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The early Eocene is thought to be the warmest period of the Cenozoic Era, with global temperatures ~10 °C
higher than today. Few studies have focused on the paleoclimatic history of the early Eocene southeastern Neo-
Tethys Ocean despite its tectonic significance. Here, we report new geochemical data that reveal the paleo-
climate conditions of the early Eocene (~ 53.7 to 52.6 Ma) from the Qumiba section in the Tingri region of the
southern Tibetan Plateau, China, which likely represents the youngest marine strata in the southeastern Neo-
Tethys Ocean. The studied Qumiba section consists of the Enba and Zhaguo Formations characterized by silty
marls, mudstones and thin layers of lithic sandstones. The paleoclimate and paleoenvironment history of the
Qumiba section is reconstructed using stable carbon and oxygen isotopes of marine carbonates (6'*Ccy, and
5180C3r|,), major, trace and rare earth elements. At least one early Eocene hyperthermal event (I1 or 12; ~53.6
Ma) has been recorded in the Qumiba section supported by abrupt negative excursions in SIE‘CmﬂJ in Unit 2. This
is further supported by enhanced chemical weathering (e.g., chemical index of alteration), which can be
attributed to increased temperature and precipitation. The continued negative §'3Cayp, excursions in Unit 3 may
have been caused by the release of >C-depleted carbon from volcanic activities. The volcanic inputs may have
increased nutrient availability and promoted marine primary productivity (e.g., higher enrichment factors of P,
Ba, Ni and Cu). Furthermore, the basin may have experienced bottom water anoxia as suggested by the redox-
sensitive proxies (e.g., higher enrichment factors of U and V and Ce/Ce*) during this period (Unit 3). Our findings
support warming-induced changes in paleoenvironmental conditions in the southeastern Neo-Tethys Ocean
during the early Eocene.

1. Introduction weathering on the continent). The collision of Indian and Asian plates in

the early Eocene (—~55-50 Ma) is considered one of the most notable

A series of global warming events (~10%-10° yrs. duration), termed
early Eocene hyperthermals, occurred during the early Eocene (Ypre-
sian; ~56 to 47.8 Ma) following the Paleocene-Eocene Thermal
Maximum (PETM) (Abels et al., 2012; Cui and Schubert, 2017; Harper
et al., 2020; Jiang et al., 2021; Leon-Rodriguez and Dickens, 2010;
Littler et al., 2014; Nicolo et al., 2007; Slotnick et al., 2012; Stap et al.,
2010). These hyperthermal events are characterized by higher global
temperatures, fundamental perturbations to the global carbon cycle (i.e.,
negative carbon isotope excursions), and other environmental effects (e.
g., dissolution of CaCOs in deep-sea sediments and enhanced chemical
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tectonic events in the Cenozoic Era, which leaves indelible signatures in
the sedimentary records in the eastern Neo-Tethys region. The contin-
uous Late Cretaceous to Early Eocene shallow-marine stratigraphic
sequence of the Tethyan Himalaya outcropped in southern Tibet pro-
vides an ideal archive to investigate the paleoenvironmental evolution
of the southeastern Neo-Tethys Ocean and the climatic perturbations of
the early Cenozoic (Hu et al., 2012; Li et al., 2017; Rowley, 1996; Wang
et al., 2008; Zhang et al., 2017; Zhang et al., 2019). Recently, detailed
biostratigraphic correlation and negative carbon isotope excursions
(CIEs) in marine carbonates were utilized to recognize the PETM in the
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Fig. 1.

Geological map of the Himalayas, modified from Hu et al. (2012) and Najman et al. (2017). The studied Qumiba section, shown as a red triangle, is located in

the Tingri region in southern Tibet, China. The inset maps show the location of the Himalayas. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

early Eocene Tethyan Himalaya (Li et al., 2017; Zhang et al., 2013;
Zhang et al., 2019), but evidence for other early Eocene hyperthermals is
still lacking.

Here, we present major and trace element data and stable isotopes of
carbon and oxygen (5'3Cearp and 8'80qrp) from the Qumiba section in
southern Tibet of the Tethyan Himalaya across the early Eocene Enba
and Zhaguo Formations (Fms.). We show that at least one of the early
Eocene hyperthermal events are preserved in the sedimentary records of
the Qumiba section through analyzing the geochemical characteristics
of the mudstones deposited during the initial India-Asia collision. We
use multiple geochemical proxies to identify the hyperthermal events
and reconstruct the paleoenvironment changes of the southeastern Neo-
Tethys Ocean before its final closure. Studying the early Eocene
hyperthermals can provide important insights into the understanding of
ongoing and future climate changes.

