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A B S T R A C T   

The Paleocene–Eocene Thermal Maximum (PETM, ~56 Ma) is a large negative carbon isotope excursion (CIE) 
that testifies to a massive perturbation of the global carbon cycle and has been considered to be an ancient, deep- 
time analogue for present and future climate change. However, the environmental and carbon isotopic response 
to the PETM in shallow-water carbonate platforms has remained largely elusive. This study presents new sedi-
mentological, biostratigraphic, and carbon isotopic data to evaluate the impact of the PETM on a shallow-water 
carbonate platform from more proximal southern parts of the northern Indian continental margin. Detailed 
biostratigraphy and carbon isotope data indicate that the PETM occurs 3 m below the boundary between nodular 
and thin-bedded limestones, is maintained up to the thin-bedded limestone and calcareous marl interval, and is 
followed by recovery at the base of thick-bedded limestone interval. Microfacies analysis testifies to a regression 
from open to restricted shallow-marine environments at the transition from PETM onset to PETM core, and 
shallowing continued through the PETM core. Restricted lagoonal deposition was renewed during PETM re-
covery. These environmental changes were associated with two major turnovers of shallow-water biota. We infer 
that the first sudden biotic change at the PETM onset may relate to intensified continental weathering, whereas 
the second biotic change at PETM recovery may have been caused by sea-level fall. The smaller magnitude of the 
CIE observed in proximal, shallower-water than in distal, deeper-water environments is ascribed to increased 
primary productivity due to increased nutrients’ supply associated with intensified continental weathering.   

1. Introduction 

The early Paleogene greenhouse climate was punctuated by a series 
of transient, extreme global warming events known as hyperthermals 
(Barnet et al., 2019; Hu et al., 2020). The largest of these was the 
Paleocene-Eocene Thermal Maximum (PETM, ~56 Ma), which repre-
sents a close analogue to modern climate change because it was driven 
by a similar carbon-release magnitude, albeit at a much slower rate 
(Zeebe et al., 2016). The PETM event is characterized by the input of 
isotopically light carbon into the ocean/atm system (Dickens et al., 
1995, 1997; Zeebe et al., 2009; Gutjahr et al., 2017) and recorded 
globally as a prominent negative carbon isotope (δ13C) excursion (CIE) 
in terrestrial and marine carbon archives (McInerney and Wing, 2011; 
Hu et al., 2020). The CIE is thought to have taken ~170 kyr (Röhl et al., 

2007) and possibly even more than 200 kyr (Zeebe and Lourens, 2019) 
and comprises a rapid onset, a phase of low stable carbon isotope ratio 
values (often referred to as “core”), and a more gradual recovery (McI-
nerney and Wing, 2011). The source and nature of the massive carbon 
release leading to such an extreme climatic event remain under debate. 
The magnitude and shape of the CIE differ among carbon archives, 
ranging from − 4.7 ± 1.5‰ in terrestrial records to − 2.8 ± 1.3‰ in 
marine records (McInerney and Wing, 2011). Inferred and possibly 
concurrent triggers of rapid environmental deterioration include ocean 
acidification (Zachos et al., 2005; Babila et al., 2018), changes in hy-
drology and weathering regimes (Carmichael et al., 2017), and severe 
losses of biota affecting both marine (Speijer et al., 2012) and terrestrial 
ecosystems (Wing et al., 2005; Secord et al., 2012). 

Shallow-water carbonate platforms with high sedimentation rates 
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and abundant biota are crucial to understanding the environmental and 
ecological changes associated with the PETM. Carbonate platforms 
grown all along the borders of the Tethys Ocean, which was an extensive 
east–west subtropical seaway during the Paleogene, offer a wide variety 
of neritic environments for PETM studies (Fig. 1A). Previous work car-
ried out on the Tibetan carbonate platform has pinpointed the strati-
graphic position of the PETM based on larger benthic foraminifers and 
documented the biotic and environmental changes associated with the 
PETM in the distal parts of the Indian continental margin and in the 
Xigaze forearc basin (Zhang et al., 2018; Li et al., 2017, 2020; Jiang 
et al., 2021). However, the environmental and carbon isotopic response 
to the PETM in Tibetan carbonate platform has remained largely elusive. 
Here, we present a new PETM record from the proximal parts of the 
Indian continental margin in southern Tibet illustrated by sedimento-
logical, paleontological, and geochemical evidence. Our principal aims 
are to reconstruct a detailed stratigraphic frame through comparisons 
with other Tibetan PETM records and thus constrain the environmental, 
biotic and carbon isotope response associated with the PETM across the 
shallow-water carbonate platform. 

2. Geological setting 

The Yadong area analyzed in this study is located in the Tethys 
Himalaya sedimentary zone, which contains remnants of the passive 
continental margin of India facing the Neotethys Ocean (Sciunnach and 
Garzanti, 2012, Fig. 1A) and is separated from the Lhasa block in the 
north by the Indus-Yarlung-Zangbo and from the High Himalaya Crys-
talline in the south by the South Tibet Detachment System (STDS). 

During early Paleogene time, the Tethys Himalaya was situated at low 
latitudes in the northern hemisphere (Yi et al., 2011). The India-Asia 
initial collision began in the early middle Paleocene (by 59 ± 1 Ma; 
Hu et al., 2015; An et al., 2021), while shallow-water carbonates were 
being deposited in the southern proximal part of the Indian continental 
margin (Sciunnach and Garzanti, 2012). 

