerinatheka barri. The presence of Hantkenina mexicana, Globiger-
inatheka euganea and Morozovella aragonensis (Fig. B3 F, G) indicate the 
P11b biozone in sample 19HM69. The association of Morozovella spi-
nulosa, Morozovella lehneri, and Turborotalia possagnoensis (Fig. B3 H) in 
samples 19HM77-19HM110 indicates the late Lutetian P12a biozone for 

the top of the section. 

5. Carbonate microfacies 

Seven microfacies (MF) are identified in the lower to middle Pabdeh 
Formation of the Khormoj section (Table 1, Figs. 4, 5). 

5.1. MF1 Mudstone/wackestone 

MF1 consists of mainly thin-bedded and structureless gray and 
greenish marly mudstone or wackestone distributed throughout the 
Khormoj section. Grains (≤ 20% of the rock) are mostly planktonic 
foraminifera, filaments, and calcispheres. Micritic matrix locally in-
cludes unidentified tiny biologic particles. Fine lamination may occur 
(Fig. 4A). 

5.2. MF2 Burrowed mudstone 

MF2 consists of thick bedded light gray marly mudstone occurring 
mostly in the upper part of the section. Grains (<10% of the rock) are 
mainly planktonic foraminifera, filaments and calcispheres. Burrows are 
common and locally marked by clusters of bioclasts (Fig. 4B-C). 

5.3. MF3 Fine-grained bioclastic packstone 

MF3 occurs in the middle part of the section, where it is dominated 
(> 60% of the rock) by planktonic foraminifera with diameter of 25 to 
100 μm, filaments, calcispheres, and finer particles including nanno-
fossils and pellets interspersed within the micritic matrix (Fig. 4D). 

5.4. MF4 Glauconitic packstone with planktonic foraminifera 

MF4 is represented by a ~ 60 cm interval of thin-bedded greenish 
packstone occurring ~15 m above the base of the Pabdeh Formation and 
containing planktonic foraminifera (~35%), filaments and calcispheres 
(~15%), and abundant well sorted and subspherical glaucony grains 
(~30%). Phosphate grains and few intraclasts also occur, as well as 
micrite with unidentified tiny biological particles with sporadic pyrite 
(Fig. 4E). 

Fig. 2. Cenozoic stratigraphy of the Arabian continental margin exposed in the Zagros Mountains (redrawn from James and Wynd, 1965).  
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Fig. 3. Outcrop photographs. (A) Full view of the measured Khormoj section (white person for scale is ~1.8 m in height). (B) Unconformable boundary between the 
Gurpi and Pabdeh formations (dashed line). (C) Limestone with normal grading (white triangle) and granules (outlined in white). (D) Erosive base and cut-and-fill 
structure (white lines). (E) Turbidite bed with reworked benthic foraminifera. (F) Limestone with burrows and chert nodules. (G) Strata-parallel chert bands. (H) 
Turbidite beds intercalated with thin layers of background deposits. (I) Trace fossil Phymatoderma penicillum. (J) Medium-bedded pelagic marlstones at the top of the 
section. (K) Storm or storm-induced sedimentary structures. (L) Limestone with ripples (arrow points at paleocurrent direction). (M) Erosive base (solid white line), 
trough oblique lamination (dotted white line) and tubular bioturbation. HCS: hummocky cross-stratification; TSC: trough oblique lamination; F/L: flute or load cast. 
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5.5. MF5 Packstone with planktonic foraminifera 

MF5 occurs in both lower and middle parts of the Khormoj section 
and mainly consists of planktonic foraminifera, calcispheres, filaments, 
and yellowish or green glaucony grains. In outcrop, packstone beds may 
show granules at the base, normal grading, and ripples (Fig. 3). Four 
sub-microfacies are identified based on the relative abundance of 
different grain types and the cell-filling of foraminiferal tests. 

MF5-a contains >85% planktonic foraminifera with ~10% filaments 
and a few calcispheres set in micritic matrix that may be laminated 
(Fig. 4F). 

MF5-b contains ~50% planktonic foraminifera, ~35% calcispheres, 
~10% filaments, and sporadic benthic foraminifera and glaucony grains 
(Fig. 4G). 

MF5-c contains 35–80% planktonic foraminifera, 15–25% calci-
spheres and 5–10% filaments, and the tests of planktonic foraminifera 
are invariably filled with pale yellow glaucony. Laminae occur in the 
micritic matrix (Fig. 4H). 