2. Geological settings
2.1. Tectonic settings and depositional environments

The southern Tibet is located in the Tethyan Himalaya of the
northern Greater Indian continental margin (Fig. 1). Prior to the colli-
sion of Indian and Asian tectonic plates in the Eocene epoch (~55-50
Ma), this region was part of the interior Neo-Tethys Ocean in the
Cretaceous and early Paleogene (Ding et al., 2016; Hu et al., 2016;
Najman et al., 2017; Wang et al., 2008). The Neo-Tethys Ocean was
considered to be initially formed in the late Early Permian (~270-260
Ma; Sengor, 1979; Zhu et al., 2021), and the collision of Indian and Asian
tectonic plates led to the gradual closure of the Neo-Tethys Ocean,
subsequent tectonic uplift, and the formation of the Tibetan Plateau
(Spicer, 2021; Wang et al., 2008). Thus, the early Eocene successions
recorded the depositional history immediately before the final closure of

the southeastern Neo-Tethys Ocean (Najman et al., 2010).

The studied Qumiba section is located on the Zhepure Mountain in
the Tingri region (GPS N28° 41’ 26", E86° 43’ 37", elevation 4924 to
4970 m; Fig. 1), which is ~60 km south of the Yarlung-Tsangpo suture in
the Tethyan Himalaya in southern Tibet. Six stratigraphic units (from
Lower Cretaceous to Eocene) have been identified in the Zhepure
Mountain (Willems et al., 1996). The lower strata of the Gamba Group
include Zhepure Shanbei Fm. and Zhepure Shan Fm., which are mainly
composed of limestones and marls. The upper strata of the Gamba Group
include Zhepure Shanpo Fm., Jidula Fm., Zongpu Fm. and Zongpubei
Fm., which mainly consist of sandstones and mudstones. Zongpubei Fm.
can be subdivided into the Enba and the Zhaguo Fms., which are mainly
composed of mudstones (Hu et al., 2012; Wang et al., 2002; Willems
et al., 1996; Zhu et al., 2005).

The studied interval covers the upper part of the Enba Fm. and the
lower part of the Zhaguo Fm. The Enba Fm. consists of greenish-gray
mudstones with thin interbedded sandstones (mainly litharenites), and
has a thickness of approximately 105 m (Hu et al., 2012; Najman et al.,
2010). The lithologic components of the sandstones consist mainly of
volcanic rock fragments (Zhu et al., 2005). The sandstone beds become
thicker and occur more frequently in the upper part of the Enba Fm.,
with horizontal, wavy cross-lamination and hummocky cross-stratified
beds. The depositional environment of the upper Enba Fm. was storm-
influenced outer shelf, in which the mudstones were formed by mud
suspension settling and the sandstones by turbidity currents or high-
energy events (Hu et al., 2012; Wang et al., 2002; Zhu et al., 2005).
The overlying Zhaguo Fm. (~75 m) is composed of red mudstones and
interbedded sandstones, similar to those of the Enba Fm. (Zhu et al.,
2005). Thin sandstone beds in the Zhaguo Fm. are commonly charac-
terized by a transgressive sequence, scoured bases, trough cross-
lamination, horizontal lamination, and wavy cross-lamination, sug-
gesting a shallow marine environment (Wang et al., 2002).
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2.2. Biostratigraphy and age constraints

The depositional ages of the Enba and Zhaguo Fms. are considered to
be ~53.7-52.6 Ma (calcareous nannofossil biozone CNE3, Ypresian),
evidenced by the calcareous nannofossil assemblages preserved in the
two successions (Hoshina et al., 2021; Najman et al., 2010; Zhu et al.,
2005). Calcareous nannoplankton are one of the most effective tools in
biostratigraphy because they rapidly evolve over short geological time
period and calcareous nannofossils can be identified easily in lithified
samples to provide age constraints (Bown, 1998). Hoshina et al. (2021)
performed detailed nannofossil counts on the sediments from the Enba
and Zhaguo Fms. in the Qumiba section, and the Kernel Density Esti-
mation (KDE) method was used to better constrain the age of sediments
and recognize the reworked nannofossils in a stratigraphic layer. The
Enba and Zhaguo Fms. are considered to form a continuous sequence,
because no significant difference of the calcareous nannofossil assem-
blages is observed in the two successions (Hoshina et al., 2021; Najman
et al., 2010), despite a subtle angular variation (~11°) is observed be-
tween them (Najman et al., 2010). The youngest nannofossil assemblage
components, including Discoaster barbadiensis, Sphenolithus orphanknol-
lensis, S. arthuri, D. kuepperi, Tribrachiatus orthostylus, Girgisia gammation,
S. radians, and S. conspicuus, represent Zone CNE3 (Eocene calcareous
nannofossil biozone). The absence of Discoaster lodoensis (a marker of
CNE4) and some reticulofenestrids (i.e., Dictyococcites, Reticulofenestra
and Cyclicargolithus) constrain the age up to 52.64 Ma. Additionally, the
youngest zircon ages of the sandstones from the Enba and Zhaguo Fms.
are 54 + 1 Ma and 53 £ 1 Ma (2% discordance) respectively in the
nearby Gamba area (Li et al., 2015), further supporting the age of the
deposition of Enba and Zhaguo Fms. to be within ~53.7-52.6 Ma.

