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ARTICLE INFO ABSTRACT

Editor: Dr. Howard Falcon-Lang Extreme climate warmth (hyperthermal) events through deep-time offer prescient insights into how the Earth
may respond to present-day warming related to greenhouse gas emissions. This special issue deals with Paleo-
environmental changes across the Mesozoic-Paleogene hyperthermal events and comprises 25 interdisciplinary
research articles. In this review paper, we summarise the contents of the special issue, placing it into a wider
context, and demonstrate that Mesozoic-Paleogene hyperthermal events were among the most devastating and
extreme climate modes in the geological record. Key findings are as follows: (1) Multi-proxy geochemical and
sedimentological analyses reveal that widespread deoxygenation of oceans and megalakes was a common
accompanying feature of most hyperthermals. (2) Evidence exists for complex linkages between volcanism, warm
climate conditions, contemporary carbon cycles, aquatic biogeochemical cycles, wildfire activities, and climate-
modulated hydrological and terrestrial weathering changes operating at seasonal, orbital and/or tectonic
timescales. (3) Pronounced and rapid biological turnovers in the ocean during hyperthermals may have been
linked to seawater acidification and shifts in nutrient availability, while promoting significant alterations in
primary productivity, biological pump and ecosystem structures. Despite these advances, future interdisciplinary
studies are needed to deliver a more comprehensive understanding of the nature and mechanism of complex
environmental interactions within the Earth system, as well as the internal and external drivers that may have
triggered hyperthermal events.
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1. Introduction

Present-day global warming is likely occurring at an increasing rate,
but predicting the consequences for marine and terrestrial environments
and life remains a major challenge (Gruber et al., 2021; IPCC, 2022).
There is a general consensus that current observations of extreme
weather and biogeochemical changes are a precursor of future envi-
ronmental and ecosystem changes at the decadal scale. However, pre-
dicting longer-term climatic and environmental responses to
anthropogenic greenhouse gas forcing is difficult due to uncertainties in
future emission rates, and uncertainties with respect to primary drivers
and pathways in climate models (IPCC, 2022). Equally, the sensitivity of

the Earth system to climatic upheavals, and its ability to recover from
them, is poorly known.

Geological records archive the potentially fatal consequences of
sudden climate changes associated with global warming. Although
driven by Earth’s internal processes (e.g., the large-scale volcanism and
release of COz in particular), short-lived hyperthermal events in the
geological past offer useful insights into how the Earth may respond to
continued greenhouse gas release and warming at the present day
(Foster et al., 2018; Hu et al., 2020) (Fig. 1). For instance, Song et al.
(2021) recognize a potentially unifying feature between hyperthermal
events in deep-time and present-day climate change. They propose that
when certain relative temperature thresholds and rates of change are
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breached, extreme deterioration of Earth’s surface environment may
occur triggering mass extinction. Probing into the different phases of
deep-time hyperthermal episodes can not only inform us how the Earth
system evolved as the climate warmed and cooled, but can also tell us
how the Earth system responded to temperature changes of varying rates
and magnitudes.

For this special issue, we have drawn together contributions focused
on the major Mesozoic-Paleogene hyperthermals. The resulting collec-
tion helps elucidate the associated marine and terrestrial environmental
changes and biological responses to these events over the last 250 Ma.
These events include the Early-Middle Triassic hyperthermals (~250
Ma), the end-Triassic mass extinction event (ETME; ~201 Ma), the early
Toarcian Oceanic Anoxic Event/Jenkyns Event (T-OAE; ~182 Ma), the
Cretaceous Ocean Anoxic Events (OAEs; ~120 Ma to ~93 Ma), the
Paleocene-Eocene Thermal Maximum (PETM; ~56 Ma) and other early
Paleogene hyperthermals. The individual papers provide prescient in-
sights into internal drivers, boundary conditions for climate shifts, Earth
surface environmental effects and biogeochemical extremes across these
major hyperthermal events. The interdisciplinary approaches used in
the studies include stratigraphy, sedimentology, palaeontology,
geochemistry and Earth system modelling.

