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A B S T R A C T

The Mesozoic–Paleogene hyperthermals represent critical intervals of rapid global warming associated with 
abrupt carbon cycle perturbations. These events can provide valuable deep-time insights into how climate might 
respond to the current rise in temperatures driven by anthropogenic greenhouse gas emissions. This special issue 
comprises 17 publications that cover a broad spectrum of the research on hyperthermals, and these can be 
grouped into four main themes: (1) carbon-cycle perturbations, (2) environmental changes and biogeochemical 
extremes, (3) biotic responses to warming, and (4) long-term climatic and environmental changes in greenhouse 
climates. By integrating sedimentological, geochemical, and paleontological methods, the studies in this issue 
explore carbon sources and release mechanisms, provide insights into the initiation, development, and termi
nation of hyperthermal events, and elucidate their longer-term impacts. The studies provide new insights into the 
interactions between short-term extreme events and long-term climate trends, offering valuable perspectives on 
the future trajectory of Earth’s climate in response to ongoing anthropogenic warming.

1. Introduction

The alternating climate states of hothouse, warmhouse, coolhouse, 
and icehouse have played a significant role in shaping Earth’s history 
(Scotese et al., 2021; Judd et al., 2024). The Mesozoic–Paleogene (from 
the Permian–Triassic boundary to the middle Eocene, ~252 to 40 Ma) 
was a pivotal period in Earth’s evolution toward its modern state, which 
witnessed the breakup of the supercontinent Pangaea, widespread large 
igneous province (LIP) volcanism, and significant biotic crisis and in
novations (Ernst and Youbi, 2017; Percival et al., 2018; Gernon et al., 
2024). Importantly, a series of short-lived hyperthermal events punc
tuated this interval of Earth history. Notable hyperthermal events 
include the Permian–Triassic Boundary Event, Carnian Pluvial Episode, 
Triassic–Jurassic Boundary Event, the Early Jurassic and Cretaceous 
Oceanic Anoxic Events, Paleocene–Eocene Thermal Maximum, and 
Middle Eocene Climatic Optimum (Fig. 1). These events were commonly 

associated with massive, rapid release of isotopically light carbon into 
ocean− atmosphere system, resulting in large-scale global warming. 
They shared similar changes in paleoecology, paleoenvironment and 
paleoclimate, i.e. elevated rates of marine and terrestrial extinction, 
increased atmospheric CO2 levels, intensified hydrological cycling, 
elevated continental weathering, and changes in ocean chemistry (e.g., 
Foster et al., 2018; Hu et al., 2020; Westerhold et al., 2020). Conse
quently, these transient hyperthermal events provide crucial insights 
into the mechanisms that drive climate change, and have potential 
parallels to rapid modern anthropogenic warming (Tierney et al., 2020; 
Mancini et al., 2024). Additionally, long-term climate changes create the 
conditions under which short-term extreme events are more likely to 
occur, while the frequent occurrence of such events may, in turn, 
accelerate the progression of longer-term climate change. Understand
ing these interactions is a crucial focus of paleoclimate research.

The contributions of this virtual special issue (VSI) focus on the 
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major hyperthermals of the Triassic–Paleogene (Table 1), forming a 
collection that sheds light on the marine and terrestrial environmental 
changes and biological responses to these events (Fig. 2). The transient 
hyperthermals include End-Permian–Triassic Mass Extinction Event, 
Toarcian Oceanic Anoxic Event/or Jenkyns Event, Oceanic Anoxic Event 
1d and 2, Paleocene–Eocene Thermal Maximum and Middle Eocene 
Climatic Optimum, while the longer-term events include intervals of the 
Middle Jurassic, Middle and Late Cretaceous, Cretaceous–Paleogene 
transition, Early Eocene (Table 1). The methods of sedimentology, 
geochemistry, paleontology, data statistics, and paleoclimate Earth 
system modeling were used to explored the carbon isotope perturba
tions, redox conditions, continental hydrology, temperature changes 
and biogeochemical responses associated with these pivotal episodes, 
offering a deeper understanding of the environmental drivers and con
sequences of past climate crises.