3. Material and methods

A total of 65 freshly excavated outcrop samples, including eight
sandstones and 57 mudstones, were collected from the Enba Fm. and the
Zhaguo Fm. in the Qumiba section for this study, with an average
sampling interval of ~1 m (Tables S1 and S2). We removed the possible
contaminants on the surface of samples by cutting the outmost weath-
ered materials and washing the samples by ethanol to ensure the
cleanness of the samples. Afterwards, all samples were ground to pow-
der using a SPEX zirconia ceramics ball mill for geochemical analyses.

3.1. Stable carbon and oxygen isotope analyses

The analyses of inorganic carbon (613Ccarb) and oxygen isotopes
(alsocarb) from marine carbonates were performed at the Key Labora-
tory of Submarine Geosciences of the Second Institute of Oceanography
in Hangzhou, China, using a Thermo Finnigan Delta Plus AD mass
spectrometer interfaced to a GasBench II Auto-Carbonate device. After
freeze drying and homogenizing the pretreated samples, each sample
with suitable weight was selected and reacted with 100% phosphoric
acid (H3POy4) at 72 °C overnight. Subsequently, the carbon and oxygen
isotopic ratios were measured using the mass spectrometer. The CO, gas
in the reference cylinder was calibrated with references (NBS-19,
GBWO04406 and GBW04405). All the results were reported relative to
the Vienna Pee Dee Belemnite standard (VPDB), and the analytical
precision (1c) is +0.1%o for 613Ccarb and + 0.3%o for 6180carb. The
magnitudes of CIEs are calculated as the difference between average pre-
excursion isotopic values and the minimum values.

3.2. Major and trace element analyses

The major and trace elements (including rare earth elements; REEs)
were analyzed using an ICAP Q Inductively Coupled Plasma — Mass
Spectrometry (ICP-MS) housed at the Department of Earth and Envi-
ronmental Studies at Montclair State University, NJ, United States. For
each homogenized sample, around 100 mg of powder were mixed with
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400 mg of ultrahigh-purity lithium metaborate flux (®'Spex-Certiprep)
and fused in high-purity graphite crucibles at 1050 °C for 40 min in the
Thermo Scientific™ Lindberg/Blue M™ Box Furnace. Afterwards,
molten samples were dissolved in 50 ml of 7% HNO3, and then prepared
for a second dilution of the sample using 2% HNOg3 (dilution factor of
~10,000x) before ICP-MS analysis. Additional blanks were prepared to
correct for any analytical signals from the sample treatment. An in-
strument calibration curve was calculated using ten rock standards of
the U.S. Geological Survey (USGS) (BIR-1, DNC-1, QLO-1, RGM-1, AGV-
2, BCR-2, BHVO-2, G-2, GSP-2, and W-2). The reported results were the
average values of three analytical runs by the ICP-MS for all the samples.
The analytical precision (1c) for all elements is better than 10%.
Multiple weathering proxies were examined via the molar pro-
portions of major oxides and subsequently used to detect chemical
weathering intensities (Fig. 2). The most widely used chemical weath-
ering proxy is Chemical Index of Alteration (CIA), calculated as: CIA =
[Al;,03 /(Al303 + CaO* + Nay0O + K30)] x 100 (molar proportions), to
express the transformation degree of feldspars to clays during chemical
weathering processes (Nesbitt and Young, 1982). The CaO* refers to the
CaO molar proportions in the silicate fractions of the rock other than in
the apatite and/or carbonate fractions (Fedo et al., 1995), which is
calculated as: CaO* = min(CaO — 10/3 x P30s, Nay0O) (McLennan,
1993; Panahi et al., 2000). Other chemical weathering proxies involve
modified Chemical Index of Alteration (CIX = [Al,03/(Al,03 + NayO +
K50)] x 100; Garzanti et al., 2014) and Plagioclase Index of Alteration
(PIA = [(Al;03 — K20) / (Al;03 + CaO* + NagO — K20)] x 100; Fedo
et al., 1995). To normalize the results and describe the enrichment de-
gree of the environmentally sensitive elements, enrichment factors (EF)
of selected elements were calculated as: Xgr = (X/ADsamplte/ (X/AD average
shale, Where X represents the concentrations of the element of interest
and the concentrations of average shale are from Wedepohl (1991). All
the measured concentrations of REEs were normalized to the Post-
Archean Australian Shale (PAAS; Pourmand et al., 2012). Ce anoma-
lies were calculated according to Bau and Dulski (1996): Ce/Ce* = (2 x
Cesn)/(Lagy + Prgy), where SN stands for shale-normalized value.