In this Editorial Preface, we synthesize the findings of the contrib-
uting studies (Table 1), and in so doing we review current knowledge of
the nature and consequences of the Mesozoic-Paleogene hyperthermals.
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2. Large igneous province, hyperthermal conditions and carbon
cycle

2.1. Carbon cycle perturbations

The Mesozoic-Paleogene hyperthermal events are commonly asso-
ciated with a short-lived negative/positive carbon isotope excursions
documented in marine and terrestrial sediments (e.g. ETME, T-OAE,
OAE2, and PETM) (Hesselbo et al., 2002; Jenkyns, 2010; Kemp et al.,
2005; Ruhl et al., 2011). These excursions reveal the impact of the
events on the carbon cycle. Dong et al. (2022, this VSI) report new
geochemical data from the Qumiba section in southern Tibet, which
reveal a record of early Eocene paleo-climate conditions in the eastern
Tethys ocean. Integration of multiple geochemical proxies suggest at
least one early Eocene hyperthermal event (I1 or 12; ~53.6 Ma) was
recorded in the Qumiba section, and was characterized by an abrupt
negative carbon isotope excursion and enhanced chemical weathering.
These new findings thus support warming-induced carbon cycle
perturbation in the eastern Neo-Tethys Ocean.

Although the driver(s) for these carbon cycle perturbations are still
debated, they are generally interpreted as linked to large scale, LIP-
induced disruptions in the exogenic carbon cycle, for example through
direct release of CO5 from volcanoes, and/or via marine thermogenic
methane release linked to magmatic intrusion of carbon-rich rocks or
melting of methane clathrates (Capriolo et al., 2021; Hesselbo et al.,
2002; Kemp et al., 2005; Ruhl et al., 2011). Yao et al. (2022a, this VSI)
study a number of authigenic carbonates layers in a sequence of mid-
Cretaceous inner shelf sedimentary rocks from the Qiangdong section,
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Fig. 1. Integrated records of climate conditions, carbon cycle perturbations and geological events during the Mesozoic-Paleogene hyperthermal events. The com-
posite carbonate 8'3C trend and the occurrences of marine anoxia, biotic crisis are presented from the Geologic Time Scale 2020 (Gradstein et al., 2020) and some
new findings from this special issue. Long-term temperature record and the occurrences of Large igneous province (LIP) are based on Scotese et al. (2021) and
Percival et al. (2018), respectively. PTE, Permian-Triassic extinction event; LSTM, Late Smithian Thermal Maximum; ETME, end-Triassic mass extinction event;
TOAE, Toarcian Oceanic Anoxic Event; OAE, Oceanic Anoxic Event; PETM, Paleocene-Eocene Thermal Maximum.
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Table 1
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Summary of studied localities, events and paleoenvironment reconstructions in this special issue. ETM, Eocene Thermal Maximum; EECO, Early Eocene Climatic
Optimum; MECO, Mid-Eocene Climatic Optimum; LOWE, Late Oligocene Warming Event; POE, Pre-Onset Excursion; METM, Middle Eocene Thermal Maximum; Pl/

To, Pliensbachian-Toarcian boundary event.