2. Carbon-cycle perturbations

Ancient hyperthermal events of the Mesozoic–Paleogene are typi
cally linked to brief negative and/or positive carbon isotope excursions 
recorded in both marine and terrestrial sediments (e.g., Permian–
Triassic Boundary Event, Carnian Pluvial Episode, Triassic–Jurassic 
Boundary Event, Early Jurassic and Cretaceous Oceanic Anoxic Events 
and Paleocene–Eocene Thermal Maximum) (Jenkyns, 2010; Clapham 
and Renne, 2019; Hu et al., 2020; Gradstein et al., 2020). These carbon- 
isotope excursions demonstrate that these events were generally 
affected by transient carbon-cycle perturbations, which in turn modu
lated the Earth’s climatic, environmental and biological system. These 
carbon-isotope perturbations are crucial for investigating carbon sour
ces and release mechanisms into the atmosphere–ocean system, as well 
as carbon emission rates. Moreover, carbon isotope data serve as an 

effective tool for global correlation.
High-resolution carbon-isotope data from carbonate platforms can 

highlight the significant impacts of carbon cycle disruption on shallow 
water ecosystems. He et al. (2024, this VSI; Fig. 1.2a-c) investigated the 
sedimentary evolution of carbonate platforms across the hyperthermal 
event at Permian–Triassic boundary (PTB), which was the largest mass 
extinction in Earth history. By analyzing three carbonate platform sec
tions from South China and the Lhasa Terrane, they demonstrated sig
nificant environmental changes during this event. Their data reveal a 
clear correspondence between shifts in carbonate production and the 
negative carbon-isotope excursion (NCIE), which can be divided into 
four stages (NC1 to NC4). The onset of the NCIE is marked by a transition 
in carbonate facies, with a carbonate production crisis observed 11 kyr 
after the NCIE’s onset, preceding the first mass extinction event. The 
results suggest that volcanic CO2 emissions from the Siberian Traps LIP 
likely contributed to the environmental stresses that led to both the 
carbonate production crisis and the mass extinctions. In addition, the 
development of anachronistic facies, including microbialites and dolo
mites, is linked to widespread deoxygenation and ocean acidification 
during the PTB.

Wang et al. (2024a, this VSI; Fig. 1.2d) present a carbon-isotope 
analysis of pedogenic carbonates from matured calcisols in the Nan
xiong Basin, South China, to detect terrestrial carbon cycle changes and 
reconstruct atmospheric CO2 concentrations (pCO2) from ~76.0 to 62.0 
Ma, i.e., across the Cretaceous–Paleogene (K-Pg) mass extinction. Car
bon cycle variations are shown by marked δ13C changes through the K- 
Pg, indicating a process of deterioration, stabilization and recovery of 
terrestrial ecosystems in the aftermath of the mass extinction. The 
fluctuations observed in the estimated pCO2 levels align with sea surface 
temperature records, attesting to a strong perturbation of climate coeval 
with the carbon cycle variations. In addition, the study elucidates long- 

Fig. 1. Integrated data on temperature changes, carbon cycle disturbances, and large igneous province (LIP) events during the Mesozoic–Paleogene, modified from 
the compiled figure of He et al. (2023). Key events are shown on the geological time scale (Gradstein et al., 2020), including the Permian–Triassic Mass Extinction 
(PTME), End–Triassic Mass Extinction (ETME), Carnian Pluvial Episode (CPE), Toarcian Oceanic Anoxic Event (TOAE), Cretaceous Oceanic Anoxic Events (OAE 1a, 
1b, 1c, 1d, and 2), Paleocene–Eocene Thermal Maximum (PETM), and Middle Eocene Climatic Optimum (MECP). The events and time periods studied in the papers 
in this special issue are highlighted in purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Table 1 
Summary of studied sites, sedimentary environment, key events, age/period, and topics in this special issue.