4. Results
4.1. Stable carbon and oxygen isotopes

The Enba and Zhaguo Fms. of the Qumiba section are subdivided into
four units (Unit 1, 0-22 m; Unit 2, 22-32.5 m; Unit 3, 32.5-60 m; Unit 4,
60-120 m) based on 8 3Ceayp, chemostratigraphy. The 8'3Cearp values of
the mudstones in the Enba and Zhaguo Fms. vary from —5.7 to —2.0%o
(average —4.4%o), and the 5lsocaﬂ, values are from —14.1 to —11.2%o
(average —12.1%o0) (Table S1; Fig. 2). The low slgocarb values may be
partly attributed to the impact of meteoric water and early diagenesis
(Table S1), which limits their usage as surface temperature proxy. The
613Ccarb values display significant variations in Unit 2 and Unit 3, and
fluctuate slightly in Unit 1 and Unit 4. The §'Cear, values start to
decrease from —3.9%o at 25.2 m to its minimum value of —5.7%o at 31.7
m in Unit 2 and then abruptly return to background values of ~ —3.1%o
at 36.1 m, bracketing a ~ 11 m interval. Similarly, 5180, 4rp records show
a negative 1.7%o shift in Unit 2. The negative shift of 613Ccarb continues
in a ~ 10 m interval in Unit 3 (minimum value is —5.5%0) with no
accompanying negative shift of 5'80carp (Fig. 2).

4.2. Major element geochemistry

The mudstone samples of the Enba and Zhaguo Fms. are mainly
composed of SiOy (61.2-73.2%), Aly03 (12.3-19.8%), FeyO3
(3.9-11.3%), CaO (0.4-7.3%), MgO (1.7-3.5%), K20 (0.7-4.0%), and
NasO (0.6-1.7%), with low contents of TiO5 (<1.0%), MnO (<0.3%),
and P05 (<0.2%). The CaO content (average 3.7%) is slightly higher
than that of the upper continental crust (UCC; 2.2%) (Taylor and
McLennan, 1985). The contents of SiO,, Al;03, TiO,, CaO, Nay0O, and
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K20 change abruptly between Unit 2 and Unit 3, with SiOg, TiO3, CaO,
NayO showing increasing trends and Al,O3 and KO exhibiting
decreasing trends. The contents of Fe;O3 and MnO remain relatively
stable over the entire section with small variations (Table S2). All the
weathering proxies (CIA, CIX and PIA) exhibit similar trends, with low
values in Unit 1, slightly higher values in Unit 2, reduced values in Unit 3
and relatively stable values in Unit 4 (Fig. 2).

4.3. Trace element geochemistry

The enrichment factors (Xgg) of various trace elements can be used to
track changes of source materials (e.g., Zrgp, Crgr), paleoproductivities
(e.g., Pgr, Bagr, Nigp, Cugp) and redox conditions (e.g., Ugr, Vgr and Ce/
Ce*) (Shen et al., 2015; Takahashi et al., 2014; Tribovillard et al., 2006).
The values of Zrgr and Crgr remain low throughout the entire section,
but increase abruptly from 1.0 to 2.6 and 1.0 to 2.3 in the 32.9-41 m
interval in Unit 3, which is similar to the trends of Tigr (Fig. 4).
Productivity-sensitive proxies (Pgr, Bagp, Nigr and Cugp) decrease
slightly from 0 to 32.9 m in Unit 1 and Unit 2, then increase sharply and
reach their maximum values of 0.48, 1.48 and 1.74 in Unit 3, and stay
relatively low and stable in Unit 4 (Fig. 5). The redox-sensitive proxies
(Ugr and Vgp) show low values across most of the section, but display
higher values of 0.7-1.2 and 1.0-1.4 from 32.9 to 41 m in Unit 3 (Fig. 5).

The PAAS normalized REE patterns can also track sediment source
changes. Three types of REE patterns are identified, in which mudstones
display Type 1 and Type 2 patterns and sandstones display Type 3

pattern (Fig. 4). The main difference between Type 1 and Type 2 mud-
stones is that Type 1 mudstones have lower Ergy/Tmgy ratios
(0.81-1.93; average 0.94) than those of Type 2 mudstones (0.61-0.89;
average 0.78). The major difference between mudstones and sandstones
in their REE patterns is that the light rare earth elements (LREEs) of
sandstones are more depleted than those of mudstones. Stratigraphically
speaking, most of the Type 2 mudstones are found in Unit 1 and Unit 2.
The Ce/Ce* ratios vary within a small range from 0.94 to 1.07, and a
decrease from 1.02 to 0.94 is seen from 32.9 to 41 m in Unit 3, which
exhibits an opposite trend compared to Ugr and Vgg data (Figs. 4 and 5).