Study sites Environment Events/Interval Age (Ma) Topic References
Paleogene hyperthermals
1 Kutch, Cambay, Jaisalmer and Barmer restricted to PETM, ETM2, ETM3, EECO, 56-23 glauconite formation and Roy Choudhury
basins, western India open marine MECO, LOWE climatic warmth et al., 2022
lope-basi
2 Zagros Folded Zone, SW Iran :ﬂz;:;nasm POE, PETM, EECO, METM 57-42 storm-induced turbiditic events Jiang et al., 2022
leocli heri
3 South Tibet, China outer shelf /12 53.7-50.¢  baleoclimate, weathering and Dong et al., 2022
marine redox
local control i b
4 South Tibet, China carbonate ramp PETM 56 C(;C;e contro’s on marine carbon 15 o al., 2022
icontinental 1 lankt
5  Tarim Basin, China epicontinenta PETM 56 calcareous nannoplankion Wang et al., 2022
sea response
Cretaceous OAEs
6 South Tibet, China inner shelf OAE1lb, OAE2 112-94 hydrocarbon seepage activities Yao et al., 2022a
hemipelagi 1 i i d
7 Northwestern Tethys, Austria emipelagic OAE2 94 arge 1$neous provinee an Yao et al., 2022b
ocean volcanism
8 South Tibet, China outer shelf OAE1lb, OAElc 112,102 orbital pacing and carbon cycle Liu et al., 2022c
Nakagawa et al.
9 Yokonami Peninsula, Japan deep-sea OAEla 120 enhanced hydrological cycle 9 S 2;g awa et
Toarcian Oceanic Anoxic Event / Jenkyns Event
. heri
10 Hebrides Basin, UK continental shelf TOAE 183 zr;le;rrllzzsredox and weathering Chen et al., 2021
11 Inuyama area, central Japan pelagic ocean P1/To, TOAE 185-183 marine redox conditions Kemp et al., 2022a
Ruebsz t al.
12 NE Paris Basin, Luxembourg continental shelf TOAE 183 phytoplankton events 28; Zzlm etk
Ruebsam et al.,
13 NE Paris Basin, Luxembourg continental shelf TOAE 183 biocalcification crisis 28;2;”“ cra
theri d hydrological
14  Sichuan Basin, China lacustrine TOAE 183 ‘c/;ec?e ering and hydrologica Liu et al., 2022b
15 Sichuan Basin, China lacustrine TOAE 183 lacustrine redox changes Liu et al., 2022a
16  Yamaguchi Prefecture, Japan pelagic ocean P1/To, TOAE 185-183 marine redox conditions Chen et al., 2022
17 South Tibet, China carbonate P1/To, TOAE 185-1g3  Mmarine redox and weathering Han et al., 2022
platform changes
18  Ordos Basin, China lacustrine TOAE 183 lacustrine redox changes Li et al., 2023
End-Triassic mass extinction
19  Southern Italy peritidal zone ETME 202-200 marine redox conditions He et al., 2022a
Bristol Ch; 1 L basins, N i i 1
ristol Channel and Larne basins, NW epicontinenta ETME 202-200 marine redox conditions He et al., 2022b
Europe sea
biosili ductivit X
21  Inuyama, Japan pelagic ocean ETME 202-200 losiiceous procuctivity Bole et al., 2022
changes
bonatt
22  Lombardy Basin, Italy carbonate ETME 202-200 wildfire activity Fox et al., 2022a
platform
23 Cleveland and Bristol Channel basins, epicontinental ETME 202-200 local controls on marine carbon Beith et al., 2023
NW Europe sea cycle
Early-Middle Triassic hyperthermals
24 Ordos Basin, China lacustrine Olenekian-Anisian 247 climate conditions and biotic Zhu et al., 2022
recovery
bonat
25  Chaohu Basin, China carbonate LSTM 250 magmatic degassing Du et al., 2022
platform

southern Tibet. Their field observations, thin section petrography,
mineralogy, and stable isotope data indicate the occurrence of methane
seepage across OAE 2. They propose that stimulated methanogenesis
enabled a higher flux of benthic methane release, which promoted ox-
ygen depletion in bottom-waters, thereby contributing to black shale
deposition and providing a positive feedback conducive to organic
matter preservation and burial during OAE 2.

A critical feature of the ETME in the European epicontinental sea is a
set of negative excursions in the bulk organic carbon isotope record.
These chemostratigraphic features are useful to help constrain and
correlate the timing of extinction and changes to the global carbon cycle.
The driving mechanisms remain somewhat elusive, though extensive
volcanism from emplacement of the Central Atlantic Magmatic Province
(CAMP) was likely a major factor. Magmatic intrusion into 3C-depleted
organic rich sediments may have been a key source of carbon (Davies
et al., 2017). Other workers have suggested instead that mixing of 12C-
enriched carbon from fresh to brackish water in marginal seas could
have caused the excursions (Fox et al., 2020).

A more detailed investigation of carbon cycle changes can be

achieved through compound-specific isotope analysis (CSIA) of molec-
ular fossils (biomarkers) that more directly record changes to the
terrestrial and marine realms. Through CSIA, Beith et al. (2023, this VSI)
find little evidence of changes to the isotopic composition of biomarkers
derived from marine and terrestrial photosynthetic organisms (that
would readily uptake increases in volcanic-driven 2C) during shifts in
the bulk organic carbon isotope record. These results suggest that local
factors played an important role in the bulk organic carbon isotope re-
cord during the ETME.