MF5-d is dominated by planktonic foraminifera (>85%), with sub-
ordinate calcispheres, and a few yellowish green glaucony grains. Matrix 
and foraminiferal tests are partly filled by microspar (Fig. 4I). 

5.6. MF6 Packstone with planktonic and benthic foraminifera 

MF6 occurs in the lower part of the Khormoj section where it is 
dominated by planktonic foraminifera and calcispheres 50–100 μm in 
size (~50% of the rock) with subordinate but much larger (0.5–1 mm) 
benthic foraminifera (5–10%), and coralline algae (~5%). Echinoderms, 
bivalves, and bryozoans also occur. The tests of planktonic foraminifera 
may be filled with glaucony. Faint grading and flute or load casts may be 
observed at the base of layers (Fig. 3, 4J). 

5.7. MF7 Floatstone with benthic and planktonic foraminifera 

Limestone beds of microfacies MF7, alternating with MF6 in the 
lower part of the section, display markedly erosive base, cut-and-fill 
structure, and hummocky or trough oblique lamination (Fig. 3). 
Benthic (~35%) and planktonic foraminifera (15–30%) prevail over red 
coralline algae (10–15%), calcispheres, echinoderms, bivalves, mil-
iolids, and bryozoans. Benthic foraminifera and red algae are mainly >2 
mm in size and aligned parallel to their long axis (Fig. 4K) while 
planktonic tests are much smaller (50–100 μm). 

6. Depositional processes 

The abundance of planktonic foraminifera in the lower to middle 
Pabdeh Formation indicates an offshore slope to basin margin envi-
ronment. The presence of shallow-water bioclasts and the dense accu-
mulation of planktonic foraminifera points to different sedimentary 
processes, including pelagic settling, upwelling-condensation- 
reworking, and storm-induced turbiditic deposition (Fig. 6). 

6.1. Pelagic settling 

MF1, MF2 and MF3, dominated by in-situ planktonic bioclasts set in 
micrite, compare well with standard microfacies SMF3 (Wilson, 1975; 
Flügel, 2010) indicating deposition in a deep-marine basin well below 
storm-wave base. Co-occurrence of abundant nannofossils in microfacies 
MF3 is typical of pelagic chalks (Flügel, 2010). Packstone intercalations 
in MF1–3 suggest deposition closer to the shelf edge. Common bio-
turbation in microfacies MF2, combined with light rock colour, points to 
a relative oxic, offshore shelfal to basinal environment (Flügel, 2010). 

6.2. Upwelling-condensation-reworking 

MF4 is characterized by grain-supported packstone dominated by Ta
bl
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pelagic organisms associated with common glaucony and phosphate 
clasts. Phosphatic sediments form in different environments, and mainly 
in upwelling systems (O’Brien and Veeh, 1983; Diaz et al., 2008). 
Glaucony grains grow slowly during periods of sediment starvation 
commonly associated with rapid relative rise in sea level, which allow 
enrichment in iron and potassium (Garzanti, 1991; Bansal et al., 2017), 
and are also related to high temperature, poor oxygenation, and high 
alkalinity of sea water (Odin and Matter, 1981; Banerjee et al., 2020). 
Association of glaucony and phosphate clasts thus indicate reworking 
after a period of condensation in offshore environments associated with 
a major coastal upwelling zone (Bolourchifard et al., 2019). The pres-
ence of pyrite, albeit in small amounts, is consistent with transient 
anoxic conditions during upwelling episodes (Algeo et al., 2008). The 
significantly higher density of planktonic tests in MF4 compared to 
background deposits is also consistent with increased productivity 
associated with upwelling of eutrophic waters (Flügel, 2010), but may 
also result from hydraulic sorting during transportation and deposition 
or from winnowing by contour and bottom currents. 

