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ABSTRACT

During the Paleocene—Eocene Thermal Maximum (PETM, ~56 Ma), a large, negative carbon-isotope excursion
(CIE) testifies to a massive perturbation of the global carbon cycle. Shallow-marine settings are crucial to un-
derstand the environmental and ecological changes associated with the PETM and the connection between
continental and open-marine environments. Detailed sedimentological, paleontological, and geochemical ana-
lysis of a quasi-continuous succession of shallow-marine carbonates in the Tethys Himalaya of southern Tibet
indicates that a relative rise in sea level coincided with PETM onset, continued through PETM core, and ter-
minated with a regression at PETM recovery. At PETM onset, corresponding to the SBZ4/SBZ5 boundary, no
obvious impact on biota and specifically on larger benthic foraminifera (LBF) is observed. The major biotic
change occurs later on at PETM recovery, corresponding to the SBZ5/SBZ6 boundary. Our data suggest that
relative sea level, rather than temperature, exerted the main control on benthic biota during the PETM. Although
the 8"3Corg Values of organic matter are similar in the deep sea and shallow-marine continental margins, the
3%3Ccam value of bulk carbonates are significantly **C-depleted, which we attribute to environmental change

driven by relative sea-level fluctuations.

1. Introduction

The Paleocene—Eocene thermal maximum (PETM; ~56 Ma) is con-
sidered to be an excellent time interval for studying the dynamics of
rapid greenhouse warming (Zachos et al., 2008) and thus a useful
analogue to predict the future impact of global change (Zeebe and
Zachos, 2013; Zeebe et al., 2016). Hallmarks of the PETM are the ne-
gative carbon-isotope excursion and widespread dissolution of pelagic
carbonates (Zachos et al., 2005), processes both attributed to the rapid
injection of **C-depleted carbon (as CO, and/or CH,) into the global
exogenic carbon pool (Dickens et al., 1997). About 170 kyr after the
event onset (Zeebe and Lourens, 2019), carbonate productivity and
carbon-isotope ratios returned close to pre-event values, indicating near
complete sequestration of excess carbon. Enhanced silicate weathering
is invoked as the main mechanism for this recovery (Dickens et al.,
1997; Kelly et al., 2005; Penman et al., 2016), although significant
amounts of carbon were likely sequestered into organic-carbon re-
servoirs as well (John et al., 2008; Sluijs et al., 2008a; Komar and
Zeebe, 2017).
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The Fifth Assessment Report (AR5) of the Intergovernmental Panel
on Climate Change (IPCC, 2013) concluded that anthropogenic
warming is likely to exceed 2 °C above pre-industrial temperatures by
2100, with a corresponding sea-level rise exceeding 2 m. A sea-level rise
of this magnitude would clearly have profound consequences, including
a land loss of ~1.8 million km? comprising critical regions of food
production and displacement of up to 187 million people. Shallow-
marine records are key to understanding the combined land-sea impacts
on ecologically sensitive coastal environments. Sea-level rise during the
PETM may be considered a useful analogue to predict the future impact
of global warming. Studies of shallow marine sections were carried out
in northern Spain (Schmitz and Pujalte, 2003, 2007; Scheibner et al.,
2007), Egypt (Speijer and Wagner, 2002; Scheibner et al., 2005), Tu-
nisia (Stassen et al., 2012a), SW Slovenia (Zamagni et al., 2012), Ti-
betan Himalaya (Li et al., 2017; Zhang et al., 2018), and North America
(Sluijs et al., 2008b, 2014; Stassen et al., 2012b), adding to the un-
derstanding of the response of benthic biota to the PETM. However, the
isotopic expression of the PETM and the environmental impact of this
major thermal event have remained largely elusive in shallow marine
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Fig. 1. Geological sketch map of the Himalayan Range (after Gansser, 1964) showing the studied Shenkezha stratigraphic section in southern Tibet. Inset shows the

envisaged early Eocene paleogeography with location of Tibetan Himalaya.

carbonate platform, particularly as the biotic response to sea-level
change is concerned.