Marine sedimentary archives have also demonstrated the modula-
tion of medium- and long-period orbital eccentricity as a main feature of
the Mesozoic and Cenozoic carbon cycle evolution (Huang et al., 2010;
Ruhl et al., 2016; Storm et al., 2020). Liu et al., (2022c, this VSI) present
high-resolution carbon isotope, magnetic susceptibility, total organic
carbon data and spectra analysis from Nirang Section in Tibetan
Himalaya. These new data for the first-time construct long-term secular
variations in carbon cycle through the Albian, and demonstrate that
cyclical changes in carbon cycling occurred during Albian warmth,
modulated by seasonal variations in terrigenous input driven by the
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orbital forcings.
2.2. Intensified volcanism

The Mesozoic-Paleogene hyperthermal events are all short-lived
(~50 ka to ~2 Ma) (Adams et al., 2010; Foster et al., 2018; He et al.,
2020; Hu et al., 2020; Luo et al., 2010; Newton et al., 2011; Yao et al.,
2018), and universally linked to elevated greenhouse gas concentra-
tions. A key postulated driver of these events has emerged in recent
years, namely voluminous volcanism and consequent CO release
related to the emplacement of large igneous provinces (LIPs) (Fig. 1).
Intensified degassing during either eruptive episodes or via magmatic
intrusion in carbon-rich sediments would have allowed temperature to
rise rapidly and transiently. Hence, tracing the impact of LIPs to
temporally correlated hyperthermal events is clearly an important
research direction.

Anomalous enrichments of Hg, and associated changes in Hg-
isotopes in sedimentary rocks are promising indicators of volcanic ac-
tivity, and have the potential to track the intensity and sources of LIP
volcanism (e.g., Grasby et al., 2019; Percival et al., 2021). Yao et al.
(2022b, this VSI) report the first Hg and Zn isotope records across OAE 2
from a hemipelagic section deposited in northwestern Tethys and
located in present-day Austria. Prominent Hg concentration anomalies
and a positive A'°°Hg excursion indicate the occurrence of intense LIP
volcanism on land at the onset of OAE 2 (also termed as “Cretaceous
thermal maximum™). This activity resulted in an increased flux of
isotopically light Zn sourced from the LIP to the oceans.

Environmental perturbations punctuated the recovery from the
Permo-Triassic mass extinction, including two closely spaced events
linked to elevated temperature occurred through the Smithian-Spathian
transition: the Late Smithian Thermal Maximum and Smithian-Spathian
boundary mass extinction(Sun et al., 2012; Zhang et al., 2019). Du et al.
(2022, this VSI) investigate C—S isotope systematics through this key
interval of the Early Triassic from deep water facies in South China. They
identify coupled positive excursions in seawater 5'C and §*S across
both events. Their modelling results indicate an Early-Middle Smithian
magmatic event, which released a large mass of carbon, as well as
enhanced continental weathering, expanded oceanic anoxia. This
anoxia may have ultimately triggered extinction. The environmental
feedback mechanisms demonstrated in this study are likely compatible
with other hyperthermal events driven by intense volcanism and
greenhouse gas release.

3. Climate-modulated terrestrial weathering, hydrological
changes and tropical storms

Hyperthermal conditions enhance chemical weathering, ultimately
sequestering atmospheric CO, and simultaneously promoting delivery
of nutrients and alkalinity to aquatic environments (e.g., Pogge von
Strandmann et al., 2020). Increased erosion and perturbations to the
hydrological cycle and weather systems on land are predicted conse-
quences of warming. Previous work has revealed such impacts during
hyperthermal events, notably at the PETM and T-OAE (Dunkley Jones
et al., 2018; Pujalte et al., 2015; Han et al., 2018; Izumi et al., 2018).
However, uncertainties remain regarding the precise sedimentological
responses and expression of such changes, due at least in part to the
sporadic preservation of geologic evidence for extreme weather.

3.1. Marine sedimentological changes

Dramatic environmental and climatic changes responses to global
warming events can be faithfully archived in marine sedimentary re-
cord. However, our understanding of sedimentological responses to
major hyperthermal events is far from complete. Enhanced erosion/
chemical weathering and hydrological changes has been widely docu-
mented in both terrestrial and marine archives during the PETM
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(Dunkley Jones et al., 2018; Pogge Von Strandmann et al., 2021; Pujalte
et al., 2015). However, the paleoenvironmental responses to the PETM
and other early Paleogene hyperthermal events at regional to global
scale, in particular from a sedimentological perspective, remain scarce
in the eastern Tethys Ocean.