No Title Study sites Environment Events/Interval Age/Period 
(Ma)

Topic References

1
High terrestrial temperature in the low- 
latitude Nanxiong Basin during the 
Cretaceous-Paleogene boundary interval

Nanxiong Basin, 
South China

Lacustrine
Cretaceous-Paleogene 
boundary

~71.9–62.8
Rapid warming and 
LIP

Yin et al., 
2023

2

The sedimentological characteristics of 
the intermontane desert system in the 
Jurong Basin, South China and its 
relationship with the Late Cretaceous 
hot climate

Jurong Basin, South 
China

Fluvial and 
lacustrine Late Cretaceous ~86.3–72.1

Hot climate controls 
on desert 
development

Cao et al., 
2023

3

Carbonate factories and their critical 
control on the geometry of carbonate 
platforms (mid-Cretaceous, southern 
Iran)

Zagros basin, 
southern Iran Shallow marine Middle Cretaceous ~120–94

Sea level controls and 
carbonate platform 
geometry

Xu et al., 
2024

4

Benthic biota (nummulites) response to 
a hyperthermal event: Eccentricity- 
modulated precession control on climate 
during the middle Eocene warming in 
the Southern Mediterranean

Southern 
Mediterranean, 
Tunisia

Shallow marine
Middle Eocene 
(MECO) ~40.6–40.0

Foraminifer response 
and cyclostratigraphy

Messaoud 
et al., 2023

5
Biogeochemical responses to global 
warming during the Paleocene-Eocene 
Thermal Maximum in eastern Tethys

Tarim basin, 
northwest China

Shallow marine
Paleocene–Eocene 
Thermal Maximum 
(PETM)

~56 Biogeochemical 
responses

Wu et al., 
2024

6

Mercury sequestration pathways under 
varying depositional conditions during 
Early Jurassic (Pliensbachian and 
Toarcian) Karoo-Ferrar volcanism

Cardigan Bay Basin, 
Wales, UK and 
Subbetic Basin, SE 
Spain

Epicontinental 
shelf

Toarcian Oceanic 
Anoxic Event (T-OAE)

~183
Mercury 
sequestration and 
volcanism

Kovács et al., 
2024

7
Clumped isotope records of terrestrial 
temperatures during the Middle Jurassic 
(180–150 Ma) in East China

Sichuan, Zigui and 
Jiyuan Basin, China

Lacustrine Middle Jurassic ~185–150 Terrestrial 
temperature

Jin et al., 
2024

8

Ichnological response to the Middle 
Eocene Climatic Optimum (MECO) in 
the Bartonian deposits of Kutch Basin, 
India

Kutch Basin, western 
India

Shallow marine
Middle Eocene 
(MECO)

~40.6–40.0 Ichnological response
Das et al., 
2024a

9

Impact of early Eocene (Ypresian) 
warming events on ichnological 
assemblage of the Naredi Formation, 
western Kutch (Kachchh) Basin of 
Gujarat, India

Kutch Basin, western 
India

Shallow marine Early Eocene ~56–47.8 Ichnological response Das et al., 
2024b

10

Strontium isotope evidence for regional 
enhanced continental weathering during 
the early Toarcian in the Tethys 
Himalaya

Tibetan Himalaya, 
China

Shallow marine Toarcian Oceanic 
Anoxic Event (T-OAE)

~183 Continental 
weatheirng

Yang et al., 
2024

11

Polycyclic aromatic hydrocarbons 
(PAHs) evidence for frequent 
combustion events on land during the 
Permian–Triassic transition in 
Northwest China

Junggar Basin, 
Xinjiang

Fluvial- 
lacustrine

End-Permian mass 
extinction (EPME)

~252 Combustion events on 
land

Jiao et al., 
2024

12

Long-term variations in terrestrial 
carbon cycles and atmospheric CO2 
levels: Exploring impacts on global 
ecosystem and climate in the aftermath 
of end-Cretaceous mass extinction