In this study, we present new sedimentological, paleontological, and
geochemical evidence from a shallow-water carbonate platform ex-
posed in Tethyan zone of the Tibetan Himalaya (Fig. 1). In this region,
accumulation of thick, shallow-water marine carbonates throughout the
latest Paleocene and earliest Eocene and abundance of large benthic
foraminifera offers the rare opportunity to perform a high-resolution
study documenting: 1) the biotic response to sea-level change in
shallow-marine environments during the PETM; and, 2) the carbon-
isotope expression of the PETM in a shallow-water carbonate platform.
Our findings provide valuable insight into the impact of warming cli-
mate on Tethyan carbonate platforms and allow us to draw more
general conclusions about the possible discrepancies between the geo-
chemical record of shallow-water carbonates and global ocean chem-
istry.

2. Geological setting and methodological approach

Our study area is located in the Tethys Himalaya sedimentary zone
of southern Tibet, which contains the remnants of the passive con-
tinental margin of India facing the Neotethys Ocean (Sciunnach and
Garzanti, 2012). Carbonate platforms developed from the middle Pa-
leocene to the early Eocene are very well exposed in the southern part
of the Tethys Himalaya (Nicora et al., 1987; Hu et al., 2012). These
units are traced laterally over long distances, testifying to the wide-
spread distribution of platform carbonates in the Tethyan realm at this
time (Li et al., 2017) (Fig. 1). The uppermost Paleocene to lowermost
Eocene Shenkezha section located in the Tingri area of southern Tibet
(N 28°41"33", E 86°43'2.6") is illustrated in detail in this article
(Fig. 2A), focusing on an 18 m-thick unit of nodular limestone and
marly nodular limestone (Fig. 2B) overlain by 6 m of thick-bedded or

massive limestone (Fig. 2C). In this study, we integrate larger-benthic-
foraminifera (LBF) biostratigraphy with stable-carbon-isotope strati-
graphy to robustly constrain the depositional age of strata, present a
careful sedimentological analysis to reconstruct environmental
changes, and use the C/N ratio to trace the source of organic matter.

In order to reconstruct the environmental evolution throughout the
studied section, carbonate-microfacies analysis was performed by ex-
amining detrital minerals, biotic assemblages, and textures as observed
in both thin sections and outcrops, described based on Dunham's (1962)
classification extended by Embry and Klovan (1971), and interpreted
according to Flugel (2010).

Larger-benthic-foraminiferal analysis was based on key morpholo-
gical characteristics including coiling mode, peripheral shape, ar-
rangement and number of chambers, presence or absence of keels, and
sutural properties. All the species are index fossils of the Tethyan
shallow benthic zonation (SBZ) established by Serra-Kiel et al. (1998)
and tied to the time scale of Gradstein et al. (2012).

Bulk-carbonate and organic-matter carbon-isotope analysis were
performed at the State Key Laboratory for Mineral Deposits Research at
Nanjing University. Carbonates were analyzed with an in-line GasBench
Il auto sampler coupled to a Finnigan MAT Delta Plus XP mass spec-
trometer. Powdered samples were reacted with purified orthopho-
sphoric acid at 70 °C. Data are expressed in standard delta notation (3),
as per mil deviations from the Vienna Pee Dee Belemnite (VPDB)
standard. Duplicate measurements of standards yielded an analytical
precision (1) of 0.1 and 0.05%o for §'*C and §'®0. The &°C of bulk
organic matter was analyzed on an elemental analyzer connected to a
MAT-235 IRMS.

Total carbon (TC) and total nitrogen (TN) were measured on a
CarloErba CHNS analyzer in the Stable Isotope Laboratory at the
University of California, Santa Cruz. Analytical precision based on
standards is better than # 0.01% for TN and 0.02% for TC. Total
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Fig. 2. Outcrop photographs of the Shenkezha section (a) showing: (b) nodular limestone in the lower and middle part; and, (c) thick-bedded to massive limestone in

the upper part.

organic carbon (TOC) was calculated by subtracting total inorganic
carbon (TIC) from TC. C: N molar ratios were calculated using TOC and
TN corrected for the molar weight of C and N, respectively.