6.3. Storm-induced turbiditic deposition 

Microfacies MF5, MF6 and MF7, characterized by packstone or 
floatstone containing both pelagic and shallow-marine bioclasts, indi-
cate storm-induced slope-to-basin turbiditic deposits intercalated with 
marlstone beds representing background sedimentation. This interpre-
tation is supported by the sharp base of packstone beds with presence of 

granules, normal grading, and hummocky or trough oblique lamination, 
and by pelagic faunas mixed with shallow-marine bioclasts considered 
to be allochthonous (Fig. 3). Extensive reworking and redeposition is 
also testified by the common occurrence of recycled Late Cretaceous 
planktonic foraminifera in Paleogene strata (Hüneke et al., 2021). 
During burial, chert nodules, lenses, and bands formed in turbidite beds 
— having a higher porosity than the interbedded marls — by precipi-
tation from intrastratal pore waters saturated in silica by the dissolution 
of siliceous bioclasts (e.g., radiolaria, sponge spicules, or diatoms; Hesse, 
1987). Integrated sedimentological and microfacies evidence suggests 
that microfacies MF5 represents more distal turbiditic deposits than MF6 
and MF7. 

Distal carbonate turbidites on the lower slope. Calcarenites and calci-
siltites of microfacies MF5, comparing with standard microfacies SMF4, 
are characterized by thinner layers with more regular basal boundary 
(not sharp and erosive), more common grading, finer grain size, more 
micrite, and much lower abundance of shallow-water bioclasts. These 
features point to a more distal turbiditic environment and suggest that 
allochthonous bioclasts were mainly reworked from lower slope de-
posits (Scholle, 1971; Reza et al., 2010; Hüneke et al., 2021). 

Proximal carbonate turbidites on the upper slope. Mostly calcarenites 
and calcirudites of microfacies MF6 and MF7, comparing with standard 
microfacies SMF5, are characterized by thicker and more irregular 
layers displaying clearer erosional structures, and by a much greater 
quantity, variety, and size (up to more than 5 mm) of benthic shallow- 
marine fossils. These features point to higher-energy turbiditic 

Fig. 4. Thin-section photographs of representative microfacies: (A) MF1 mudstone/wackestone; (B–C) MF2 burrowed mudstone; (D) MF3 fine-grained bioclastic 
packstone; (E) MF4 glauconitic packstone with planktonic foraminifera; (F–I) MF5a-d packstone with planktonic foraminifera; (J) MF6 packstone with planktonic 
and benthic foraminifera; (K) MF7 floatstone with benthic and planktonic foraminifera. g: glaucony, p: phosphate, f: planktonic foraminifer; b: bivalve; bf: benthic 
foraminifer, t: textularia, c: coralline alga. 
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currents and suggest that allochthonous shallow-marine bioclasts were 
recycled from upper slope or shelfal storm deposits (Aigner, 1982; Wu, 
1982; Hüneke et al., 2021). 

7. Carbon-isotope stratigraphy 

The whole-rock inorganic‑carbon isotopic curve is well documented 
for the Pabdeh Formation in the Khormoj section (samples HM19; 

Fig. 5. Stratigraphic log of the Pabdeh Formation in the Khormoj section showing microfacies, interpretation of sedimentary environment and process, planktonic 
foraminifera zones, and whole-rock carbonate δ13C curve. CIP: carbon-isotope perturbation; VPDB: Vienna Pee Dee Belemnite; PF Zone: planktonic foraminiferal 
zones proposed by BouDagher-Fadel (2015, 2018). 
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Fig. 5). The δ13C values of these marlstones and packstones range be-
tween -2.4‰ and 2.0‰. Several Carbon-Isotope Perturbations (CIP) are 
observed in the lower and middle parts of the section, whereas δ13C 
values are fairly stable and centered around 1–2‰ in the upper part. 

CIP1, occurring at the base of the section, is characterized by a slight 
negative spike from 1.5‰ to 0.2‰. The onset of the main CIE (CIP2) is 
testified by a gradual δ13C decline from 1.2‰ to -0.9‰, followed by a 
recovery and in turn by a further slightly negative spike. CIP3, occurring 
between 30 and 40 m from the base of the section, is characterized by 
two negative spikes with 2.2‰ and 2.4‰ amplitude. CIP4, occurring 
between 55 and 65 m from the base of the section, includes two ex-
cursions with 1.9‰ and 3.1‰ amplitude (Fig. 5). 

The δ18O values range between -6.4‰ and -2.1‰ throughout the 
section and, similarly to the carbon-isotope curve, show several per-
turbations in the lower and middle parts of the Khormoj section and 
become relatively stable in the upper part. 