Nanxiong Basin, 
South China

Flooding plain 
and overbank

End-Cretaceous ~76–62
Carbon cycles and 
atmospheric CO2

Wang et al., 
2024

13

Vegetation response to climate change 
during an Early Jurassic hyperthermal 
event (Jenkyns Event) from Northern 
China (Ordos Basin)

Erdos basin, North 
China

Lacustrine
Toarcian Oceanic 
Anoxic Event (T-OAE)

~183 Vegetation response
Baranyi 
et al., 2024

14

Lead-up and manifestation of the 
Oceanic Anoxic Event 2 at the DSDP Site 
398 (Vigo Seamount, NW Iberian 
offshore): Palynological and 
geochemical insights

Vigo Seamount, NW 
Iberian offshore

Hemipelagic- 
pelagic marine

Oceanic Anoxic Event 
2 (OAE 2)

~94 Palynological 
responses

Rodríguez- 
Barreiro 
et al., 2024

15
Paleoenvironment reconstruction of the 
eastern Tethys during the pre-onset 
excursion preceding the PETM

Tarim basin, 
northwest China Shallow marine

Pre-onset excursion 
(POE) prior to the 
PETM

~56
Chemical weathering, 
ocean productivity, 
and redox condition

Dong et al., 
2024

16

Millennial-scale sedimentary evolution 
of carbonate platforms during the 
Permian–Triassic boundary 
hyperthermal event

Lhasa terrane and 
south China Shallow marine

Permian–Triassic 
boundary 
hyperthermal event

~252
Carbon cycles and 
sedimenrary 
responses

Yang et al., 
2024

17

Elevated sea surface temperature and 
enhanced primary productivity during 
Ocean Anoxic Event 1d in the eastern 
Tethys: Calcareous nannofossil evidence 
from southern Tibet, China

Tibetan Himalaya, 
China Shallow marine

Ocean Anoxic Event 
1d (OAE 1d) ~120

Sea surface 
temperature and 
enhanced 
productivity

Wang et al., 
2024
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term climate perturbations following Deccan Trap LIP eruption and the 
Chicxulub impact at the K-Pg boundary, of which the controlling factors 
remain to be fully understood.

Dong et al. (2024, this VSI; Fig. 1.2e) provide a comprehensive 
paleoenvironmental reconstruction of the Eastern Tethys during the so- 
called pre-onset excursion (POE), a warming event that preceded the 
Paleocene–Eocene Thermal Maximum (PETM). Unlike the more exten
sively studied PETM, the POE remains poorly understood, yet this 
research highlights its significant role in shaping subsequent climatic 
and environmental conditions. By analyzing high-resolution geochem
ical and magnetic susceptibility records from the well-preserved Kuzi
gongsu section in the Tarim Basin, the study provides evidence for 
intensified chemical weathering, increased primary productivity, and 
oceanic deoxygenation during the POE. Key proxies, such as the chem
ical index of alteration (CIA), Rb/Sr ratios and magnetic susceptibility, 
indicate that chemical weathering and river runoff were enhanced by 
elevated atmospheric CO2. These conditions, in turn, contributed to 
higher marine productivity and a reduction in bottom water oxygen 
levels. This research underscores the POE’s global significance as a 
precursor to the PETM and its potential as an analogue for under
standing rapid climate changes driven by modern anthropogenic carbon 
emissions.

3. Environmental changes and biogeochemical extremes

The rapid release of isotopically light carbon into the ocean- 
atmosphere system and consequent global warming observed during 
Triassic− Paleogene hyperthermals resulted in profound environmental 
crises.