3. Results
3.1. Biostratigraphy

Thin sections very rich in well preserved LBFs could be firmly cor-
related with the shallow benthic zones proposed for the Western Tethys
(SBZ of Serra-Kiel et al., 1998; BouDagher-Fadel et al., 2015), thus
providing firm constraints to the age of the studied strata (Figs. 3, S1).
The appearance of Daviesina garumnensis, Miscellanea yvettae, Assilina
granulosa, and Ranikothalia thalica indicate an SBZ4 age for the lower
part of the nodular limestone. The first appearance of Daviesina tenuis,
Daviesina salsa, Miscellanea miscella, and Miscellanea juliettae indicate
the base of SBZ5 in the upper part of the nodular limestone. Miscellanea,
Ranikothalia, Assilina, and Orbitosiphon are common throughout SBZ5.
The transition from SBZ5 to SBZ6 is marked by the first appearance of
Alveolina ellipsoidalis and Alveolina pasticillata at the base of the thick-
bedded limestone, which is characterized by SBZ6 assemblages (Fig. 3).

3.2. Carbonate microfacies and depositional environments
Microfacies and organisms are excellent paleoenvironmental

proxies as they reflect hydrodynamic conditions, the impact of storms,
light, seawater temperature and salinity. Five microfacies (MF)

indicative of restricted-lagoon to middle-ramp environments were
identified by integrating sedimentological and paleontological ob-
servations (Figs. 3, S2). Detailed descriptions and interpretations of
each microfacies are provided in supplemental files. The nodular
limestone is dominated by nummulitid packstone/rudstone (MF1, Fig.
S2a—c) overlain by green algae-nummulitid packstone (MF2, Fig. S2d),
indicating progressive deepening of the middle ramp from above to
below fair-weather wave base. The topmost strata of the nodular
limestone are dominated by bioclastic packstone (MF3, Fig. S2f), with
erosive features suggesting storm reworking (Fig. S2e). The thick-
bedded limestone, characterized by Alveolina packstone with abundant
milliods (MF4, Fig. S2g) and rotalids (MF5, Fig. S2h), is interpreted as a
restricted-lagoon deposit.

A similar environmental evolution is recorded in other Himalayan
sections, where the nodular limestone and the thick-bedded limestone
are invariably separated by a disconformity, locally overlain by con-
glomerate (Li et al., 2017). In the Shenkezha section, these two litho-
logical units document two distinct deepening trends from base to top.
The sharp transition from middle-ramp to restricted-lagoon environ-
ments conceals an unconformity, although less marked than anywhere
else (as discussed below).

3.3. Isotope geochemistry
Geochemical data, plotted stratigraphically in Fig. 4, indicate that a

gradual negative shift of 3BCearb from 1.2%o to —3.7%o began ~10 m
below the top of the nodular limestone (Fig. 4a). This negative 8Cean
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Fig. 3. Lithological log of the Shenkezha section (Tibet) showing the distribution of large benthic foraminifera, carbonate microfacies, and interpreted paleowater
depths and sedimentary environments. FWWB, fair weather wave base. “Detailed descriptions and interpretations of each microfacies are provided in supplemental

files.

excursion is maintained up to the top of the nodular limestone, de-
creasing from ca. —4%o to —9%o. The base of the thick-bedded lime-
stone documents a sharp shift in 813C arp from —7.3%o back to —1.7%o,
eventually returning to near stable values of ~1%.. Stratigraphically
below the CIE, 8"*C.. averaged 2%o, which is a typical value of car-
bonates deposited in shallow to deep marine environments (Bains et al.,
1999). A slightly negative spike from 1.8%o to —1.8%o in 8°*Cean Was
observed below the full onset of the CIE (Fig. 4a). These data are similar
to the pre-onset excursion (POE) identified in terrestrial settings by
Bowen et al. (2014), although in our case the 8"3Cc.p values did not
return to pre-excursion values. Unlike the 8Cean values, the %0
values are relatively high and stable with an average value of —6.9%o
(Fig. 4b).

Isotope values of bulk organic carbon (8"°C,) display a trend si-
milar to the 8*C. record, with a major difference: the CIE onset in
8"Corg starts 2 m lower than in 8"*Ceu (Fig. 4c). The PETM onset is
marked by a gradual negative shift in 8Cyq from —20.5%o to
—25.3%o0, as for the 813Cca,b, increasing to —26.2%o up section. The
31Corg values at the top of the nodular limestone are not as pronounced
as in 8%Cemp and sharply return to pre-excursion values above the

unconformity.