8. Discussion 

8.1. Assessing potential bias of stable carbon and oxygen isotopic curves 

Dissolution and recrystallization of carbonate minerals during early 
diagenesis can significantly alter their isotopic composition, usually 
resulting in a decrease of both δ13C and δ18O values (Banner and Han-
son, 1990). The carbon-isotope ratio is also affected by the interstratal 
circulation of fluids, especially in meteoric environments, which can 
modify the original stable-isotope signature of marine carbonates 
especially during major regressions (Banner and Hanson, 1990). In 
addition, carbonates deposited at different times have different carbon- 
isotope values due to changes in freshwater flux, temperature, and 
productivity (Mackensen and Schmiedl, 2019). Carbonate grains from 
different environments may also have different carbon-isotope values 
(Geyman and Maloof, 2021). Therefore, the formation of intergranular 
or intragranular sparite and the presence of recycled carbonate grains 
can affect the bulk-rock carbon-isotope value. 

Carbonates in the Pabdeh Formation are mainly wackestone and 
packstone containing planktonic foraminifera with well-preserved 
original biological structure and ornamentation. The matrix is mainly 
micrite, lacking any evidence of dissolution or recrystallization. Meta-
morphic recrystallization is ruled out, and meteoric diagenesis or 
percolation of interstratal fluids are unlikely in these pelagic deposits. 

Reworked bioclasts do occur in carbonates of the Pabdeh Formation, 
but the cross-plot in Fig. 7 shows no significant covariance between δ18O 
and δ13C both in background deposits and calciturbidite, and the 
carbon-isotope values are in the same range as in modern oozes domi-
nated by planktonic foraminifera (-2 to 2‰; Mackensen and Schmiedl, 
2019). We are thus confident that the obtained isotopic values faithfully 
record the primary paleoceanographic signals with only minor distur-
bance from recycled grains. The recent study by Martínez-Braceras et al. 

(2021) supports the reliability of geochemical records retrieved from 
turbiditic successions. 

8.2. Carbon-isotope record of early Paleogene hyperthermals 

In the early Paleogene, specifically in the early Eocene, the Earth was 
in a high-CO2-level warmhouse to hothouse stage, with several hyper-
thermals characterized by rapid carbon-isotope excursions (Zachos 
et al., 2001; Westerhold et al., 2020). In our detailed study of the 
Khormoj section, EECO and other hyperthermal events have been 
identified by coupling carbon-isotope stratigraphy with biostratigraphy. 
The comparison with the Cenozoic global marine carbon-isotope record 
(Fig. 8) indicates that the EECO corresponds with the CIP2 located be-
tween 15 and 30.5 m from the base of the section (P5b-P9 biozones), 
where δ13C fluctuates around 0‰. The ETM2 and ETM3 or other 
hyperthermal events that occurred during the EECO are not well 
recorded in the Khormoj section possibly because of sampling resolution 
or erosive effect of turbidity current. The Thanetian CIP 1 event (P5a 
biozone) corresponds to the Pre-Onset Excursion (POE; Bowen et al., 
2015; Li et al., 2021), representing the climatic perturbation lasting less 
than 2000 years that preceded the PETM, or alternatively corresponds to 
a relative long-term variation of carbon perturbation of the late 
Paleocene. 

The largest carbon-perturbation event of the Cenozoic, occurring 
around the boundary between the P5a/5b biozones, is unfortunately not 
documented in the Khormoj section. In fact, the PETM event is con-
cealed in the glauco-phosphorite layer found ~15 m above the base of 
the Pabdeh Formation and formed around the P5a/P5b boundary, cor-
responding to a stage of warm climate, oxygen-depletion, and sediment 

Fig. 6. Depositional model for the Khormoj area in the late Paleocene to early Eocene, indicating the relative paleogeographic position and formation process for 
each microfacies (identified mainly following Flügel, 2010). Recycled particles in orange. FWWB: fair-weather wave base; SWB: storm wave base. 

Fig. 7. Cross plot of whole-rock carbonate carbon isotopes versus oxygen iso-
topes for the Pabdeh Formation. Data from background deposits (pelagic sed-
iments; green) and event deposits (calciturbidite; blue) are shown, respectively. 
VPDB: Vienna Pee Dee Belemnite. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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starvation during transgression (Fig. 8; Banerjee et al., 2020; Choudhury 
et al., 2021). Eustatic transgression during the PETM (Sluijs et al., 2008) 
combined with high temperature, relative reducing conditions, and 
abundant nutrients, promoted the formation of the glauconitic 
condensed layer. 