The southern Tethys Himalaya is a classic locality for carbonate 
platform PETM studies, which were however largely focused on the 
distal Gamba and Tingri areas (Li et al., 2017, 2020; Zhang et al., 2018, 
2020). The Düela section illustrated here (Fig. 1B) is located instead in 
the more proximal southern parts of the Indian continental margin and 
thus allows us to reconstruct a complete stratigraphic profile from 
proximal to distal carbonate platform sites. The Düela section has a 
continuously exposed marine carbonate succession ranging from the late 
Paleocene to the early Eocene, represented by the middle to upper 
Zongpu Formation (Li et al., 2017, 2020). 

3. Sampling and methods 

The studied samples were collected throughout the Paleocene- 
Eocene stratigraphic section measured in the Düela section 
(N28◦03′45.55′′, E89◦11′39.36′′) in the Yadong area of southern Tibet. 
Over 250 samples were collected for microfacies, biostratigraphic, and 
carbon isotope analyses with an average spacing of ~0.2–0.3 m except 
for the 10 m-thick calcareous marls incompletely exposed interval in the 
middle/upper part of the section. 

Microfacies analysis aimed at characterizing depositional environ-
ments was based on macrofossil and microfossil assemblages, textures, 

Fig. 1. A) Envisaged early Eocene paleogeography (red dot points at the location of Tibetan Himalaya; after Scotese, 2014). B) Geologic map of the Himalayan Range 
showing the locations of the Düela section (N28◦03′45.55′′, E89◦11′39.36′′) in Yadong area, southern Tibet. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

J. Li et al.                                                                                                                                                                                                                                         



Global and Planetary Change 214 (2022) 103853

3

and structures observed in both thin sections and outcrop (approach 
according to Flügel, 2010 and terminology according to Dunham, 1962 
as refined by Embry and Klovan, 1971). The identification of large 
benthic foraminifera for biostratigraphic analysis was based on key 
morphological characteristics, including coiling mode, peripheral shape, 
arrangement and number of chambers, presence or absence of keels, and 
sutural properties observed in thin section (BouDagher-Fadel, 2018). All 
index fossils considered in this study follow the Tethyan Shallow Benthic 
Zonation established by Serra-Kiel et al. (1998), revised by BouDagher- 
Fadel et al. (2015), and tied to the time scale of Gradstein et al. (2020). 

Stable carbon isotopes in bulk carbonate rocks were analyzed at the 
State Key Laboratory for Mineral Deposits Research at Nanjing Univer-
sity, China using an in-line GasBench II autosampler coupled to a Fin-
nigan MAT Delta Plus XP mass spectrometer. Powdered bulk rock 
samples were obtained by microdrill in polished slabs, taking care to 
avoid cement-filled veins and pores or larger bioclasts, and reacted with 
purified orthophosphoric acid at 70 ◦C. Isotopic measurements were 
calibrated to Chinese national standard calcium carbonate sample 
GBW04405 (δ13CVPDB = 0.57‰ ± 0.03‰; δ18OVPDB = − 8.49‰ ±
0.14‰). Data are expressed in standard delta notation (δ) as permil 

Fig. 2. Outcrop photographs of the Düela section in Yadong area, southern Tibet. A) Full view of the studied stratigraphic section; B) nodular limestone showing a 
fitted-fabric texture; C) conformity between nodular and thin-bedded limestones; D) thin-bedded limestone; E) thick-bedded limestone. 
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deviations from the Vienna Pee Dee Belemnite (VPDB) standard. 
Duplicate measurements of standards yielded analytical precisions (1σ) 
of 0.1 and 0.05‰ for δ13C and δ18O, respectively. 

4. Results 

4.1. Lithostratigraphy 

The Paleocene to lower Eocene succession exposed in the Düela 
section is equivalent to the middle to upper Zongpu Formation and 
correlates well with the succession described in the Tingri (Li et al., 
2020) and Gamba areas (Li et al., 2017). Four stratigraphic intervals are 
identified (from base to top, Fig. 2A): i) nodular limestone; ii) thin- 
bedded limestone; iii) calcareous marls; and iv) thick-bedded limestone. 

The 14-m-thick nodular limestone is characterized by subspherical, 
decimeter-sized nodules that are densely packed and show a fitted-fabric 
texture (Fig. 2B), displaying large benthic foraminifers. A distinct stratal 
surface was located between the nodular limestone and the overlying 
thin-bedded limestone (Fig. 2C). The 12-m-thick thin-bedded limestone 
yields calcareous green algae and small benthic foraminifers (Fig. 2C, 
D). The comformably overlying 14-m-thick greenish-gray calcareous 
marls are intercalated with thin-bedded limestone in the lower part and 
with reddish marls containing siliciclastic detritus in the upper part. 
Bioclasts and laminations are scarce. The calcareous marls are com-
formably overlain by thick-bedded to massive limestone with abundant 
larger benthic foraminifers (Fig. 2E). 

4.2. Larger benthic foraminifera biostratigraphy 

Thin-sections very rich in well-preserved larger benthic foraminifera 
could be firmly correlated with the shallow benthic zones (SBZ) pro-
posed by Serra-Kiel et al. (1998) and BouDagher-Fadel (2018), thus 
providing robust constraints to the late Paleocene to early Eocene age of 
the studied strata. The typical species and distribution of larger benthic 
foraminifera in the Düela section are shown in Fig. 3 and Fig. 4, 
respectively. 