The C/N ratio displays a similar trend as carbon-isotope data, being
on average 12.9 below the CIE, decreasing abruptly from 15.6 to 4.2 at
the CIE onset, notably increasing again across the unconformity, and
eventually returning to pre-excursion values in the thick-bedded lime-
stone above (Fig. 4d).

4. Discussion
4.1. Diagenetic effects on shallow water carbonate

The interstratal circulation of fluids, especially in meteoric en-
vironments, can modify the original stable-isotope signature of shallow-
marine carbonates especially during major regressions. However, we
are confident that the carbon-isotope values from the Shenkezha section
were not significantly altered by diagenesis. Evidence of meteoric di-
agenesis is lacking and optical observations indicate good preservation
of larger foraminifers and other fossils in the limestone. The 520 values
are relatively high suggesting only minimal alteration of 8"*Ccap Va-
lues, if any. The primary 3Cc,p values are thus very likely to be
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Fig. 4. Stratigraphic log and geochemical data across the PETM (Shenkezha section, Tibet). The relationships among carbon and oxygen-isotope signatures of the
bulk carbonate rock (a, b), organic carbon (c), and the C/N ratio (d) are shown.

preserved as also indicated byMn/Sr and ®Sr/%Sr ratios obtained in
nearby sections by Zhang et al. (2017). Moreover, the analysis of well-
preserved larger benthic foraminifers with similar 3Coarb isotope re-
cord by nanoSIMS confirms that 8"*C., isotope values are primary
(Zhang et al., 2020). The only exception may be represented by the
most prominent feature observed at the base of thick-bedded limestones
in the uppermost part of the carbon-isotope excursion. These layers
correspond to a major shift from middle ramp to restricted lagoon en-
vironments. Although no obvious subaerial exposure was observed in
the field, we speculate that these strongly negative carbon-isotope va-
lues might have resulted from meteoric diagenesis related to subaerial
exposure.

4.2. Relative sea-level changes across the PETM

Relative sea-level rise at PETM onset has been described from other
continental margins (lakovleva et al., 2001; Speijer and Wagner, 2002;
Harding et al., 2011; Sluijs et al., 2008b; Sluijs et al., 2014 and refer-
ences therein), but studies on sea-level changes across the PETM core
and recovery have been limited due to the lack of adequate sections

covering this time interval. Our study of the quasi-continuous Shen-
kezha section documents a transgressive trend that began at PETM
onset and continued through the CIE core. Above, microfacies testify to
a sudden shift from middle-ramp settings in the nodular limestone to
restricted-lagoon environments in the thick-bedded limestone (Fig. 3).
This transition corresponds to a disconformity suggesting a relative sea-
level fall of the order of tens of meters, followed by renewed trans-
gression during PETM recovery documented by the thick-bedded
limestone. By comparison with the CIE curve of ODP Site 690B, the
hiatus can be assessed to represent no more than a few tens of thou-
sands years.

Changes in relative sea level during the PETM may have been
controlled by the interplay of diverse factors, potentially including
eustatism, regional tectonics, or variations in carbonate productivity.
Changes of ocean-basin volume associated with the North Atlantic
Igneous Province, thermal expansion of seawater, melting of small-scale
Antarctic alpine glaciers triggered by extreme warming at, or just be-
fore, PETM onset have been proposed as mechanisms accounting for
eustatic rise (Sluijs et al., 2008b). In the Tethys Himalaya, the relative
fall in sea level documented by the disconformity developed close to the
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Weddell Sea, Antarctica; Bains et al., 1999).

Paleocene/Eocene boundary and has long been related to the initial
stages of the ongoing India-Asia collision (Garzanti et al., 1987), which
may have induced significant tectonic uplift of the Indian inner margin
a few Ma later than initial collision with Asia (dated as 59 = 1 Ma; Hu
et al., 2015). Climatic or eustatic components, however, cannot be
ruled out (Lietal., 2017).

