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Mechanisms of global climate
change during the five major mass
extinctions

Kunio Kaiho

Since the emergence of diverse animal phyla around 500 million years ago, five major mass extinction
events have occurred, each coinciding with abnormal climate changes. We analyzed sedimentary
organic molecules from the first and least understood extinction event at the end of the Ordovician
period. We divided all five major extinctions into two phases each, totaling ten events, and

examined the relationship between climate shifts and the “coronene index”"—an indicator of heating
temperatures in sedimentary rocks caused by volcanic activity or meteorite impacts. As a result, we
found that four of the five extinctions began with global cooling and ended with warming, while one
started with an unknown anomaly and also ended with warming. During the initial extinction phases,
two events showed low-temperature heating, two high-temperature, and one moderate-temperature.
All subsequent warming phases showed moderate-temperature heating. These findings suggest that
large-scale volcanic eruptions and meteorite impacts heated sulfides, sulfates, and hydrocarbons at
varying temperatures, releasing SO, or soot into the stratosphere, blocking sunlight, and triggering
global cooling and extinction. This was followed by moderate heating of hydrocarbons and carbonates,
increasing CO, emissions and driving long-term global warming, leading to secondary extinction
events.

Marine animal diversity at the genus level declined rapidly during five major mass extinction events in the
Phanerozoic Eon'?. The last three of these events also significantly affected terrestrial tetrapods®. Extensive
research has examined the relationship between these mass extinctions and climate change®~*. While volcanic
activity is considered the primary driver of most extinctions, the Cretaceous-Paleogene (K-Pg) extinction is
widely attributed to an asteroid impact'®-!2. Global warming played a dominant role in the end-Permian (end-P)
extinction, whereas cooling followed by warming characterized the Late Ordovician (LO), Late Devonian
Frasnian-Famennian (F-F) boundary, end-Triassic (end-T), and K-Pg extinctions*~!3 (Table 1).

The coronene index serves as a proxy for the heating temperature of sedimentary organic matter and is derived
from the ratio of the 7-ring polycyclic aromatic hydrocarbon (PAH) coronene to the sum of 5-, 6-, and 7-ring
PAHs, including benzo(e)pyrene, benzo(ghi)perylene, and coronene!>!*-17. Coronene requires significantly
higher formation temperatures than smaller PAHs'®. Kaiho (2024)'? demonstrated a strong correlation between
global surface temperature anomalies and coronene index values, linking them to heating events associated with
volcanic eruptions and asteroid impacts.

Under normal conditions, the coronene index remains around 0.1'4-'¢1°, Diagenetic processes do not
significantly generate coronene due to its low abundance, and Proterozoic-Paleozoic strata are dominated by
smaller PAHs!*1>20. Wildfires, particularly those in grasslands, burn at relatively low temperatures and do
not produce significant amounts of coronene. Marine sediment samples containing wildfire-derived PAHs
consistently exhibit low coronene index values, challenging the idea that coronene enrichment results solely
from wildfires. Volcanic activity, particularly plume volcanism, can generate coronene due to higher mantle
temperatures, resulting in medium coronene index values. In contrast, large-scale continental rift volcanism
produces low coronene index values!®.

The coronene index distinguishes geological events based on heating intensity. Asteroid impacts and high-
temperature plume volcanism result in coronene index values ranging from 0.7 to 1.0, while large plume
volcanism produces values between 0.2 and 0.7. Background conditions and other volcanic activity yield values
between 0 and 0.2!>16. Laboratory experiments indicate that different heating processes have distinct climatic
effects. Low-temperature sulfide heating or high-temperature sulfate heating primarily releases sulfur dioxide
(SO,), driving global cooling. Intermediate-temperature heating of hydrocarbons and carbonates primarily
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Mass extinction | Event Biozone or event | Duration between two events (m.y.) | Climate change | Hg/TOC anomaly | Coronene index
deep-water | PO Warming high medium
KPgME 0.1
main A. mayaroensis/PO Cooling spike high
Event 3 Recoveryinend T Warming spike medium
ETME 0.2
Events 1-2 | initial CIE & ETE Cooling spike Low to medium
eTE H. parvus Warming high medium
PTME 0.06
EPE Top of C. yini ? spike medium
minor mid-triangularis ‘Warming No medium
FFME 0.3
main Top of linguiformis Cooling spike high
Pulse 2 lower persculptus Warming spike medium
LOME 0.5
Pulse 1 Top of pacificus Cooling spike low

Table 1. Double events in each major mass extinction: timing and characteristics. See also Table S1 for detail.

emits carbon dioxide (CO,), leading to global warming. Medium- to high-temperature shock heating from
meteorite impacts generates soot and sulfur trioxide (SO,), further contributing to global cooling'®!¢.