The CIP3 and CIP4 events, corresponding to biozone P11, are char-
acterized by multiple negative shifts and recovery of δ13C values dis-
playing gradually increasing amplitude. Based on the comparison with 
the carbon-isotope record of benthic foraminifera, these events may 
correspond to the Middle Eocene Thermal Maximum (METM) or other 
possible middle Eocene hyperthermals (Fig. 8; Zachos et al., 2001; 
Westerhold et al., 2020; Scotese, 2021). Recent studies have shown that 
early Paleogene hyperthermals were characterized by a double negative 
δ13 spike, suggesting that the carbon reservoir experienced multiple 
releases during each event (Barnet et al., 2019; D’Onofrio et al., 2020). 
This seems to have been the case for CIP3, documented in background 
deposits unaffected by allochthonous grains, whereas the CIP4 record 
may have been partly disturbed by the occurrence of recycled bioclasts. 
The stable carbon-isotope values at the top of the Khormoj section 
document the restoration of a relatively stable air-ocean pCO2 
equilibrium. 

8.3. Sedimentary response to early Paleogene hyperthermals 

Microfacies analysis of the lower to middle Pabdeh Formation rules 
out major changes in paleo-water depth in slope-to-basin offshore 
pelagic settings. Abundant turbidites dominated by pelagic organisms in 
the Khormoj section, combined with evidence from coeval shallow- 
water strata exposed in the region, where reef facies are lacking, we 
suggest that the Pabdeh Formation might represent the distal part of a 
distally steepened carbonate ramp that remained relative stable through 
the early Paleogene (Pomar, 2001; Mohseni and Al-Aasm, 2004; 
Bolourchifard et al., 2019). Depositional processes, instead, changed 
notably (Figs. 5, 6). The first change is documented at the base of the 
Khormoj section, where pelagic background sediments (MF1) interca-
lated with distal turbidites (MF5) are replaced by an alternation of 
proximal (MF6, 7) and distal turbidites (MF5) including the condensed 
glauco-phosphorite layer containing the Paleocene/Eocene boundary 
(MF4). Above, wackestone and packstone with planktonic foraminifera 
and nannofossils (MF1 and MF3) document a return to background 
deposition, followed by another interval characterized by distal turbi-
dites (MF5) and eventually again by background pelagic deposition of 
wackestone (MF1) and burrowed mudstone (MF2) at the top of the 
section. 

Above the Gurpi/Pabdeh unconformity, spanning the latest Creta-
ceous and most of the Paleocene (James and Wynd, 1965), turbiditic 

Fig. 8. (A) Comparison of deep-sea benthic foraminifera δ13C and δ18O record as sea- temperature proxy (Westerhold et al., 2020) and inferred eustatic curve 
between 57 and 42 Ma (Miller et al., 2005). (B) Measured stratigraphic section of the Pabdeh Formation with δ13C and δ18O curves as well as sedimentation rate. 
Correlation is based on planktonic-foraminifera biostratigraphy. Legend as in Fig. 5. VPDB: Vienna Pee Dee Belemnite; PETM: Paleocene/Eocene Thermal Maximum; 
CIP: carbon-isotope perturbation. 
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deposition resumed in the late Thanetian (POE or long-term late 
Paleocene perturbation), intensified during the early Eocene (EECO) and 
earliest middle Eocene (METM), and terminated after the earliest middle 
Eocene, when pelagic background deposition was restored. The 
condensed interval containing the Paleocene/Eocene boundary docu-
ment the deepest paleo-water in the Khormoj area, possibly reflecting 
eustatic rise during the hyperthermals (Sluijs et al., 2008). 