4.3. Biotic changes across the PETM

Global warming during the PETM is associated with major biogeo-
graphic and ecologic changes in planktonic and terrestrial ecosystems
(Mclnerney and Wing, 2011). Impacts on shallow-marine benthic
faunas, however, are obscured by the general incompleteness of stra-
tigraphic sections. The rate and continuity of deposition (apart for the
unconformity) documented in the Shenkezha section, along with the
bountiful fossils and good definition of the carbon-isotope excursion,
provide a rare opportunity to study the impact of the PETM on shallow-
marine fauna.

The larger benthic foraminiferal (LBF) assemblages with
Miscellanea, Ranikothalia, Lockhartia, Orbitosiphon and Daviesina show
no notable taxonomic change at the CIE onset, across the SBZ4/SBZ5
boundary, or within SBZ5 (as claimed by Zhang et al., 2018). The main

taxonomic change is observed at the SBZ5/SBZ6 boundary, at the base
of the thick-bedded limestone. This boundary documents the sudden
disappearance of Miscellanea, Lockhartia, Ranikothalia, Operculina, Da-
viesina, Orbitosiphon and the initial dominance of Alveolina and Orbito-
lites associated with abundant small miliolids and rotaliids. This faunal
turnover, marked by the extinction of several major Paleocene LBFs, is
recognized over a wide area of the Tethyan realm (Scheibner and
Speijer, 2008), although it does not correlate with either the CIE or the
Paleocene/Eocene (P/E) boundary. Our data clearly document that the
major LBF taxonomic turnover took place between SBZ5 and SBZ6 at
PETM recovery, thus notably later than the isotopically defined P/E
boundary (International Commission of Stratigraphy; Aubry et al.,
2007).

Habitats of LBFs are conditioned by several environmental para-
meters, including temperature, continental runoff, and water depth
(Beavington-Penney and Racey, 2004). During the PETM, sea-surface
temperatures rose just prior to CIE onset, quickly reaching maximum
through CIE core. Records from equatorial sites suggest a sea-surface
temperature (SST) > 36 °C (Aze et al., 2014; Frieling et al., 2017,
2019). Our data from the Shenkezha section indicate that even such an
extreme increase in temperature did not significantly influence LBF
assemblages. Another potentially influencing factor might have been
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represented by enhanced continental runoff, resulting in stratification
and eutrophic conditions in coastal waters (Beavington-Penney and
Racey, 2004). However, the broad carbonate ramps extensively grown
in the Tethyan realm during the Paleogene were characterized by
strong current activity and redistribution of sediment (Gavrilo et al.,
2003), which would have limited the concentration of nutrients and the
consequent development of eutrophic anoxic conditions less susceptible
to changes in runoff and nutrients. The main taxonomic change in LBF
assemblages coincided with the large relative sea-level drop at the
SBZ5/SBZ6 boundary, which leads us to infer that reduced water
depths, resulting in increasing water motion and light intensity, and
possibly exposure, exerted the main control on biological niches and
biofacies.

4.4. Carbon isotope signature of carbonate platforms

The magnitude of the §'3Cqrq excursion in the Shenkezha section
(~4%o) is comparable to records from other marine bulk organic matter
(~4.1%0; n = 11; see comprehensive review by Mclnerney and Wing,
2011). The magnitude of the bulk-rock 8Ccap excursion (~7%o), in-
stead, is larger and relatively *C-depleted than in other continental
shelf (2.8-3.5%o for North America; John et al., 2008; Self-Trail et al.,
2012) and deep-sea bulk carbonates (between 2.5%. and 4.0%.), al-
though comparable to values reported for shallow-marine carbonate
platforms (Zamagni et al., 2012; Zhang et al., 2020) (Fig. 5). Studies on
modern and ancient carbonate platforms have related low 8Ca, Va-
lues for carbonate platforms to several factors (Patterson and Walter,
1994; Sanders, 2003; Immenhauser et al., 2008), including: 1) restric-
tion and smaller carbon reservoir size of the platform-top water mass;
2) influence of the local carbon weathering fluxes from the land; 3)
early diagenesis of carbonate mud in organic-rich sediments; and, 4)
sea-level change.