The index larger benthic foraminifera assemblage in the nodular 
limestone includes Alveolina subpyrenaica Leymerie (Fig. 3A), Lockhartia 
haimei (Fig. 3B), Miscellanea juliettae Leppig (Fig. 3C), and Rotospirella 
conica (Fig. 3D), indicating an SBZ4 age (Serra-Kiel et al., 1998; Afzal 
et al., 2011). Other larger benthic foraminifera assemblages within 
nodular limestone include Kathina aquitanica, Daviesina khatiyahi, 
Daviesina garumnensis, and Lockhartia conditi (Fig. 3E). The transition 
from SBZ4 to SBZ5 corresponds to the boundary between the nodular 
limestone and the thin-bedded limestone, and is defined by the 
appearance of Planorotalites chapmani (Fig. 3F), Acarinina pseudotopi-
lensis, and Acarinina intermedia subbotina (Fig. 3G) (BouDagher-Fadel 
et al., 2015; Kahsnitz et al., 2016). The larger benthic foraminifers are 
less abundant in the thin-bedded limestone and in the calcareous marls. 
Orbitolites complanatus Lamarck (Fig. 3H), Alveolina corbarica Hottinger 
(Fig. 3I), A. pasticillata (Fig. 3J) A. lax (Fig. 3K), and A. moussoulensis 
(Fig. 3L) indicate an SBZ7 age for the base of the thick-bedded limestone 
(Serra-Kiel et al., 1998; BouDagher-Fadel et al., 2015). 

Therefore, based on detailed biostratigraphy, the nodular limestone 
is assigned to the late Thanetian SBZ4, the thin-bedded limestone to 
SBZ5, the calcareous marls range from SBZ5 to SBZ6, and the thick- 
bedded limestone is dated as SBZ7. 

4.3. Carbonate microfacies and depositional environments 

On the basis of field observations, sedimentological features, fossil-
iferous assemblages, textures and fabrics, 13 microfacies (MF1 to MF13) 
were identified in the Düela section, which identify three depositional 
settings (Table 1 and Figs. 4 and 5). The Upper Paleocene nodular 
limestone in the lower part of the section comprises MF1 and MF2, 
indicating an open shallow-marine environment. The lower Eocene thin- 

bedded limestone and calcareous marls in the middle part of the section 
are represented by MF3 to MF9, pointing at a protected shallow-marine 
to peritidal environment. The thick-bedded limestone in the upper part 
of the section is dominated by MF10 to MF13, suggesting a restricted 
lagoonal environment. 

4.3.1. Open shallow-marine environment 

4.3.1.1. MF1 Large rotaliids packstone. Thick-bedded nodular lime-
stones in the lower part of the Düela section are characterized by larger 
hyaline benthic foraminifera set in a micritic matrix (Fig. 5A), including 
Lockhartia, Daviesina, Kathina, Rotospirella, Assilina and Miscellanea. 
Poorly sorted calcareous green algae, alveolinids, ostracods, small mil-
iolids, and echinoderms also occur. Large hyaline-walled, robust to in-
termediate rotaliids thrive in shallow open platform enviroments to the 
lowest part of the photic zone (Hallock and Glenn, 1986; Beavington- 
Penney and Racey, 2004). 

4.3.1.2. MF2 Dasycladacean algae packstone with rotaliids. Thick- 
bedded nodular limestones in the middle and upper parts of the Düela 
section contain abundant green algae (mostly high-diversity Dasycla-
dacea and small Udoteacea) and subordinate larger benthic foraminifera 
(Fig. 5B). Larger hyaline benthic foraminifera are similar to those in MF1 
with Miscellanea increasing up-section. Rare alveolinids, coral frag-
ments, echinoderms, and granular phosphate occur. Large hyaline- 
walled, robust to intermediate rotaliids foraminifera, associated with 
Miscellanea, are typical inhabitants of open-marine platform environ-
ment (Hallock and Glenn, 1986; Beavington-Penney and Racey, 2004). 
Calcareous green algae thrive in the upper part of the photic zone, 
typically in lagoonal (either open or protected) environments (Flügel, 
2010; Pomar et al., 2017). 

4.3.2. Restricted shallow-marine, shoal, and peritidal environments 

4.3.2.1. MF3 Udoteacean algae packstone. In thin-bedded dark gray and 
locally dolomitic limestones found in the middle part of the Düela sec-
tion, udoteacean algae are mainly represented by the genus Ovulites 
(0.5–1.2 mm in diameter, Fig. 5C). Most udoteacean algae are filled with 
sparry calcite, and show geopetal filling and local orientations. A few 
small miliolids, coralline algae, and echinoderms also occur. The 
micritic matrix is locally recrystallized or selectively dolomitized. 
Udoteacean algae occur in the tropical belt mainly in lagoonal and back- 
reef environments, 5–6 m below the low tide level (Humane et al., 
2016). The high amount of udoteacean algae together with geopetal 
structures and micritic matrix indicates deposition in a very shallow- 
marine restricted environment, most probably a lagoon (Flügel, 2010). 

4.3.2.2. MF4 Small rotaliids packstone. Dark gray, thin-bedded and 
poorly sorted packstones in the middle part of the Düela section contain 
abundant but very small rotaliids set in a micritic matrix (Fig. 5D). Rare 
echinoderm fragments, small miliolids and ostracods are also present. 
Common small rotaliids are generally considered to live in restricted, 
probably lagoonal carbonate environments (Hallock and Glenn, 1986; 
Beavington-Penney and Racey, 2004). A shift from an association 
dominated by larger benthic foraminifera to an association dominated 
by small rotaliids suggests an increase in food supply favoring the more 
opportunistic small rotaliids (Hallock and Glenn, 1986). 

4.3.2.3. MF5 Pellets wackestone. This microfacies, occurring in the 
lower part of the thin-bedded limestone, is characterized by abundant 
micritic mud, variable percentages of fecal pellets, small benthic fora-
minifera, and other skeletal remains (Fig. 5E). Pellets are commonly 
dark in color, elongate, rod-shaped, or ovoid grains with homogeneous 
size and may contain silt-sized dolomite rhombs. Fecal pellets are 
commonly preserved in subtidal and lower intertidal zones of inner 
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sectors of carbonate-platform or ramp settings, with low water energy 
and reduced sedimentation rates (Zamagni et al., 2008). Lithification of 
fecal pellets takes place preferentially in warm shallow waters super-
saturated with respect to calcium carbonate (e.g., interior part of the 
Bahama platform; Flügel, 2010). 