8.4. Sedimentation rates during the early Paleogene 

The Khormoj section documents a low average rate of sediment 
accumulation, comparable to typical rates for outer continental shelf 
and basin settings (5–50 m/Ma; Einsele, 2000; Stow, 2005). Our data 
indicate irregular variations though time, which are not easily 
explained. An extremely low rate of only 1.0–2.3 m/Ma would be 
calculated for the sedimentary horizon deposited during the EECO and 
for a period following it, much lower than in background deposits in the 
middle to late Lutetian (33.0 m/Ma; Fig. 8). This may be partly 
explained with extensive erosion by storms and turbidites during the 
EECO. Low (9.3 m/Ma) accumulation rate is indicated also for the CIP1, 
reflecting a long-term late Paleocene perturbation, which also may be 
influenced by climate. Combined with the large amount of erosive sur-
face at the base of turbidite, it seems to believe is that the turbidity 
current may contribute more to the denudation than accumulation, 
resulting in a significant decrease in sedimentation rate. In fact, such 
strongly reduced rates of sediment accumulation during early Paleogene 
hyperthermals, and especially during the PETM (Sluijs et al., 2008), are 
best explained by eustatic change, leading to long periods of non- 
deposition during peak transgression. Development of condensed sec-
tions during maximum flooding is in fact documented by widespread 
formation of glaucony, which requires prolonged periods of sediment 
starvation (Odin and Matter, 1981; Banerjee et al., 2020). Sediment 
starvation caused by high sea level and erosion induced by climate 
change, together determine the low sedimentation rate of Khormoj 
section in Ypresian. 

However, for CIP 1, if the POE duration is calculated at 2000 years 
(Bowen et al., 2015), the sedimentation rate would reach 1000 m/Ma, 
although inconceivable, which can be satisfied in the slope apron 
environment where turbidites develop (Einsele, 2000). In this case, the 
main contribution of turbidity current is rapid accumulation. 

8.5. The trigger of turbiditic deposition 

Turbiditic deposition documented in upper Paleocene to lower 
Eocene carbonates of the Khormoj section may have been triggered by 
different tectonic, climatic, or eustatic mechanisms. Ophiolite obduction 
onto the northeastern Arabian continental margin ceased by the end of 
the Cretaceous, and several authors considered that collision-related 
tectonic deformation of the Arabian continental margin may not have 
occurred before the Oligocene-early Miocene (Agard et al., 2005; Alavi, 
2007; Leturmy and Robin, 2010; McQuarrie and van Hinsbergen, 2013; 
Mohajjel and Fergusson, 2014; GholamiZadeh et al., 2017, 2021; 
Koshnaw et al., 2018). The early Eocene might have thus represented a 
relatively quiet tectonic period. As far as sea-level is concerned, no 
evident change in paleo-water depth is documented by microfacies 
analysis. Turbiditic deposition on the deep-water Arabian continental 
margin is thus more plausibly related to the extreme climatic conditions 
that characterized the late Paleocene to early Eocene. 

Besides tectonic or eustatic controls, turbiditic deposition may be 
activated as hyperpycnal flows generated during high-rainfall episodes 
and river floods, or induced by extreme climatic events such as tropical 
storms. Considering that no increase in terrigenous detritus is docu-
mented in the Khormoj section, we propose that proximal calcareous 
turbidites of the Pabdeh Formation (MF6 and MF7), displaying a range 
of high-energy sedimentary structures (e.g., hummocky and trough 
oblique lamination, erosive surface, normal grading, oriented shallow- 

marine bioclasts), were triggered by storms of intensified strength 
hitting onto the Arabian carbonate platform at times of high global 
temperature. This hypothesis is largely based on the temporal coinci-
dence between the interval dominated by turbiditic deposits with storm- 
related sedimentary structures and early Paleogene hyperthermal 
events. 

Before and after the early Paleogene hyperthermals, the study area 
was dominated by normal pelagic sedimentation (Fig. 9A). In contrast, 
the high temperatures and high atmospheric CO2 during the hyper-
thermals led to an abnormal rise in sea-surface temperature, and 
consequently to a higher frequency of storm events (Fig. 9B). High- 
energy storm surges with high erosive and sediment-transport capacity 
led to currents laden with sediment in suspension that could either 
transform directly into hyperpycnal flows or induce sediment accumu-
lation close to the shelf break eventually producing instability and 
gravitational failure (Fig. 9C). Whether intensified storms represented a 
direct or indirect trigger of turbidity transport and deposition, we 
envisage the study area during the early Eocene as a storm-influenced 
slope-to-basin environment, which is supported by evidence of sedi-
mentary structures such as hummocky lamination (Fig. 3). Although the 
Pabdeh Formation in the Khormoj section was largely deposited below 
storm wave base, diagnostic sedimentary structures of storm deposits 
are documented from the same unit in adjacent areas (Mohseni and Al- 
Aasm, 2004; Mohseni et al., 2011; Bolourchifard et al., 2019; Salsani 
et al., 2020). The Kheirmand section, located ~250 km northwest of the 
Khormoj section (Bolourchifard et al., 2019), shows a similar evolution 
as the Khormoj section in shallower-water shelfal environments, and 
documents a large number of tempestites. This is fully consistent with 
the hypothesis provided in this study (Fig. B4). 