In the Tibetan Himalaya, new integrated sedimentological,
biostratigraphic, and carbon isotope data are used to evaluate the
impact of the PETM on a shallow-water carbonate platform from prox-
imal southern parts of the northern Indian continental margin (Li et al.,
2022, this VSI). The data show distinct sedimentary environmental
changes associated with major biotic turnover at the PETM onset,
notably a regression from open to restricted shallow-marine environ-
ments and intensified continental weathering. During the PETM recov-
ery, sedimentation was dominated by renewed lagoonal deposits caused
by sea-level fall. Jiang et al. (2022, this VSI) report the environmental
consequences of early Paleogene climatic anomalies from deep-water
turbidite-rich successions deposited along the Arabian continental
margin in southwestern Iran. Integrated sedimentological, biostrati-
graphic, and stable-isotope analysis of the early Paleogene Pabdeh
Formation show that an anomalous abundance of storm-induced prox-
imal to distal turbidites occurred across intervals of global warmth. The
data thus suggest a causal link between climate extremes and tropical
storms during the early Paleogene hyperthermal events.

To the south of the Tethyan Himalaya, Roy Choudhury et al. (2022,
this VSI) present high-resolution biostratigraphic and sedimentological
data, combined with carbon isotope signatures, which reveal an
exceptionally high abundance of glauconite corresponding to the early
Paleogene hyperthermal events in the shallow marine basins of the
western India margin. The authors propose that glauconite formed
abundantly during hyperthermal events as a result of the convergence of
favorable depositional conditions, including rapid transgression,
reduced sedimentation rate, warm seawater conditions, enhanced
chemical weathering, and enhanced supply of nutrients favoring dysoxic
shallow shelves.

3.2. Terrestrial perturbations

Greenhouse effect and associated paleoenvironmental changes
arising from hyperthermal events also exert an impact to the terrestrial
system. For example, volcanism could have resulted in increased wild-
fires (Baker et al., 2017; Belcher et al., 2021), whilst enhanced terrestrial
hydrological cycling as a result of heavy precipitation and storms would
have boosted particulate detrital material and nutrient supply to riverine
and lacustrine settings (Pogge von Strandmann et al., 2013; Xu et al.,
2018, 2017).

Through analysis of polycyclic aromatic hydrocarbons (PAHs),
which are compounds found in sediments that typically represent
incomplete combustion of organic matter, Fox et al. (2022a, this VSI)
find that periods of wildfire activity across the Triassic—Jurassic
boundary coincide with marine extinctions. The work links marine and
terrestrial ecosystem stress and finds evidence for widespread wildfire
activity later in the sedimentary record that is comparatively less intense
but represents a more global signature. Such finding highlights the
importance of fire as an extinction mechanism.

Previous work has noted the likely significant expansion of paleo-
lake systems in the mid-latitude Sichuan and Ordos basins of China
during T-OAE warming (Jin et al., 2020; Xu et al., 2017). Li et al. (2023,
this VSI) present petrographical and geochemical data from lower
Toarcian black shales and mudstones from the Anya section in the
northeastern Ordos Basin. The petrography, integrated with climate
proxies and weathering indices, suggests that a warm-humid climate
with sporadic semi humid-semiarid periods developed during the T-OAE
and coincided with enhanced chemical weathering. On the other hand,
Liu et al., (2022b, this VSI) discover that the Sichuan Basin has been
spontaneously subject to the impacts of enhanced hydrological cycling,
high-frequency storms and floods, and intensified continental
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weathering across the T-OAE. Elevated temperature and a humid
climate are believed to have been responsible for these extremes, which
may have simultaneously promoted nutrient input to the basins.

Nakagawa et al. (2022, this VSI) report a palynological analysis of
the Hauterivian to Cenomanian deep-sea chert succession from the
Goshikinohama section in Yokonami Peninsula, Japan. Their results
show a remarkable increase in terrestrial plant preservation in deep-sea
chert linked to a massive plant discharge driven by an enhanced hy-
drological cycle during OAE 1a. They further propose that intensified
storms and/or some degrees of sea-level change occurred due to the
hyperthermal conditions across the OAE 1la.