Jiao et al. (2024, this VSI; Fig. 1.2f) analyzed polycyclic aromatic 
hydrocarbons (PAHs) in sedimentary records from the Permian–Triassic 

(P–T) transition at the Dalongkou section in Northwest China. Their 
results indicate frequent high-temperature combustion events, driven by 
volcanic activity during this period. The study combines PAH ratios, 
mercury anomalies, and carbon-isotope data to suggest that wildfire 
events (in combination with volcanic eruptions) led to significant 
environmental disturbances. Increased PAH concentrations and shifts in 
their composition point to stepwise ecosystem collapse and soil erosion 
due to extreme climatic conditions – including aridification and 
increased wildfire frequency, across the P–T transition. These findings 
highlight the substantial impact of volcanic and wildfire events on 
terrestrial ecosystems during Earth’s most severe extinction event.

Yang et al. (2024, this VSI; Fig. 1.2 g) investigated the early Toarcian 
Oceanic Anoxic Event (T-OAE) in the Tethys Himalaya by analyzing 
strontium isotopes (87Sr/86Sr) in carbonate rocks. Their findings show 
an abrupt positive shift in 87Sr/86Sr ratios beginning around the 
Pliensbachian–Toarcian boundary, which continued during the negative 
CIE that characterized the T-OAE. These data suggest enhanced conti
nental weathering. The 87Sr/86Sr values gradually decrease during the 
recovery phase of the T-OAE CIE, indicating a decline in weathering 
intensity. The data also suggest that regional factors, such as increased 
terrigenous influx and diagenesis, likely influenced the strontium iso
topic signal, though the global weathering response remains evident. 
Despite biases from diagenetic processes, the results highlight the 
importance of continental weathering in controlling seawater 87Sr/86Sr 
during the T-OAE in the eastern Tethys.

Kovács et al. (2024, this VSI; Fig. 1.2 h-j) examined mercury (Hg) 
sequestration pathways in three different Early Jurassic depositional 
environments during the T-OAE. This event coincided with Karoo/Fer
rar LIP volcanism, and large amounts of Hg may have been emitted 
during this volcanism. Geochemical data and principal component an
alyses (PCA) reveal varied Hg associations with sedimentary parameters 

Fig. 2. Modern geographic map showing the study areas (A; 0 Ma, modified from Scotese (2021)) and enlarged geographic map (B; modified from Google map) 
showing study sections in our special issue. Letters refer to the following articles in this Special Issue (issue): a-Langfenya, b-Taiping and c-Wanbudangsang) He et al. 
(2024, this VSI); d-Datang) Wang et al. (2024a, this VSI); e-Kuzigongsu) Dong et al. (2024, this VSI); f-Dalongkou) Jiao et al. (2024, this VSI); g-Nianduo) Yang et al. 
(2024, this VSI); h-La Cerradura, i-Mochras borehole, j-Cleveland Basin) Kovács et al. (2024, this VSI); k-Chaqiela) Wang et al. (2024b, this VSI); e-Kuzigongsu) Wu 
et al. (2024, this VSI); l-Fejij) Jihede Haj Messaoud et al. (2023, this VSI); m-Kutch Basin) Das et al. (2024a, b, this VSI); n-389D) Rodríguez-Barreiro et al. (2024, this 
VSI); o- Anya) Baranyi et al. (2024, this VSI); p-Chishan) Cao et al. (2023, this VSI); q- Sichaun, r- Zigui, s- Jiyuan) Jin et al. (2024, this VSI); k-Datang) Yin et al. 
(2023, this VSI); t-Khormoj) Xu et al. (2023, this VSI).
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across three basins: the anoxic-euxinic Cleveland Basin (Yorkshire, UK), 
the sub-oxic Cardigan Bay Basin (Wales, UK), and the oxygenated Sub
betic Basin (SE Spain). In the Cleveland Basin, Hg is primarily associated 
with organic-sulphide-related elements, suggesting euxinic conditions 
played a major role in Hg sequestration. By contrast, Hg in the Cardigan 
Bay and Subbetic basins shows a closer association with redox-sensitive 
and detrital elements, highlighting the influence of depositional envi
ronment on Hg capture. The study emphasizes the spatial and temporal 
variability in Hg drawdown, influenced by local marine conditions and 
volcanic activity.