5. Discussion
5.1. Sediment provenance

The tectonic features and provenance of the sediments from the Enba
and Zhaguo Fms. can provide important information on the final stage of
sedimentation of the Neo-Tethys Ocean during the initial collision be-
tween the Indian and Asian tectonic plates (Hu et al., 2012; Wang et al.,
2008). Mudstones are considered to preserve the elemental components
of the source rocks (Bhatia and Crook, 1986; Cullers, 2002; Garver and
Scott, 1995; McLennan and Taylor, 1991), so our discussions on sedi-
ment provenance will focus on geochemical data from mudstones, rather
than sandstones.

The tectonic classification diagram of mudstones (SiO, content vs.
log (K20/Na30)) can help differentiate tectonic settings, because the
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SiO5 contents and KoO/NayO ratios of sediments increase systematically
from volcanic arc to active continental margins, followed by passive
margins (Roser and Korsch, 1986). All mudstones from the Enba and
Zhaguo Fms. are plotted within the active margin field, in the vicinity of
the volcanic arc field (Fig. 3B), suggesting that the sediments were most
likely sourced from an active tectonic setting. This inference is further
supported by trace element geochemistry, such as La, Sc, Th, Zr, and Hf,
which are indicators of tectonic settings due to their resistance to
changes by weathering and transport processes (Bhatia and Crook,
1986; McLennan and Taylor, 1991). All the mudstone samples fall into
the continental island arc (CIA) field in the La-Th-Sc and Th-Sc-Zr/10
ternary diagrams and La/Th vs. Hf content diagram (Fig. 3), support-
ive of a relatively active tectonic background. The tectonic interpreta-
tion of the geochemical data for the Enba and Zhaguo Fms. is in
agreement with Zhu et al. (2005) and Li et al. (2015), who suggest that
the lithic components of sandstones from the Enba and Zhaguo Fms.
were derived from the magmatic arc north of the Tethyan Himalaya (i.e.,
north Asian active margin) with similar properties of the volcanic rocks
from the Lhasa terrane.

Although the tectonic features of the Enba and Zhaguo Fms. are
similar, the sources of sediments may differ. The Al,03/TiO; ratio is a
widely used provenance indicator because both Al and Ti are immobile
during sediment transport and weathering processes (Sugitani et al.,
1996; Young and Nesbitt, 1998). Across the Qumiba section, the Al;03/
TiO4 ratios of most samples remain steady in Unit 1, Unit 2 and Unit 4,
with the exception of a sharp decrease in Unit 3 (Fig. 4), indicating a
rapid change in sediment provenance. Meanwhile, the sharp increase in
Tigp, Zrgr and Crgg values in Unit 3 suggest the influence of additional
sources, because Ti, Zr and Cr are often associated with heavy minerals,
which are the most immobile elements during chemical weathering
(Hayashi et al., 1997; Scheffler et al., 2003; Zhou et al., 2015). Addi-
tionally, the distribution patterns of REEs further support a change in
sediment provenance in the lower part of Unit 3 (Fig. 4). REEs can
largely preserve the geochemical information of the source rocks,
because they are relatively stable and barely influenced by weathering,
transport, and diagenetic processes of sediments (Murray et al., 1990;
McLennan, 2018). All the mudstone samples show a similar REE pattern,
except for the Ergy/Tmgy ratios (Fig. 4). The abrupt decrease of
Ergn/Tmgy ratios in Unit 3 may be attributed to changes in the source
rocks, because Er and Tm are the most inert elements among the REEs
(McLennan, 1994; McLennan, 2018). Similarly, the mudstone samples in
Unit 2 exhibit the Type 2 REE pattern and those in Unit 3 display the
Type 1 REE pattern (Fig. 4), suggesting a change in sediment provenance
from Unit 2 to Unit 3, which may be attributed to the inputs from vol-
canic activities during Unit 3 (discussed in 5.3).

5.2. Recognition of early Eocene hyperthermal events

Several lines of evidence support the presence of early Eocene
hyperthermal events I1 or 12 in the studied section. First, 5'3Ceary and
5180 4rp sShow significant negative excursions in Unit 2, with a maximum
magnitude of ~1.8%0 and ~1.7% respectively, which indicates '3C-
depleted carbon emissions and higher sea surface temperature. Despite
the low CaO content (0.4 to 7.3%, Table S2), the abundant calcareous
nannofossils likely provided the calcite minerals needed for the mea-
surement of 613ccarb and SISOcarb_ The Unit 2 intervals could potentially
capture I1 or I2 event because biostratigraphy shows that the negative
CIEs occurred within the calcareous nannofossil biozone CNE3 (Section
2.2). However, ETM2 is unlikely to be preserved due to the absence of
nannofossil excursion taxa (e.g, Rhomboaster and Discoaster araneus) at
the study site. This is because these nannofossil taxa have been reported
to occur only during the PETM and ETM2 because of their adaptation to
the rapidly and severely changing surface-water environment (Jiang and
Wise Jr, 2006; Kahn and Aubry, 2004; Lei et al., 2016; Raffi and De
Bernardi, 2008; Self-Trail et al., 2012). As a result, the geochemical
features observed in Unit 2 are consistent with the characteristics of the
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11/12 event (e.g., ~53.6 Ma) (Abels et al., 2012; Cui and Schubert, 2017;
Harper et al., 2020; Jiang et al., 2021; Leon-Rodriguez and Dickens,
2010; Littler et al., 2014; Stap et al., 2010), which led to the suggestion
that at least one of the early Eocene hyperthermals may have been
recorded in the southeastern Neo-Tethys region. Due to the uncertainty
of the age based on biostratigraphy at the study site, we are unable to
specify whether the hyperthermal event recorded is I1 or I2.