Climate re-stabilization is a natural mechanism for environmental
recovery following hyperthermal crises. The patterns and causes of
Early-Middle Triassic biotic recovery on land following the end-Permian
hyperthermal and mass extinction event remain puzzling. Zhu et al.
(2022, this VSI) reveal that sedimentary environments in the north-
eastern Ordos Basin evolved from arid braided-eolian conditions during
the Induan to semi-humid shallow lacustrine and meandering river
systems during the Olenekian—Anisian. Combining evidence from car-
bonate 8'3C isotopes, geochemical proxies of weathering intensity and
abundant fossil occurrences, the authors conclude that warm and semi-
humid climate in the Olenekian-Anisian contributed to the biotic re-
covery following the Permo-Triassic mass extinction.

4. Biogeochemical extremes
4.1. Marine redox dynamics

In the modern oceans, rising global temperature would warm surface
waters and potentially promote stratification, which may trigger a shift
from oxygenated to suboxic or even anoxic conditions in bottom waters
(Breitburg et al., 2018; Falkowski et al., 2011; Keeling et al., 2010;
Oschlies, 2021). Determining the precise magnitude, spatiotemporal
pattern and causes of redox changes during past OAEs thus has major
implications for the prediction and understanding of present-day ocean
deoxygenation. In addition, understanding marine redox changes during
ancient hyperthermal events aids examination and understanding of the
linked global biogeochemical cycles (e.g. the bioavailability of phos-
phorus and benthic methane production) (Beil et al., 2020; He et al.,
2020; Jenkyns, 2010; Schobben et al., 2020).

One of the most pronounced hyperthermal events of the Mesozoic,
the T-OAE, was associated with widespread deoxygenation. Evidence for
deoxygenation and the associated deposition of organic-rich facies
during this event been noted in many locations around the world (Kemp
et al., 2022b), but redox conditions were highly variable between
different basins, water depths and oceans. Notably, the global
geographic spread of anoxic or suboxic conditions is not well con-
strained due to a paucity of open ocean and pelagic records.

Kemp et al. (2022a, this VSI) present redox-sensitive trace metal data
through the deep-water chert succession exposed at Sakahogi, Japan,
which reveal an extended interval of basinal anoxia that began prior to
the Pliensbachian-Toarcian (P1-To) boundary and continued to the end
of the T-OAE. These findings suggest the Panthalassic Ocean may have
been an important locus of deoxygenation and organic carbon burial
during the early Toarcian, and that the spread of anoxia during the T-
OAE was a globally distributed phenomenon. Chen et al. (2022, this VSI)
also study the Sakahogi section, and present stable sulfur isotopes of
reduced metal-bound sulfur §3*S across the P1-To and T-OAE from this
site. They compared these data to those from a shallower site deposited
on the margin of the Panthalassa Ocean (Sakuraguchi-dani section,
Japan). Positive shifts in §3*S across the PI-To and T-OAE at Sakahogi
were most likely controlled by elevated export production and/or
preservation, while a positive shift in §°*S on the shallow shelf
Sakuraguchi-dani site were attributable mainly to elevated sedimenta-
tion rates. Hence, the discovery of the positive §%S excursion across the
PIl-To at Sakahogi indicates a hitherto unrecognized perturbation to the
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deep-water sulfur cycle.

By contrast, on the more restricted northwest European shelf, Chen
et al. (2021, this VSI) investigate a lower Toarcian succession on the Isle
of Raasay, Scotland (Hebrides Basin). The identification of a negative
carbon isotope excursion provides the first evidence of the T-OAE in
Scotland. Element abundance data and sedimentological observations
indicate elevated chemical weathering rates associated with enhanced
hydrological cycling. Redox-sensitive trace element data demonstrate
that oxic-suboxic bottom water conditions prevailed. This contrasts with
evidence for pervasive anoxia/euxinia in nearby basins, and emphasizes
how deoxygenation was spatially variable and likely dependent on
water depth and basin hydrography.