Deposition of the Shenkezha carbonates took place in shallow-water
environments, where restriction of water masses was limited by wave-
and current-driven exchange between the shallow and open sea. The C/
N ratio for terrigenous organic matter is typically > 15, whereas values
for marine organic matter are < 10. In the Shenkezha section, the sharp
decrease of the C/N ratio from 16 to 4 at PETM onset indicates an
abrupt shift to a more marine-influenced source (Fig. 4d), which sug-
gests a decline in the relative amount of terrestrial organic matter be-
cause of a greater distance from shore. We conclude that the negative
8%°Cean values of Shenkezha carbonates were not influenced by either
restriction of water mass or carbon weathering fluxes from the land.
Dissolution of CaCO; due to organic-matter oxidation may affect the
original 3Cearp value and impart low 8%Cean values to carbonate
during early diagenesis (Immenhauser et al., 2008). Carbonate strata in
the Shenkezha section, however, are dominated by calcium carbonate
(>90%, Zhang et al., 2020) with low TOC values, and an alteration of
the original 8*3C..p value is thusunlikely.

The strongly *C-depleted values of shallow-marine Shenkezha
carbonates might be partly related to eustatically or tectonically-driven
change in relative sea level. In the Shenkezha section, a relative sea-
level rise coincided with PETM onset and continued through PETM
core, then dropped during development of the unconformity during
PETM recovery. These fluctuations of relative sea-level may have in-
fluenced the 8"*C.r,, value of shallow-marine carbonates (Swart, 2008;
Jones et al., 2019).

As relative sea-level rose, middle ramp deposits are buried by
deeper water deposits, during PETM onset and through PETM core,
depositional environments deepened, and the 8%3Cean, Value became
more influenced by deeper-water carbonate and hence more negative.
Then relative sea-level fell, and an unconformity developed. As relative
sea Ievell rose again during PETM recovery, gigeper-ra[ng environments
are replaced by shallower deposits, the 6~Ceap Values increased to
reflect values typical of shallower-water carbonates. The same ex-
tremely negative trend is not observed for organic carbon, probably
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because much of the old organic carbon could have been remineralized
rather than redeposited. Because the organic carbon record is less im-
pacted by redeposition and perhaps also composition, the long-term
shape of the CIE of organic carbon may be just as a good a marker for
the dissolved inorganic carbon, although with more short-term scatter.
Similarly, influence of relative-sea-level change on the increase of
8%°Cean values was documented in shallow-water Neogene (Bahamas;

Swart, 2008) to upper Ordovician carbonates (Anticosti Island in
eastern Canada and Great Basin in Nevada and Utah; Jones et al.,
2019). The processes held to be responsible for carbon-isotope excur-
sions during the PETM in our Himalayan case may thus have operated
in similar ways in different regions through geological time, which has
broad implications for the interpretation of the environmental sig-
nificance of 8"Cep excursions and associated geochemical perturba-
tions recorded in ancient platform carbonates.

5. Conclusion

In the stratigraphically quasi-continuous Tethys Himalayan section
studied in detail, relative sea-level began to rise at the onset of the CIE,
dated as the SBZ4/SBZ5 boundary, thus revealing the onset of the
PETM. Relative sea-level continued to rise through the PETM core, and
then dropped during formation of a minor unconformity during PETM
recovery. No major biotic change is documented by larger benthic
foraminifera at PETM onset or through PETM core. The major taxo-
nomic change is recorded later on at the SBZ5/SBZ6 boundary and
during PETM recovery. Relative sea-level change, rather than tem-
perature, exerted the fundamental control on biota. The carbonate
ramp was flooded at PETM onset and transgression continued through
the PETM core interval, while the §'*C.., Was becoming progressively
more negative. Relative sea-level fell around the PETM recovery, when
middle-ramp environments were unconformably replaced by shallower-
water sediments during PETM recovery. At this stage, 3%Cean Values
were restored to nearly pre-PETM levels, reflecting the values typical of
carbonate sediment produced in proximal shallow-marine environ-
ments. Similar processes may have operated in platform settings
through much of Earth history, indicating that the geochemical record
of shallow-water carbonate platforms may not necessarily reflect global
ocean chemistry.
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