4.3.2.4. MF6 Fine-crystalline dolostone. This microfacies, occurring in 
the lower part of the thin-bedded limestone, is characterized by clear 
euhedral to subhedral dolomite crystals exhibiting cloudy centers and 
clear rims (Fig. 5F). Dolomite intracrystalline areas are filled by 
microcrystalline calcite. Rare small benthic foraminifera and echino-
derms are also observed. The micritic matrix together with dolomitiza-
tion indicates a lower supratidal or upper intertidal environment 
(Flügel, 2010). 

4.3.2.5. MF7 Small udoteacean algae packstone. This microfacies occurs 
in the middle part of the thin-bedded limestone and is characterized by 
packstones with abundant small udoteacean algae (0.15–0.20 mm) set 
in a micritic matrix (Fig. 5H). Rare small benthic foraminifera and 
echinoderms are also present. Udoteacean algae occur at tropical lati-
tudes in lagoonal and back-reef environments, 5–6 m below the low-tide 
level (Humane et al., 2016). Small udoteacean algae are specific in-
dicators of a restricted lagoonal environment (Flügel, 2010). 

4.3.2.6. MF8 Udoteacean algae grainstone. This microfacies occurs in 
the middle part of the thin-bedded limestone and is dominated by 
abundant larger udoteacean algae set in sparitic cement (Fig. 5G). Os-
tracods, small miliolids, and echinoderms also occur. Rare udoteacean 
algae show geopetal filling. Grain-supported texture, sparry calcite, and 
biotic evidence indicate a well-agitated shoal environment (Flügel, 
2010; Humane et al., 2016). 

4.3.2.7. MF9 Mudstone. This microfacies occurs in the calcareous 
marls, and is dominated by a locally dolomitized micrite with silici-
clastic detritus increasing up-section (Fig. 5I). Micrite together with rare 
bioclasts and faint laminations suggest low-energy conditions. A peri-
tidal environment is indicated by the associated microfacies (Flügel, 
2010). 

4.3.3. Restricted lagoonal environment 

4.3.3.1. MF10 Alveolinids and Orbitolites floatstone. This microfacies 
occurs in the lower part of the thick-bedded limestone and is charac-
terized by floatstones with Alveolina and Orbitolites (Fig. 5J). Alveolinids 
have a large test (commonly >2 mm) and display deformation structure. 
Small miliolids and small rotaliids are rare. Living soritids (closest to 
Orbitolites) thrive in restricted lagoons, closely related to seagrass 

Fig. 3. The typical larger benthic foraminifers at Düela section in Yadong area, southern Tibet. A) Alveolina subpyrenaica Leymerie; B) Lockhartia haimei Davies; C) 
Miscellanea juliettae Leppig; D) Rotospirella conica Smout; E) Lockhartia conditi Nuttall, oblique tangential sections; F) Planorotalites chapmani Parr; G) Acarinina 
intermedia Subbotina; H) Orbitolites complanatus Lamarck; I) Alveolina corbarica Hottinger; J) Alveolina pasticillata Schwager; K) Alveolina laxa Hottinger; L) Alveolina 
moussoulensis Hottinger. Scale: A), C), H), J), K), and L): 1 mm; B), D), E), and I): 0.5 mm; F) and G): 0.25 mm. 

Fig. 4. Distribution of typical foraminifers and microfacies across the Paleocene-Eocene interval at the Düela section in Yadong area, southern Tibet. The 
biostratigraphic ranges of larger benthic foraminifera and sedimentary environments are shown. 
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Table 1 
Average composition, sedimentary structure, corresponding standard microfacies, and depositional environment for 13 identified microfacies.  

Microfacies Carbonate grains (%) Groundmass (%) Sedimentary 
structures 

Standard 
microfacies 

Depositional environment 

U (diameter range, 
mm) 

D E F N R M Alv Orbi Matrix Cement 

MF1 Larger rotaliids packstone — 4 — — 45 — — 2 — 49 — Bioturbation RMF13 Open shallow marine below 
FWWB 

MF2 Dasycladacean algae packstone with 
rotaliids 

— 20 — — 22 — 2 3 — 53 — — RMF17 Open shallow marine below 
FWWB 

MF3 Udoteacean algae packstone 55 (0.5-1.2) — 1 — — — 1 — — 43 — Geopetal RMF20 Restricted shallow marine above 
FWWB 

MF4 Small rotaliids packstone — — 6 — — 20 — — — 74 —  RMF20 Restricted shallow marine above 
FWWB 

MF5 Pellets wackestone — — — 17 — 3 — — — 80 — — RMF20 Restricted shallow marine above 
FWWB 

MF6 Fine-crystalline dolostone — — — — — — — — — 100 — — RMF25 Restricted shallow marine above 
FWWB 

MF7 Small udoteacean algae packstone 45 (0.15-0.2) — 2 — — — 1 — — 52 — — RMF20 Restricted shallow marine above 
FWWB 

MF8 Udoteacean algae grainstone 47 (0.5-1.2) — 9 — — — 1 — — 18 25 Geopetal RMF27 Shoal 
MF9 Mudstone — —  — — 2 — — — 98 — — RMF19 Peritidal environment 
MF10 Alveolinids and Orbitolites floatstone — — 1 — — — 1 36 9 53 — — RMF28 Restricted lagoon 
MF11 Small benthic foraminifera packstone — — 1 — — 36 28 — — 30 5 — RMF27 Restricted lagoon, close to shoal 
MF12 Small rotaliids-Alveolinids packstone — — — — — 17 15 43 1 24 — Deformation RMF27 Restricted lagoon, close to shoal 
MF13 Small rotaliids-Orbitolies packstone — — — — — 13 16 2 36 30 3 Orientation, 

deformation 
RMF27 Restricted lagoon, close to shoal 

Note: FWWB—fair-weather wave base; U-Udoteacean algae; D-Dasycladacean algae; E- Echinoderm; F- Fecal pellets; N-Nummulitids; R- Rotallids; M- Miliolids; Alv- Alveolinids; Orb- Orbitolites. 
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(Beavington-Penney and Racey, 2004). Alveolinids are most abundant 
between depths of − 25 and − 35 m in the Gulf of Aqaba and in the 
Maldive Islands (Reiss and Hottinger, 1984) and live in protected, inner- 
ramp settings on various substrates (Beavington-Penney and Racey, 
2004). 