Widely distributed biotic carbonate platforms were commonly
modified by drowning or a shift to non-skeletal carbonates during T-OAE
global warming along the whole southern margins of the Tethys.
Enhanced terrigenous input and oxygen depletion are commonly
believed to be the two main factors that are disadvantageous to benthic
communities and shallow-water carbonate production in geological
history, but their role in driving the early Toarcian carbonate platform
crisis is uncertain (Krencker et al., 2020). Han et al. (2022, this VSI)
present CaCOs3 content, and carbonate-hosted trace elements from the
Tibetan shallow-water carbonate platform. The results show a coupled
shift towards enhanced continental weathering and deoxygenation over
the T-OAE interval, which suggests that the shallow ocean oxygen
decline may have been driven by enhanced nutrient input and primary
productivity beginning at Pl-To boundary. Enhanced continental
weathering and deoxygenation could have played a significant role in
the carbonate-platform crises in Tibet and elsewhere both prior to, and
during, the T-OAE.

The Triassic-Jurassic boundary (T-J) was another pivotal time of
severe environmental change which triggered mass extinction in the
ocean (Ruhl et al., 2011; Song et al., 2021). Numerous lines of evidence
indicate intensified marine anoxia prevailed the mid-depth water and
some semi-restricted basins in the European epicontinental sea (Fox
et al., 2022b; He et al., 2020; Jaraula et al., 2013; Jost et al., 2017).
Nonetheless, the geographic spread of low oxygen conditions and the
precise temporal and mechanistic links between deoxygenation and
extinction remain elusive.

He et al. (2022a, this VSI) measure variations in iodine abundance
through a late Triassic carbonate succession deposited in a peritidal
setting in western Tethys. The results show a sharp drop in I/(Ca + Mg)
coinciding with the local extinction level, which indicates that the
shallow ocean underwent oxygen depletion and that this may have
precipitated local benthic ecosystem collapse. Within the cotempora-
neous marginal sea basins in Europe, recent paleontological work has
shown a two-phase extinction pattern across the Triassic-Jurassic
boundary (Wignall and Atkinson, 2020). It is unclear if both extinc-
tion phases were induced by marine anoxia, or potentially driven by
other environmental stressors. He et al. (2022b, this VSI) investigate the
marine redox dynamics across the ETME in two representative basins of
the European epicontinental seaway. Their results confirm that toxic
euxinic conditions developed across the T-J boundary in both basins,
hence making this a likely kill mechanism for the second phase of local
benthic animal extinction. By contrast, the initial extinction level in the
latest Triassic (late Rhaetian) was likely not associated with intensified
anoxia, but its timing is consistent with shallowing and/or ocean acid-
ification (Fox et al., 2022b).

4.2. Lacustrine biogeochemistry

Various hypotheses and studies have been proposed for how hyper-
thermal conditions and biogeochemical feedbacks (e.g., redox changes
and nutrient fluxes) interacted in the marine realm. However, the
extreme climatic forcings associated with hyperthermals likely exerted
an equivalent impact on land. In the context of the Mesozoic-Paleogene
hyperthermal events, possible fluctuations in water-column redox,
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nutrient supply and other biogeochemical dynamics in ancient lacus-
trine environment remain largely unknown.

During expansion of paleo-lakes in the Sichuan Basin and Ordos
Basins in the T-OAE, elevated organic matter productivity and burial has
been proposed as a negative feedback helping to sequester excess at-
mospheric pCO, from the Toarcian atmosphere (Xu et al., 2017). How-
ever, the mechanism(s) of organic matter accumulation in lacustrine
environments, and the causal links this may have to the early Toarcian
hyperthermal event is poorly understood. Li et al. (2023, this VSI)
investigate the petrological and geochemical characteristics of the lower
Jurassic lacustrine succession exposed in the northeast Ordos Basin of
China. The authors demonstrate that enhanced seasonality in a monsoon
regime coupled with changes in local redox conditions influenced the
source, accumulation, and preservation of organic matter across the
event.

Liu et al., (2022a, this VSI) determine the redox conditions in the
lacustrine Sichuan Basin of SW China based on iron speciation and trace
metal data in sediments across shallow to deep water settings. The re-
sults show that the water column in the Sichuan Basin experienced a
significant shift to anoxic-ferruginous conditions during the T-OAE. The
authors also demonstrate that the development of lacustrine anoxia was
also likely accompanied by elevated benthic methane release and major
shifts in nutrient such as available phosphorus, which possibly
contributed to eutrophication and the production of toxic hydrogen
sulfide due to enhanced sulfate reduction.