Hyperthermal events are often accompanied by enhanced chemical
weathering (Hessler et al., 2017; Jiang et al., 2021; Kemp et al., 2020;
Kump et al., 2000; Ravizza et al., 2001). We evaluated the changes in
weathering intensity in the Enba and Zhaguo Fms. using chemical
weathering proxies (e.g., CIA, CIX, PIA), which increase significantly in
Unit 2 corresponding to the negative excursions of 5'3Cearp and 8'80carp
(Fig. 2). The chemical weathering intensity reflects 1) the magnitude of
the dissolution of minerals and rocks (Von Blanckenburg, 2005); 2) the
removal of ions by subaerial or surficial aqueous reactions (Riebe et al.,
2004; West et al., 2005); and 3) processes dominated by feldspar
degradation and associated formation of clay minerals (Dellinger et al.,
2017; Nesbitt and Young, 1982; Von Blanckenburg, 2005), which
largely depend on the climatic conditions (Nesbitt and Young, 1982;
Schoenborn and Fedo, 2011). The values of these weathering proxies
increase with the intensity of chemical weathering, because refractory
elements (e.g., Al and Ti) are commonly retained while soluble elements
(e.g., Ca, Na, and K) are preferentially leached out from feldspars during
weathering processes (Fedo et al., 1995; Nesbitt and Young, 1982;
Sheldon and Tabor, 2009). Furthermore, the enhanced chemical
weathering is supported by an increase in Rb/Sr ratios from 25 to 31 m
in Unit 2 (Fig. 2). This is because the inert Rb commonly replaces K and
remains at clay mineral exchange sites, while Sr is preferentially
removed during weathering processes (Chen et al., 1999; El Bouseily
and El Sokkary, 1975; Jin et al., 2006). The increased values of these
chemical weathering proxies and Rb/Sr ratios may indicate a warmer
and more humid climatic condition during this time (Unit 2), which
could significantly enhance the chemical weathering intensity of the
source rocks. This could be due to an enhanced hydrological cycle from
higher atmospheric pCO, and temperature during the early Eocene
hyperthermals (Hessler et al., 2017; Jiang et al., 2021; Kemp et al., 2020;
Krishnan et al., 2014; Kump et al., 2000; Ravizza et al., 2001). Increase
in chemical weathering intensity agrees well with the characteristics of
the hyperthermal event (Fig. 2). A similar increase in weathering in-
tensity during the early Eocene hyperthermal events has been found
globally, including New Zealand (Slotnick et al., 2012), Ocean Drilling
Program Site 1258 in the tropical Atlantic (Jiang et al., 2021), and Site
1265 in the South Atlantic (Dedert et al., 2012).

5.3. Volcanic activities in Unit 3

In the early Eocene, numerous tectonomagmatic activities occurred
in southern Tibet due to the subduction of the Neo-Tethyan oceanic
plate during the initial stage of the India-Asia collision (Kohn and Par-
kinson, 2002; Lee et al., 2009; Mahéo et al., 2002). Volcanic activities
are supported by the increase in volcanic rock fragments in the sand-
stones of the upper Enba Fm. (Li et al., 2015; Zhu et al., 2005) and large
increase in Tigp, Crgp, and Zrgp in Unit 3 (Fig. 4), because Ti, Cr, and Zr
are associated with heavy minerals from volcanic sources (Khozyem
etal., 2013; Pujol et al., 2006; Yang et al., 2020). Volcanic activities can
also be inferred from the reduced CIA values from 75 to 67 in Unit 3,
which cannot be explained by the decline of chemical weathering in-
tensity alone. This is because the CIA values can also be affected by both
variations of source rock compositions and post-depositional diagenesis,
especially potassium metasomatism (Fedo et al., 1995; Nesbitt and
Young, 1982; Xu et al., 2017; Yang et al., 2016). The role of potassium
metasomatism in affecting the CIA values is thought to be limited in the
study interval, because the mudstones in the Enba and Zhaguo Fms.
largely follow the ideal weathering trend in the A-CN-K ternary diagram
and do not follow the K-metasomatism trend (Fig. 6A) (Critelli et al.,
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Fig. 6. (A) Ternary diagram of Al,03-(CaO* +
Nay0)-K20 (A-CN-K) of the samples in the Qumiba
section (after Nesbitt and Young, 1984). The UCC
(upper continental crust) datapoint is from Taylor
and McLennan (1985). PIl: plagioclase; Ksp: K-feld-
spar; Sm: smectite; Mu: muscovite; Ka: kaolinite; Gb:
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2008; Fedo et al., 1995; Wang et al., 2020; Nesbitt and Young, 1984;
Yang et al., 2018). Therefore, we suggest that the addition of
volcanic-sourced Na may have led to the decrease in CIA values in Unit
3. This is partly because the Na;O contents of mudstones are negatively
correlated with the CIA values (r? = 0.85, P < 0.001) and CIX values (2
= 0.78, P < 0.001) (Fig. 6B, C). The increase of Na;O content may be
related to the addition of smectites, which are the primary weathering
products of basaltic materials (Babechuk et al., 2014; Eggleton et al.,
1987). Alternatively, the orogenic uplift that occurred during this period
(Lee et al.,, 2009; Wang et al., 2008) may have enhanced physical
weathering (e.g., erosion, denudation, frost shattering), and reduced
chemical weathering and lowered the CIA values (Dinis et al., 2020; Liu
et al., 2017; Riebe et al., 2004; West et al., 2005). Therefore, it is likely
that the decrease in CIA is related to the addition of Na from volcanic
activities near the study site or through physical weathering processes.