4.3.3.2. MF11 Small benthic foraminifera packstone. This microfacies, 
occurring in the lower part of the thick-bedded limestone, displays a 
high diversity of small rotaliids and small miliolids (Fig. 5K). Alveoli-
nids, small textulariids, and echinoderm fragments also occur. The 
micritic matrix is locally recrystallized to microspar. The small forami-
niferal grainstone and packstone is interpreted to represent a restricted 
platform, probably lagoonal environment (Hallock and Glenn, 1986; 
Beavington-Penney and Racey, 2004). 

4.3.3.3. MF12 Small rotaliids-Alveolinids packstone. This microfacies 
occurring in the lower part of the thick-bedded limestone is dominated 
by small rotaliids, alveolinids, and large miliolids (Fig. 5L) that are 
densely packed and may show deformation structures. The abundance of 
small rotaliids and symbiont-bearing miliolids, including alveolinids, 
suggest a shallow-water and possibly restricted lagoonal environment 
(Hallock and Glenn, 1986; Beavington-Penney and Racey, 2004). 

4.3.3.4. MF13 Small rotaliids-Orbitolites packstone. This microfacies 
occurs in the lower part of the thick-bedded limestone and is dominated 
by Orbitolites with subordinate small rotaliids. Alveolinids, small mil-
iolids and textulariids also occur (Fig. 5M). Orbitolites commonly show 
orientation and deformation structures. The micrite matrix is locally 
recrystallized to microspar. The dominance of small rotaliids and 

Fig. 5. Represented microfacies at the Düela section in Yadong area, southern Tibet. A) MF1 Larger rotaliids packstone; B) MF2 Dasycladacean algae packstone with 
rotaliids; C) MF3 Udotacean algae packstone showing geopetal structure (white arrow); D) MF4 Small rotaliids wackestone; E) MF5 Pellets wackestone (white arrow); 
F) MF6 Fine-crystalline dolostone; G) MF7 Udoteacean algae grainstone showing geopetal structures; H) MF8 Small udoteacean algae packstone; I) MF9 Mudstone; J) 
MF10 Alveolinids and Orbitolites floatstone; K) MF11 Small benthic foraminifera packstone; L) MF12 Small Rotaliids-Alveolinids packstone showing deformation 
structures; M) MF13 Small Rotaliids-Orbitolites packstone showing orientation. Abbreviations: Mi-Miscellanea; D- Dasycladacean algae; U- Udotacean algae; E- 
Echinoderms; F- Fecal pellets; Alv- Alveolinids; R- Rotaliids; Orb- Orbitolites; M-Miliolids. 
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Orbitolites, together with micritic matrix, indicate a low-energy 
restricted lagoonal environment (Hallock and Glenn, 1986; Bea-
vington-Penney and Racey, 2004). 

4.4. Carbon and oxygen isotopes 

Bulk-rock carbon and oxygen isotope data are plotted against strat-
igraphic position in Fig. 6. The nodular limestone shows δ13C values 
centered at ~ + 2.2‰, with a gradual negative shift from ~ + 2.8‰ to 
~ − 0.2‰ at the boundary between the nodular limestone and the thin- 
bedded limestone. Low stable δ13C values persist over the thickness of 
the thin-bedded limestone and calcareous marls (~30 m), followed by a 
sharp shift from ~ − 1.6‰ to ~1.4‰ at the base of the thick-bedded 
limestone, finally returning to stable values comparable to pre- 
excursion values. 

The bulk carbonate δ18O profile shows a wide range of values be-
tween ~ − 5‰ and ~ − 10‰ (Fig. 6). The δ18O values are relatively 
negative stable with an average of ~ − 6‰ in the nodular limestone, 
until a sharp negative spike coinciding with the onset of the carbon 

negative excursion is observed at the boundary between the nodular 
limestone and the thin-bedded limestone. Subsequently, a trend toward 
more negative values is followed by strongly fluctuating δ18O during the 
excursion and finally by a trend toward more negative values in the thin- 
bedded limestone followed by a return to stable isotopic ratios compa-
rable to pre-excursion values. 