5. Biotic changes under hyperthermal conditions

Environmental disturbances occurred concomitant with the Meso-
zoic-Paleogene hyperthermal events, profoundly impacting marine
ecosystems. Bole et al. (2022, this VSI) report the first mm-scale deep-
sea 6°°Si profile of radiolarian moulds across the ETME at the Kat-
suyama section, Japan. Two negative 5°°Si excursions are identified
across the radiolarian extinction interval, which the authors argue re-
flects radiolarian productivity decreases. The authors further suggest
that the first 5°°Si excursion event occurred on a less than kyr-scale,
consistent with the equally short-lived faunal turnover on land.

It is widely acknowledged that calcareous nannofossils underwent
prominent but short-lived turnover across the PETM (Bralower and Self-
Trail, 2016). However, in the eastern Tethys records of calcareous
nannofossils through the PETM are still scarce. Wang et al. (2022, this
VSI) address this subject by investigating a continuous early Eocene
succession in the Tarim Basin, northwestern China. Their results show a
deteriorated preservation and extremely low abundance of nannofossils
and carbonate content in sediments during the PETM, thus providing
evidence for contemporaneous ocean acidification in the shallow water
of Paratethys. The records also show a significant increase in the species
Neochiastozygus junctus during the PETM, which is interpreted to indi-
cate enhanced surface ocean productivity driven by nutrient surge
linked to enhanced terrestrial weathering.

Whilst the response of marine invertebrates towards the T-OAE is
well-documented, that of marine primary producers is poorly con-
strained and our current understanding is mainly inferred from changes
in algae groups producing hard parts, such as calcareous nannoplankton
and organic-walled dinoflagellates (Mattioli et al., 2009). Ruebsam et al.
(2022a, this VSI) report a high-resolution study on molecular fossils and
calcareous nannofossils across the T-OAE in the NE Paris Basin. They
identify at least five distinct phytoplankton events across the T-OAE
interval, each of which was characterized by a demise of red algae
groups and shallow- and deep-dwelling calcareous nannoplankton, and
a contemporaneous proliferation of opportunistic green algae groups.
The data also show that phytoplankton events, particularly at the onset
of the T-OAE, were accompanied by recurrent freshening of surface
waters during warming periods, suggesting these were the primary
ecological drivers. Ruebsam et al. (2022b, this VSI) further suggest that
across the T-OAE in Europe there was a weakening of the biological
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pump due to the biocalcification crisis. The mechanism proposed is that
decreased calcareous nannoplankton populations in surfaces waters led
to a reduction in mineral ballast, reducing and slowing the descent of
sinking particulate organic matter. This mechanism is proposed to have
been a key cause of the relatively low organic carbon burial rates
observed in many European basins.

6. Synthesis

The twenty-five articles in this special issue represent a first-order
observation of Earth surface environmental changes across the major
Mesozoic-Paleogene hyperthermal events. They provide potentially
useful analogues for the climatic and environmental responses to
anthropogenic greenhouse gas forcing. Enhanced instability in carbon
cycling, weathering, hydrological conditions and redox are identified.
The temporal link that is often observed between these hyperthermals
and volcanism and LIP emplacement emphasizes how large-scale carbon
release may have induced these strong positive climate feedbacks and
extremes, which had profound impacts on the natural environment and
ecosystems, leading in some cases to large-scale mass extinction.
Nevertheless, determining a common mechanism/driver for all the
hyperthermal events required making simplifying assumptions
regarding the extent, abruptness, rates and intensity of various climatic
and environmental forcings, thus leading to a number of important ca-
veats and uncertainties. Higher resolution analysis of paleoenvir-
onmental changes and the application and correlation of different
proxies is needed to weigh between all possible drivers and conse-
quences, allowing distinction of processes operating on both long and
short timescales. Continues efforts are required to constrain paleo-
environmental changes across a complete range of geographies, for
example from shallow to deep ocean environments, in order to obtain a
holistic picture. Examining possible links between environment-
ecosystem changes in the context of fossil records and implementing
Earth system modelling might also be useful in testing hypotheses and
quantifying the tempo and magnitude of various environmental forcings
during these major hyperthermals.
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