Wang et al. (2024b, this VSI; Fig. 1.2k) examined calcareous nan
nofossil assemblages from the middle-lower part of the Lengqingre 
Formation (Albian-Cenomanian) in the Chaqiela section, southern Tibet. 
Their refined nannofossil biostratigraphic analysis constrains the study 
interval to Upper Cretaceous (UC) Biozones UC0 through UC2, marking 
the Albian–Cenomanian boundary in the lower part of the Lengqingre 
Formation. This also dates the middle part to the Cenomanian and 
confirms the presence of the OAE 1d (around the Albian–Cenomanian 
boundary, ca. 100.5 Ma) in the section. Nutrient and temperature 
indices derived from nannofossil species data suggest elevated sea sur
face temperatures and enhanced productivity during OAE 1d in the 
southwestern shelf sea of the eastern Tethys Ocean.

Wu et al. (2024, this VSI; Fig. 1.2e) analyzed biogeochemical re
sponses to the Paleocene–Eocene Thermal Maximum (PETM) in the 
eastern Tethys, focusing on the Tarim Basin in Northwest China. Their 
study reveals significant environmental shifts driven by rapid global 
warming and CO2 emissions, likely linked to the emplacement of the 
North Atlantic Large Igneous Province. Chemical weathering proxies 
such as the chemical index of alteration (CIA) and clay mineral assem
blages indicate intensified chemical and physical weathering, accom
panied by increased terrestrial input. Additionally, nutrient-sensitive 
elements and an increase in calcareous nannofossils suggest heightened 
marine productivity during the PETM. The study also identifies episodic 
deoxygenation, as indicated by enrichments in redox-sensitive elements 
like uranium and vanadium. This work highlights the profound 
ecosystem stresses imposed by global warming during the PETM, 
particularly in regions like the eastern Tethys, where intensified 
weathering and productivity may have exacerbated marine anoxia.

4. Biotic responses to hyperthermal events

Triassic–Paleogene hyperthermals were characterized by rapid 
global warming, ocean deoxygenation and acidification that caused 
major biological turnovers and, in many cases, mass extinctions (Song 
et al., 2021; Clapham and Renne, 2019; Shen et al., 2024). Today, 
habitats are being rapidly reshaped by current global changes, inflicting 
substantial damage on marine and terrestrial biodiversity (Díaz et al., 
2019; Penn and Deutsch, 2022). Modern biotic extinction drivers under 
rapid global warming are broadly shared with those in the past hyper
thermal events, and therefore, understanding how ecosystems evolve in 
response to climate change—past, present, and future—is an urgent 
challenge and disciplinary mission for Earth scientists.

The fossil record of hyperthermal events, especially from the marine 
environment, provide important opportunities to test for generalities in 
the biotic response to climatic and environmental stressors (e.g., Song 
et al., 2020, 2021; Foster et al., 2023). Jihede Haj Messaoud et al. (2023, 
this VSI; Fig. 1.2 l) investigated the response of benthic biota, particu
larly nummulites, to the Middle Eocene Climatic Optimum (MECO) in 
the southern Mediterranean. The study integrates stable isotope anal
ysis, abundance of benthic fauna, and astrochronology to explore the 
relationship between climate warming and biotic changes. The results 
indicate that nummulites abundance peaked during the MECO warming 
phase, linked to eccentricity-modulated precession cycles. This warming 
event led to higher sea levels and a shift to arid/semi-arid climates, 
promoting carbonate-platform development. In contrast, marl-rich in
tervals reflect more humid climate conditions with lower sea levels. The 

study confirms that short eccentricity cycles played a dominant role in 
mediating regional climate during the MECO.