5. Discussion 

5.1. Diagenetic effects on carbon and oxygen isotopic data 

Carbonate minerals are susceptible to dissolution and recrystalliza-
tion during diagenesis, which can significantly alter stable-isotope 
compositions (Banner and Hanson, 1990). Based on detailed micro-
scopic inspection and sedimentologic evidence, we suppose that the very 
low carbon isotopic values recorded in the calcareous marls interval 
deposited in a peritidal environment may have resulted from meteoric 
diagenesis and terrestrial input. Therefore, these low values will be 
discussed in following sections of this article. With this exception, we are 

Fig. 6. Correlation between stratigraphic log, carbon (δ13C) and oxygen (δ18O) isotope values with reconstructed environmental changes across the PETM at Düela 
section in Yadong area, southern Tibet. - 
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confident that the δ13C values from limestones exposed in the Düela 
section are not significantly affected by diagenetic alteration, based on 
several lines of evidence: 1) the carbon isotopic curve in Fig. 6 clearly 
indicates that the PETM onset starts earlier than the change of microf-
acies and palaeoenvironments; 2) microscopic inspections suggest good 
preservation of all fossils, including larger benthic foraminifera, set in 
the micritic matrix (Fig. 5); 3) evidence of subaerial exposure is lacking. 
Although alteration of unstable aragonitic fossils and presence of skel-
etal grains may cause nonequilibrium isotopic fractionation (Swart and 
Eberli, 2005), the transformation of high-Mg calcite to low-Mg calcite 
probably occurred under the influence of marine pore waters, with 
negligible influence on δ13C values; 4) In the δ13C–δ18O cross-plot, the 
distribution of δ18O and δ13C values is largely independent with no 
identifiable covariance. The same lack of correlation was observed in 
coeval Tethys Himalayan carbonates containing primary seawater δ13C 
signatures (Fig. 7A, Zhang et al., 2017, 2020; Li et al., 2020); 5) the δ13C 
values from the pre PETM interval are similar to other Tibetan sections 
(Fig. 7A) and compare well with the open-ocean record at the ODP 690B 
site (Fig. 7B). 

The δ18O record of the Düela section is characterized by slightly 
negative values that depart from the typical values found in pelagic 
sediment cored at ODP site 690 (Fig. 7B), which may indicate a signif-
icant diagenetic overprint. Although these isotopic data cannot be used 
safely to infer paleotemperatures, long-term trends are considered as 
broadly reliable. Just at the boundary between the nodular limestone 
and the thin-bedded limestone, which marks the onset of the PETM, 
δ18O values sharply fall, suggesting rapid warming induced by rapid 
carbon release (Fig. 6). Subsequently, in the PETM core, δ18O decreases, 
reaches the most negative value documenting continuous warming 
across the PETM core, and then increases to previous levels. 

5.2. Shallow-water environmental and biotic changes across the PETM 

The studied carbonate succession exposed in the Düela section shows 
obvious changes in microfacies and biotic assemblages from the late 
Paleocene to the early Eocene (Fig. 4). The upper Paleocene nodular 
limestone is dominated by larger rotaliids packstone (MF1, Fig. 5A) 
overlain by dasycladacean algae-rotaliids packstone (MF2, Fig. 5B), 

indicating slightly shallowing in an open shallow-marine environment. 
The lowermost Eocene thin-bedded limestone is dominated by udotea-
cean algae packstone (MF3, Fig. 5C) and small benthic foraminifera 
packstone (MF4, Fig. 5D) with rare fecal pellet wackestone (MF5, 
Fig. 5E), fine-crystalline dolostone (MF6, Fig. 5F), udoteacean algae 
grainstone (MF7, Fig. 5G) and small udoteacean algae packstone (MF8, 
Fig. 5H), suggesting a restricted shallow-marine environment with 
locally intercalated high-energy shoal and tidal deposits. The calcareous 
marls with rare bioclasts and siliciclastic detritus indicate a tidal flat 
environment (Fig. 5I). The thick-bedded limestone is dominated by 
packstone and floatstone with abundant Alveolinids, Orbitolites and small 
benthic rotaliids and miliolids pointing at a restricted lagoonal envi-
ronment (MF10-MF13, Fig. 5J–M). The microfacies sequence thus doc-
uments shallowing from open to restricted shallow-marine settings at 
the boundary between nodular and thin-bedded limestones, marked by a 
distinct stratal surface and corresponding to the sharp variation in stable 
carbon isotopic values, just 3 m above the PETM onset (Fig. 6). The 
carbon isotopic curve together with microfacies analysis clearly indicate 
that the PETM onset starts earlier than, and thus may have represent the 
cause of environmental changes. Such a delayed sedimentary response is 
also reported from northern Spain (Duller et al., 2019). The shallowing- 
upward trend continued throughout the thin-bedded limestone and 
culminated in the calcareous marls, corresponding to the PETM core. 
Finally, renewed deposition in a restricted lagoon is documented by 
thick-bedded limestone during PETM recovery. Based on the water- 
depth preferences of large benthic foraminifera associations (Hallock 
and Glenn, 1986; Beavington-Penney and Racey, 2004), a comparison of 
the late Paleocene paleo-water depth at the Düela section in the Yadong 
area and our previously studied Shenkezha section in the Tingri area 
indicates that the Düela section was located in a more proximal, 
shallower-water environment than the Shenkezha section (Fig. 8). 

The microfacies changes documented in the Düela section are also 
associated with significant changes in shallow-water biota (Fig. 4). The 
first biotic change from larger rotaliids and dasycladacean algae char-
acterizing the pre-PETM interval to small benthic foraminifera and 
udoteacean algae at PETM onset and lower PETM core is followed by the 
disappearance of small benthic foraminifera and udoteacean algae in the 
calcareous marls in the upper PETM core. On the other hand, in the 