As a result of volcanic activities, marine primary productivity can be
promoted by increased input of bio-essential elements, such as P, Fe, Ni
and Cu (Hamme et al., 2010; Schoepfer et al., 2015; Shen et al., 2015).
The concurrent increase in Pgr and Bagp supports enhanced primary
productivity in Unit 3 in the Qumiba section (Fig. 5; lower part of Unit
3). Pis an essential nutrient element for the growth of marine organisms,
and Ba is closely related to the primary productivity in the surface water
and the export of organic matter (McManus et al., 1998; Schoepfer et al.,
2015; Tribovillard et al., 2006). Although surface primary productivity
is shown to be positively correlated with the Pgr and Bagg proxies, they
can be affected by bulk sediment accumulation rates and bottom water
redox conditions (Paytan and Griffith, 2007; Schoepfer et al., 2015;
Tribovillard et al., 2006; Yang et al., 2020). Therefore, Nigr and Cugg
proxies are used in addition to Pgr and Bagg to further support the
development of increased primary productivity. As micronutrients, Ni
and Cu can be adsorbed onto organometallic complexes and delivered to
the sediments, and can be served as proxies for paleoproductivity
(Horner et al., 2021; Tribovillard et al., 2006). As a result, the concur-
rent increase of the Pgp, Bagp, Nigr and Cugp in Unit 3 support increased
marine primary productivity during this time.

Higher paleoproductivity can lead to the expansion of the oxygen
minimum zones (OMZs) and anoxic bottom waters (Algeo and Ingall,
2007; Dahl and Arens, 2020; Ozaki et al., 2011; Van Cappellen and
Ingall, 1996). Decrease in oxygen in bottom waters through oxygen-
productivity feedbacks in the study site is supported by the increase in
Ugr and Vg values, and the decrease in Ce/Ce* ratios in Unit 3 in the
Qumiba section (Fig. 5). Under reducing conditions, soluble U and V can
be reduced to insoluble chemical compounds and be removed from the
water column to the sediments, leading to enrichment of U and V in the
sediments (Takahashi et al., 2014; Tribovillard et al., 2006). The lower
Ce/Ce* ratio in Unit 3 provides further support to the inferred anoxic
bottom waters, because the insoluble Ce (IV) can be reduced to soluble
Ce (III) under oxygen-depleted conditions, leading to the removal of
oxidized Ce (IV) in the sediments and a decrease in Ce/Ce* ratio (Bau

76 79 82 85

and Koschinsky, 2009; German and Elderfield, 1990; Nakada et al.,
2016). In summary, enhanced volcanic activities on the Lhasa terrane
may have increased the paleoproductivity of the surface ocean and
enhanced bottom water anoxia at the study location in the southeastern
Neo-Tethys Ocean (Fig. 7C).