Turbidity currents and hyperpycnal-flow deposits associated with 
early Paleogene hyperthermals were previously interpreted chiefly as 
the result of increasing sediment-influx controlled by enhanced hydro-
logical cycle or paced by astronomical control (Fig. 10; Payros et al., 
2012; Pujalte et al., 2015; Frieling et al., 2019; Martínez-Braceras et al., 
2021; Jin et al., 2022). This scenario does not apply in our case, because 
the turbidites in the Khormoj section are calcareous and composed of 
calcareous bioclasts rather than terrigenous detritus. An alternative 
hypothesis is thus required. Modern-time observations indicate that the 
strength of tropical storms and wave power increase with the warming 
of oceanic waters, driving prominent sedimentological processes of 
transport and erosion in marine settings (Reguero et al., 2019). Storms 
are able to trigger turbidity currents in three main ways: (1) by reducing 
the shear resistance of sediments until failure is caused by excess pore 
pressure; (2) by intensifying sediment transport by shelfal currents and 
coastal drift; (3) by enhancing erosion power, as observed in the Yellow 
River delta (Prior et al., 1989), Biscay Bay (Mulder et al., 2001), or 
northern California margin (Puig et al., 2004). Modern observations also 
indicate that tropical storms are typically accompanied by intense 
rainfall events, and that rainfall intensity is inversely proportional to the 
translation speed of tropical cyclones, which decreases with rising at-
mospheric temperature (Kossin, 2018). A greater frequency of tropical 
cyclones during early Paleogene hyperthermals may thus have influ-
enced both terrestrial and marine sedimentary processes, which implies 
that an accelerated-hydrological-cycle and a higher frequency of intense 
tropical storms should be considered as complementary rather than 
mutually exclusive hypotheses. 

8.6. Intensified storm events in the early Paleogene 

Two main mechanisms lead to extreme storm events able to produce 
high waves, strong surf-zone dynamics, and massive sediment transport: 
warm-core tropical and cold-core extratropical cyclones. Extratropical 
cyclones confined to middle/high latitudes (30◦ to 60◦; Masselink and 
van Heteren, 2014) are generated by disturbances at the boundary be-
tween warm tropical and cold polar air masses, and are mainly 
controlled by air-mass temperature contrasts. Tropical cyclones are 
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usually generated by the enthalpy flux from condensation of rising warm 
and moist air, which is essentially tied to elevated sea-surface temper-
ature (>26.5 ◦C; Gray, 1968). Being driven by the Coriolis effect, trop-
ical cyclones do not form close to the Equator but are mostly confined to 
subequatorial latitudes between 8◦ and 20◦ or to a higher-latitude sub-
tropical zone (Gray, 1968; Agustsdottir et al., 1999). 

During the late Paleocene to early Eocene, the northeastern Arabian 
continental margin was located at subequatorial latitudes in the north-
ern hemisphere (5–15◦N; Fig. 10; Ziegler, 2001; Scotese, 2021), pre-
cisely where tropical storms are generated. The intensity of tropical 
cyclones is in strict relationship with the sea-surface temperature of 
water masses over which they form (Emanuel, 1999). The δ18O data 
from small benthic and planktonic foraminifera in pelagic sediments 
suggest that sea-water temperature rose by >3 ◦C on average during the 
early Eocene hothouse period, rising well above the temperature 
threshold required for the generation of tropical cyclones (26.5 ◦C; Gray, 