Fig. 7. Evaluation of possible diagenetic alteration of carbon (δ13C) and oxygen (δ18O) isotope values at Düela section in Yadong area, southern Tibet. A) Cross-plot 
of δ13C versus δ18O between Düela section and other investigated Tibetan PETM sections; B) cross-plot of δ13C versus δ18O between Düela section and deep-sea ODP 
site 690 (note similarity in δ13C values in pre PETM interval). 
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Shenkezha section, no obvious biotic change was detected at the PETM 
onset and the excursion was recorded as a relative increase in sea level 
(Li et al., 2020). A further biotic change is testified by the return to large 
benthic foraminifera assemblages (larger alveolinids) in the thick- 
bedded limestone during the PETM recovery (Fig. 4). This biotic 
change, also referred to as the larger foraminiferal turnover (LFT, 
Scheibner et al., 2005; Scheibner and Speijer, 2009), has been widely 
documented in shallow-water carbonate platforms around the Tethys 
Ocean, including the Campo platform exposed in the southern Pyrenees 
of Spain (Li et al., 2021), the Adriatic platform in SW Slovenia (Zamagni 
et al., 2008, 2012), the Galala platform in Egypt (Scheibner et al., 2005), 
the Lower Indus and Potwar platform in Pakistan (Afzal et al., 2011; 
Kamran et al., 2021), the Shillong platform in NE India (Sarkar, 2015), 

and the Zongpu carbonate platform in southern Tibet (Zhang et al., 
2018; Li et al., 2020). A brief eutrophication on a generally oligotrophic 
platform, resulting from a relative sea-level fall (Li et al., 2020), may 
have exerted the main control on this second biotic change (Scheibner 
et al., 2005; Zhang et al., 2018), although the evidence and causes of 
sea-level fall are disputed (Sluijs et al., 2008, 2014). 

5.3. Controls on shallow-water carbonate factories during the PETM 

Sea-surface temperature, light intensity, and nutrient availability are 
considered major controls on the distribution of larger benthic forami-
nifera assemblages (Hallock et al., 2003; Beavington-Penney and Racey, 
2004; Wilson and Vecsei, 2005; Coletti et al., 2017). The first biotic 

Fig. 8. Paleogeographic and reconstructed paleoenvironmental sketch map of Düela section in Yadong area, southern Tibet. A) Open shallow marine environment 
during the pre-PETM interval; B) protected shallow marine environment with increased hydrological cycle at PETM onset; C) restricted lagoonal sedimentation 
during PETM recovery. 
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change took place in the Düela section at PETM onset, a time when 
global pCO2 and temperatures sharply increased. Even such an extreme 
thermal perturbation, however, could not affect the distribution of 
larger foraminifera, as testified in the Shenkezha section, where no 
obvious change in LBF assemblages was observed at PETM onset (Afzal 
et al., 2011; Zhang et al., 2018; Li et al., 2020). High temperatures, 
however, may have promoted secondary effects, including an intensifi-
cation of precipitation and consequently an enhanced intensity of 
weathering processes (Schmitz and Pujalte, 2003; Rush et al., 2021). An 
increased nutrient input to coastal waters is also consistent with results 
from general circulation models predicting an intensified hydrological 
cycle at elevated atmospheric pCO2 (Carmichael et al., 2017). These 
processes could have modulated nutrient delivery to the shallow-water 
ecosystem. Larger benthic foraminifers are well adapted to stable, 
oligotrophic, nutrient-deficient conditions (Hallock et al., 2003; Bea-
vington-Penney and Racey, 2004). When nutrients are readily available, 
free-living algae can rapidly reproduce and thus provide an abundant 
food supply for other organisms, which in turn become able to grow and 
reproduce rapidly (Hallock and Schlager, 1986). Consequently, 
slow-maturing, highly specialized, algal-symbiont-bearing foraminifera 
cannot compete. Smaller miliolids and rotaliid, therefore, commonly 
replace larger symbiont-bearing rotaliids when food supplies increase 
(Beavington-Penney and Racey, 2004). The sudden biotic change from 
larger rotaliids to small benthic foraminifera documented in the Düela 

section at PETM onset may have thus resulted from nutrient input 
fostered by intensified continental weathering. The water depth esti-
mated based on microfacies and benthic biota was shallower at Düela in 
the Yadong area than at Shenkezha in the Tingri area during the latest 
Paleocene, suggesting that the Düela area was located in more proximal 
southern parts of the Indian continental margin. The Düela carbonate 
platform was consequently more directly affected by nutrient supply 
related to an intensified continental weathering during the PETM. The 
lack of a significant biotic change during PETM onset at the Shenkezha 
section is thus related to deeper carbonate ramp environments affected 
not equally strongly by increased nutrient supply. 

The regressive trend at PETM onset documented in the Düela section 
in the Yadong area is at odds with the transgressive trend documented at 
the same time in the Shenkezha section in the Tingri area (Fig. 9, Li et al., 
2020) as in other continental margins (Sluijs et al., 2008, 2014; Jiang 
et al., 2022). Changes in relative sea level depend on the interplay of 
diverse factors, including eustatism, regional tectonics, and variations in 
carbonate productivity. Eustatism can be ruled out because the Düela 
and Shenkezha sections belong to the same continental margin. The 
PETM thickness in the proximal Düela section is 34 m, whereas it is only 
15 m in distal Shenkezha section (Fig. 9), which clearly shows that the 
sediment accumulation and subsidence rates was more than twice in the 
proximal Düela section that in the distal Shenkezha section. Considering 
that the India-Asia collision was well underway (Hu et al., 2015; An 

Fig. 9. Correlation of stratigraphic log, index larger benthic foraminifera, environmental changes and carbon isotope compositions across the PETM between Düela 
section and other investigated Tibetan sections (Zengbudong and Shenkezha sections after Li et al., 2017, 2020, respectively). 
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et al., 2021), tectonic activity must have played a role. The flexural wave 
propagating southward from the suture zone (Garzanti et al., 1987; 
DeCelles et al., 2014) should have reached the distal Shenkezha section 
in the Tingri area earlier than the proximal Düela section in the Yadong 
area, thus explaining the time mismatch between regression and trans-
gression across the Indian margin. However, the tectonics were not 
realistic if considering the timescale of the regression. Besides the effect 
of regional tectonics, an increase in terrigenous supply and nutrients, 
related to increased continental weathering, may have played a decisive 
role, as discussed below. Varying carbonate primary productivity may 
also strongly influence the sediment accumulation rate, and theoretical 
models have been proposed showing how a relative sea-level rise may 
induce either a constant or increasing sediment accumulation rate on a 
shallow-water carbonate platform but an exponential decay of the 
sediment accumulation rate on a deep-water carbonate ramp (Schlager, 
1981; Schlager et al., 1994; Kim et al., 2012). As the relative sea level 
rose, during PETM onset, the sediment accumulation rate may have 
increased in the proximal, shallow-water Düela section but either a 
constant or decreased in the distal, deep-water Shenkezha section, 
resulting in regression in the former and transgression in the latter. 