Das et al. (2024a, this VSI; Fig. 1.2 m) studied the ichnological 
response to the Middle Eocene Climatic Optimum (MECO) in the Bar
tonian deposits of the Kutch Basin, India. The study focuses on the 
ichnological and sedimentological impacts of this global warming event 
on the endobenthic community in a shallow-marine carbonate platform. 
The results reveal a significant disruption in bioturbation and bioerosion 
patterns, particularly through the presence of firmground and hard
ground horizons, along with glauconitic shales and carbonate-rich beds. 
The appearance of distinct trace fossils, including Balanoglossites and 
Gastrochaenolites, coincides with sediment starvation and hardground 
formation during the MECO, suggesting environmental stress due to 
fluctuating sea levels and basin restriction. The study provides valuable 
insights into the interaction between climatic events and ichnological 
records in marine sediments during the Eocene.

Rodríguez-Barreiro et al. (2024, this VSI; Fig. 1.2n) analyzed the 
lead-up and manifestation of the Oceanic Anoxic Event 2 (OAE 2) at 
DSDP Site 398 (Vigo Seamount, NW Iberian offshore). The study com
bines palynological and geochemical data to investigate shifts in 
terrestrial and marine ecosystems across the Cenomanian–Turonian 
boundary. The results highlight significant changes in the palynological 
assemblages, including a reduction in marine dinoflagellate cyst di
versity coinciding with a positive δ13C excursion. By contrast, terrestrial 
assemblages saw an increase in Normapolles pollen, indicating a major 
floral turnover. The authors suggest that these biological shifts were 
driven by climate changes that impacted both marine and terrestrial 
communities during the OAE 2.

Baranyi et al. (2024, this VSI; Fig. 1.2o) investigated the impact of 
the T-OAE on vegetation in the Ordos Basin, North China. This study 
employs high-resolution palynological data to assess plant community 
changes during this hyperthermal event. The results indicate that sig
nificant biodiversity loss occurred, with gymnosperm-dominated forests 
transitioning to more drought-resistant flora, particularly Cheir
olepidiaceae. The NCIE onset during the T-OAE marks the most drastic 
vegetation turnover, with increased soil erosion and deforestation 
exacerbating terrestrial ecosystem stress. Pioneer plants, such as ferns 
and lycopsids, began recolonizing the disturbed habitats before the 
event concluded. This research highlights regional differences in vege
tation responses, with the Ordos Basin experiencing aridification and 
climatic oscillations during the T-OAE, contributing to the collapse of 
terrestrial ecosystems.

5. Long-term climatic and environmental changes in greenhouse 
world

The longer-term background climatic and environmental conditions 
associated with hyperthermal are of critical importance as they likely 
played a key role in setting the necessary conditions for hyperthermals 
to occur (Landwehrs et al., 2021; Dal Corso et al., 2022; Gernon et al., 
2024). Ultimately, research on the longer-term climate state spanning 
hyperthermal events provides a historical framework and theoretical 
support for understanding Earth’s climate system over different 
geological timescales, and hence aiding in the prediction of future 
climate trends.

Cao et al. (2023, this VSI; Fig. 1.2p) applied aeolian architecture and 
sedimentary model reconstruction to investigate a Late Cretaceous 
intermontane desert system in South China. Their dynamic evolution 
modeling show that the intermontane desert transitioned from a 
lacustrine-dominated to an aeolian-dominated system, which indicates a 
gradual drying trend. They concluded that development of the inter
montane desert was controlled by the Late Cretaceous greenhouse 
climate, the accelerated aridification of the subtropical high, and the 
rain shadow effect of the coastal mountains. The development of desert 
lake and damp/wet interdune deposits was influenced by the input of 
palaeo-monsoon moisture, which indicates that it might have been on 
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the windward side of the coastal mountains during the Late Cretaceous.
Jin et al. (2024, this VSI; Fig. 1.2q-s) applied clumped isotope (Δ47) 

thermometry to paleosol carbonates from the central part of East China 
to reconstruct terrestrial paleotemperatures and atmospheric CO2 
(pCO2) in the Middle Jurassic. The study suggests that terrestrial mean 
annual temperatures ranged from 30 ± 4 ◦C to 34 ± 4 ◦C and the esti
mated mean pCO2 was 1219 ± 519 ppmv in mid-latitude East China 
during the Middle Jurassic. Comparison with global records suggests 
that the paleoclimate was relatively warm and stable from the Middle 
Jurassic to at least the earliest Cretaceous (ca. 180–135 Ma). Data 
collectively indicate a strong relationship between the inferred rela
tively stable temperatures and pCO2 levels of the Middle Jurassic–Early 
Cretaceous.