5.4. Comparison of global 11/12 records

The early Eocene hyperthermals are characterized by global carbon
and oxygen isotope excursions, driven by 3C-depleted CO, emissions
(Abels et al., 2012; Cui and Schubert, 2017; Harper et al., 2020; Leon-
Rodriguez and Dickens, 2010; Stap et al., 2010). I11/I2 hyperthermal
events are prominent global warming events just before the long period
of the early Eocene climatic optimum (EECO), but has a smaller degree
of warming compared to the PETM and ETM2 (Cramer et al., 2003;
Nicolo et al., 2007; Lauretano et al., 2015; Cui and Schubert, 2017). At
present, the I1/12 events have been documented in multiple pelagic-
hemipelagic sequences, such as the DSDP (Deep Sea Drilling Project)
Site 577 and ODP (Ocean Drilling Program) Site 1209 at Shatsky Rise in
the central Pacific (Cramer et al., 2003; Westerhold et al., 2018), DSDP
Site 550 and ODP Site 1051 in the northern Atlantic (Cramer et al.,
2003), ODP Site 1258 at Demerara Rise in the western equatorial
Atlantic (D’ Onofrio et al., 2020; Sexton et al., 2006), ODP Sites 1262 and
1263 at Walvis Ridge in the south Atlantic (Lauretano et al., 2015; Littler
et al., 2014; Zachos et al., 2010), ODP Site 1215 near Hawaii in the
central Pacific (Leon-Rodriguez and Dickens, 2010), Terche and Pos-
sagno sections in Southern Alps in Italy (D’Onofrio et al., 2016; Galeotti
et al., 2019), Contessa section in the central Italy (Francescone et al.,
2019; Galeotti et al., 2010). A few I1/I2 records are found in shallow
marine sequences, including Mead and Dee Stream in New Zealand
(Nicolo et al., 2007; Slotnick et al., 2012), and Galala platform in the
Egyptian shelf (Hontzsch et al., 2011). Several terrestrial sequences,
including the Fushun Basin in China (Chen et al., 2014), the Bighorn
Basin in Wyoming (Abels et al., 2016), the Vastan and Valia sections in
western India (Samanta et al., 2013), and Ellesmere Island in the Ca-
nadian Arctic (Reinhardt et al., 2022) also recorded the 11/12 (Fig. 8;
Table S3).

In general, the §'3Carp values of the Qumiba section are similar to
those of the siliciclastic dominated shallow marine sequences (—4 to
2%o; note that the Eocene 8'3Ceayp, values are generally lower than
Paleocene values) of the Egyptian shelf on the southern Tethyan car-
bonate platform (Hontzsch et al., 2011), but lower than those observed
at other pelagic-hemipelagic sites. The relatively low 8'3Cearp, values
may be due to organic matter remineralization within the sediments and
early diagenesis (Meyers, 1994; Rullkotter, 2006). In addition, the in-
puts of reworked Cretaceous calcareous nannofossils (Hoshina et al.,
2021) could also distort the original 53¢ signal (D’Onofrio et al., 2016),
which may complicate the interpretation of the §'3C data. However, the
relative changes in §'3Ceyyp, are likely minimally impacted by these



Y. Dong et al. Global and Planetary Change 215 (2022) 103875

(A) Early sedimentary period Tingri Tingri Xigaze Gangdese

of Enba Fm. (~53.7 Ma) Qumiba Qumiba Forearc Arc

(B) Hyperthermal 11/12 Tingri Tingri Xigaze Gangdese
events (~53.6 Ma) Qumiba Qumiba Forearc  Arc

PCO, elevated

pCO, elevated /\\\;@ 3
N g
o R eathering
2

enhanced chemical
weathering

C) Late sedimentary period Tingri Tingri Xigaze Gangdese
( ) yp Qumiba Qumiba Forearc Arc

of Enba Fm.(~53.4 Ma) | |

Sedimentary period Tingri Tingri Xigaze Gangdese
(D) yp Qumiba Qumiba Forearc .Erc

of Zhaguo Fm. (~52.6 Ma) ‘ |

’@| E==] o [ o] -]
o X @we }—H—LH—{ === T [ 50 o] [somn|
Phy ! Foraminifera Li Mudstone Silty e il i oarse
sandstone

Fig. 7. Interpreted sedimentary models of the early Eocene Enba and Zhaguo Formations at the Qumiba section in the Tingri area (left images) and in southern Tibet
(right images; modified from Hu et al., 2012 and Lee et al., 2009); (A) During the early sedimentary period of the Enba Fm., the depositional environment of the
Qumiba section was the storm-influenced outer shelf with the mudstone sediments; (B) During the hyperthermal event I11/12, chemical weathering was enhanced due
to elevated pCO, and temperature; (C) During the late sedimentary period of the Enba Fm., strong volcanic inputs from the Lhasa terrane occurred, which were
caused by the incipient India—Asia collision, rollback and breakoff of the subducted oceanic slab, leading to the increased primary productivity and the expansion of
anoxic conditions; (D) During the sedimentary period of the Zhaguo Fm., the southeastern Neo-Tethys Ocean was gradually filled by the shallow marine sediments.
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Fig. 8. Global distribution of sites with pelagic-hemipelagic (red symbol), shallow-marine (yellow symbol) and terrestrial (green symbol) carbon isotope data across
the hyperthermal events of I1-12. Numbers: CIE magnitude for I1/12; n.d.: no data. Paleogeography base map is from Scotese (2014). (For interpretation of the
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processes and are considered robust and globally representative. settings in other regions globally, offering insights into the impacts of
The CIE magnitudes during the I1/12 between shallow and deep early Eocene hyperthermal events on shallow-marine environments,
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