5.4. Spatial heterogeneity in carbon isotope values across the PETM 

The PETM onset is marked by a pronounced negative shift in δ13C 
values at the global scale (McInerney and Wing, 2011) and thus repre-
sents an extraordinary chronostratigraphic marker to precisely correlate 
the Düela section with other sections in the Gamba (Li et al., 2017; 
Zhang et al., 2017) and Tingri areas (Zhang et al., 2017; Li et al., 2020). 
The PETM onset occurs within different lithologies and with different 
modalities in different sections (Fig. 9). It is marked by the transition 
from nodular to thin-bedded limestones at Düela, documented within 
nodular limestone at Shenkezha, and concealed by a disconformity and 
overlying conglomerate bed in the Zengbudong section of the Gamba 
area, which was resulted from increased precipitation and continental 
run off during the PETM (Li et al., 2017). The stratigraphic thickness of 
the PETM onset is 6 m in the Düela section and 4 m in the Shenkezha 
section. Similarly, the stratigraphic thickness of the PETM core varies 
from more than 20 m at the Düela section to 8 m at Shenkezha section. 
The gradual initial negative δ13C excursion in both Düela and Shenkezha 
sections indicates that the PETM onset may even be represented in full in 
both sections. Instead, the top of the PETM core, characterized by 
strongly negative δ13C values, is followed in all sections by a sharp re-
turn to stable values, indicating that the PETM recovery is invariably 
truncated. A really complete record of the entire PETM event, therefore, 
could not be documented in any studied Tethys Himalaya locality so far. 

The CIE magnitude in the Tibetan carbonate platform ranges from 
3.2‰ for the proximal Düela section to 6.5‰ for the distal Shenkezha 
section (Fig. 9). These spatial variations in δ13C values cannot be 
ascribed to differential diagenesis in different sections because the pre- 
PETM carbon isotopic values are equal at both sections and compare 
well with the open-ocean record at the ODP 690B site. The most com-
mon explanation for the production of high δ13C carbonate on a global 
or local scale involves increasing the export/burial of organic carbon 
relative to carbonate to leave the residual waters (from which carbon-
ates are precipitated) enriched in δ13C (Kump and Arthur, 1999). In the 
case of the Tibetan carbonate platform, during the PETM, the Düela 
section was located in a more proximal area and dominated by calcar-
eous green algae and small benthic foraminifera suggesting abundant 
nutrients related to increased continental weathering, whereas larger 
benthic foraminifera are more common in the distal Shenkezha section 
where nutrients supply was more limited. High primary productivity 
and growth rates would have been possible due to increased nutrient 

supply, consuming CO2 from the water column, driving up carbonate 
saturation, increasing the δ13C of residual dissolved inorganic carbon, 
and leading to carbonate sediment enriched in δ13C. The net effect of 
this increased primary productivity due to elevated nutrients’ supply 
associated with enhanced continental weathering was to produce a 
much positive δ13C record in the proximal Düela section than in the 
distal Shenkezha section, and lead to the observed isotopic offsets. The 
spatial variation in carbon isotope values during the PETM in the Ti-
betan carbonate platform is similar to what reported between the 
proximal Kozina section and the distal Čebulovica section in the Adriatic 
carbonate platform (Zamagni et al., 2012). We therefore suppose that 
the larger magnitude of the CIE in a carbonate platform, if not affected 
by continental weathering, just like that in terrestrial environment, can 
be amplified. On the other hand, it is noteworthy that the CIE magnitude 
in the proximal Düela section is close to the average CIE in marine 
settings (− 2.8 ± 1.3‰, McInerney and Wing, 2011), and matches well 
the values from Site ODP690B (Fig. 7B) if outliers are ignored. There-
fore, there is also a possibility that the CIE magnitude recorded at Düela 
section is very close to the actual values. 

6. Conclusions 

This study integrates new and published sedimentological, 
biostratigraphic, and stable isotopic data to reconstruct in detail the 
sedimentological and carbonate‑carbon isotope records of the PETM 
event in the Tethys Himalaya carbonate platform of southern Tibet. In 
the Düela section of the Yadong area, the PETM record begins 3 m below 
the boundary between nodular and thin-bedded limestones, is main-
tained up to the thin-bedded limestone and calcareous marls, and is 
followed by recovery at the base of the thick-bedded limestone. 
Microfacies analysis testifies to a regression from open to restricted 
shallow marine environments at the transition from PETM onset to 
PETM core, correspond with the boundary between nodular and thin- 
bedded limestones. This shallowing trend continued through the thin- 
bedded limestone and culminated with the calcareous marls, corre-
sponding to the PETM core. Finally, restricted-lagoon sedimentation is 
restored during PETM recovery, as documented by the thick-bedded 
limestone. We infer that first sudden biotic change occurs at transition 
from PETM onset to PETM core, may relate to intensified continental 
weathering, whereas the second biotic change at PETM recovery may 
have been cause by sea-level fall. The smaller CIE magnitude of PETM in 
the shallower proximal area than in the more distal platform area is 
tentatively explained by increased primary productivity due to elevated 
nutrients supply associated with enhanced continental weathering. 
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