1968; Zachos et al., 2001; Aze et al., 2014; Westerhold et al., 2020). 
Furthermore, climate simulations suggest that CO2 reached 460–800 
ppm during the early Eocene, and more than 1000 ppm during the 
hyperthermals (Cui and Schubert, 2017), leading to conditions favorable 
to enhanced frequency of intense tropical storms (Emanuel, 2017; Korty 
et al., 2017; Han et al., 2018). These lines of reasoning provide an 
explanation for the wide distribution of storm-generated deposits in 
continental margins of the northern hemisphere during the early 
Paleogene (Fig. 10). Storm-related deposits of this age are found in both 
shallow-marine carbonate (Zamagni et al., 2012; Pujalte et al., 2014; 
Belghouthi and Zouari, 2019; Al-Fattah et al., 2020; Azami et al., 2021; 
Li et al., 2021) and siliciclastic settings (Singh and Srivastava, 2011; 
Self-Trail et al., 2012), as well as in outer-shelf to basinal siliciclastic 
environments (e.g., Carreño et al., 2000). The preferential occurrence of 
storm-generated deposits at relatively low latitudes (15–35◦) indicate 
that they were the result of oscillatory currents produced by tropical 

Fig. 9. Envisaged scenario of storm-surge turbidity flows during hyperthermal events (redrawn from Azami et al., 2021). (A) Pelagic background deposits dominated 
both before and after the late Paleocene to early Eocene hothouse period. (B) Global temperature and pCO2 rose rapidly at the beginning of the hothouse period, 
when storm winds and currents carrying reworked sediment in suspension were frequently generated by enthalpy flux from condensation of rising warm and moist 
air. (C) Sediment accumulation by storm-surge currents close to the shelf margin triggers gravitational failure and turbidity flows. Legend as in Fig. 6. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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rather than extratropical cyclones (Fig. 10). 
Sedimentological records of tropical storms associated with early 

Paleogene hyperthermals have not been reported so far from the 
southern hemisphere (Fig. 10). The concentration of tropical cyclones in 
the northern hemisphere during the early Paleogene may be explained 
with marked differences in the distribution of continental masses be-
tween the northern and southern hemispheres, as observed today (htt 
ps://www.nhc.noaa.gov/climo/). In the southern hemisphere, tropical 
disturbances may have not developed into more intense storms during 
the early Paleogene (Aze et al., 2014) possibly also under the influence 
of changing patterns in oceanic circulation (Fig. 10; Nunes and Norris, 
2006). Alternatively, such an apparently skewed distribution of storm 
deposits may be simply ascribed to the fact that recent research on the 
early Paleogene hyperthermals has been focused largely on land and on 
the deep sea (McInerney and Wing, 2011; Carmichael et al., 2017), but 
less so on shallow-marine environments where storm deposits occur. 
Further detailed sedimentological studies of shelf and shelf-margin de-
posits would help to solve this issue. 

9. Conclusion 

By coupling sedimentological, biostratigraphic, and stable-isotope 
data, we document the Paleogene evolution of the northeastern 
Arabian continental margin in southwestern Iran, illustrating and dis-
cussing the sedimentary response to the early Paleogene hyperthermals. 
The reconstructed δ13C curve for the lower to middle Pabdeh Formation 
displays four carbon-isotopic perturbations that, combined with age- 
diagnostic assemblages of planktonic foraminifera and the global iso-
topic record, allow us to relate this interval of intensified turbiditic 
deposition to the late Paleocene to early Eocene POE or long-term late 
Thanetian climatic perturbation, EECO, and METM. 

Sedimentological and microfacies analyses indicate that sedimenta-
tion on a carbonate slope to shelf-margin basinal environment was 
influenced by three distinct depositional processes: pelagic settling, 
upwelling-condensation-reworking, and storm-related turbiditic depo-
sition. Turbiditic sedimentation started during the late Thanetian event 
(POE or long-term late Paleocene perturbation) and intensified to 
become dominant during the EECO and METM stage, followed by the 

restoration of pelagic background deposition since the late Eocene. A 
close link between early Eocene warming, enhanced intensity of tropical 
storms, instability of carbonate sediments rapidly accumulated on the 
shelf margin, gravitational failure, and generation of turbidity currents 
is thus suggested. The PETM event is not documented in the studied 
section, where a condensed glauco-phosphorite interval developed 
around the Paleocene-Eocene boundary testifying to a prolonged period 
of sediment starvation and reworking. 

The common occurrence of turbiditic deposits at subequatorial lati-
tudes of the northern hemisphere during the early Paleogene is thus 
plausibly associated with global warming during hyperthermals and 
consequently extreme conditions of the climate system inducing the 
frequent generation of high-energy tropical storms. 
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