Yin et al. (2023, this VSI; Fig. 1.2 k) utilized clumped isotope con
centrations (Δ47) and total mercury concentrations from the uppermost 
Cretaceous to lowermost Paleogene succession in the Nanxiong Basin 
(South China) to reconstruct paleotemperature and volcanic activity 
across the K-Pg boundary in low-latitude regions. Their findings indicate 
an exceptionally high mean annual terrestrial temperature of approxi
mately 30 ◦C, supporting the existence of an expanded tropical zone 
during the K-Pg boundary. Additionally, they propose that Hg seques
tration during the eruption of the Deccan Traps could have been 
modulated by the extremely hot and arid climate.

Xu et al. (2023, this VSI; Fig. 1.2 t) utilized microfacies analysis to 
demonstrate that platform geometry in South Iran transitioned from a 
ramp to a rimmed platform during the Cenomanian. By integrating 
paleobathymetry, elemental geochemistry, and carbon-isotope stratig
raphy, they discovered that the evolution of platform geometry was 
driven by faunal changes, which were influenced by long-term eustatic 
changes. Additionally, they identified OAE1b, OAE1d, and Middle 
Cenomanian events in the region.

Das et al. (2024b, this VSI; Fig. 1.2 m) investigated the ichnological 
response to Early Eocene warming events (ETM 2, ETM 3, and EECO) in 
the Naredi Formation of the Kutch Basin, India. Their study explores 
ichnofossils and sedimentary sequences in a marginal-marine mixed 
siliciclastic‑carbonate system, focusing on biotic assemblage changes 
due to climatic perturbations. The distinct ichnological patterns reveal a 
low ichnodiversity during the Early Eocene hyperthermal, especially in 
the lower glauconite-rich shales corresponding to oxygen-depleted en
vironments. The upper parts of the formation exhibit a gradual increase 
in trace fossil diversity and abundance, correlating with improved 
environmental conditions during the EECO. This progression mirrors a 
shift from eutrophic, stressed marine settings to more oligotrophic, open 
marine conditions, demonstrating the gradual recovery of the benthic 
ecosystem. The data provide insights into how warming events impacted 
marine biota and sedimentation, emphasizing that ichnofossils are 
valuable for reconstructing paleoenvironmental changes linked to 
hyperthermals.

6. Concluding remarks

The 17 articles in this special issue offer broad look at the environ
mental and biological effects of key Mesozoic–Cenozoic rapid ancient 
hyperthermals (from the Permian–Triassic boundary to the Middle 
Eocene) and long-lasting greenhouse conditions. By integrating 
geochemical proxies, sedimentary records, and paleontological changes, 
the studies highlight increased instability in the global carbon cycle and 
global temperatures during past hyperthermals coupled to changing 
seawater redox conditions and higher primary productivity in marine, 
and higher chemical weathering, hydrological shifts, and more frequent 
wildfires on land. The studies also highlight the key role of hyper
thermals in driving biotic changes both in marine and terrestrial envi
ronment. Hyperthermals are commonly linked to the emplacement of 
LIPs and the likely associated release of high amounts of greenhouse 
gases and volatiles into the atmosphere and the oceans. The findings 
underline how past hyperthermals can serve as analogs for 

understanding the potential consequences of modern climate change 
due to anthropogenic greenhouse gases emissions. The results empha
size the importance of applying fundamental sedimentology, geochem
istry, and paleontology, as well as more modern data assimilation, 
mining, and Earth system modeling methods. Notably, linking envi
ronmental changes with fossil records and Earth system modeling can 
aid in testing causal hypotheses and assessing the pace and scale of 
environmental forces during hyperthermals.
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