Kaiho (2024)'? concluded that mass extinctions were triggered by sedimentary rock heating in Large Igneous
Provinces (LIPs) and by high-temperature heating of impact target rocks, such as those at the Chicxulub
impact site. Low-temperature heating released SO, from sulfides without significant CO, emissions, leading
to global cooling. Intermediate-temperature heating of hydrocarbons and carbonates released substantial CO,,
contributing to global warming. High-temperature sulfate heating resulted in massive SO, emissions, also
driving global cooling.

Despite these findings, coronene index data are missing for key extinction phases, particularly the Late
Ordovician Mass Extinction (LOME) and delayed extinction events that followed the primary extinction phases
in all five major mass extinctions. This study aims to address these gaps by identifying two distinct extinction
events within each of the five major mass extinctions and analyzing coronene index values for ten extinction
phases, encompassing both primary and delayed events. To accomplish this, I conducted a new PAH analysis
of the first and second LOME using sediment samples from the Wangjiawan site, located on the outer shelf of
the South China Craton during the Ordovician-Silurian transition (see Methods for details). I then reviewed
temperature anomalies from the literature to further investigate the role of heating temperatures in driving
climate change during these mass extinction events.

Results

Identification of two events in each mass extinction event

Each of the five major mass extinctions consisted of two distinct extinction pulses. The LOME experienced two
pulses of biodiversity loss»*""?2. The Frasnian-Famennian Mass Extinction (FFME) was followed by a minor
biotic decline near the top of the mid-triangularis zone of conodonts® (Table 1). The End-Permian Extinction
(EPE) was accompanied by a second extinction pulse in the earliest Triassic (€TE) within the Permian-Triassic
mass extinction (PTME)?. The End-Triassic Mass Extinction (ETME) consisted of primary extinction pulse
(Events 1 and 2), followed by Event 3 characterized by low biodiversity (Event 3)'¢24 The Cretaceous-Paleogene
Mass Extinction (KPgME) initially affected surface marine organisms, followed by a minor delayed extinction
event among deep-water species in the PO zone of planktonic foraminifera!® (Table 1). The time intervals
between these paired extinction events are estimated to be 0.5, 0.3, 0.06, 0.2, and ~ 0.1 million years for LOME,
FFME, PTME, ETME, and KPgME, respectively, based on the time scales of Gradstein et al.®> and Burgess et
al.2¢ (Table 1).

Surface temperature anomaly
The primary (first) marine extinction events correspond to cooling episodes, except for the end-Permian
extinction. The recorded global surface temperature anomalies for these events are —10, -8, 0, =8, and —10 °C,
respectively'>?’ (Table S1, Fig. 1). These values are based on conodont 80, data for the LOME®, Frasnian-
Famennian (F-F) extinction®®, and EPE (EPE-eTE)’ (Chen et al., 2016); oyster 8'%0 _ , data for the ETE®; and
TEX,, organic paleothermometry for the Cretaceous-Paleogene (K-Pg) extinction®?®.

In contrast, the delayed marine extinction events correspond to warming episodes. The associated global
surface temperature anomalies for these events are +10, +7, +14, +11, and +7 °C, respectively‘*‘9 (Table S1,
Fig. 1).

Coronene index and climate change

I obtained the coronene index from two LOME events at Wangjiawan (Fig. 2; Table 2, see Methods). I also
utilized published coronene index data from eight biotic crises, representing two extinction events in each of
the other four major mass extinctions. The data were plotted in a cross-plot diagram, correlating the coronene
index with global surface temperature anomalies (Fig. 1, Table S1). These cross-plots categorize the ten events
from the five major mass extinctions into four distinct groups: (i) low coronene index values (0-0.2) associated
with global cooling, (ii) medium values (0.2-0.8) linked to global warming, (iii) high values (0.8-1.0) with global
cooling, and (iv) medium values indicating a sill-magma heating implying global cooling followed by warming,
but no record of cooling, which may have been due to short-term <100 years SO, degassing.
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Fig. 1. Cross plots of the coronene index versus global surface temperature anomalies for 10 biotic

crises during the five major mass extinctions. These plots also include heating temperatures derived from
experimental data and the major emission gases/particles influencing climate change'. Event names are
followed by their causes and species extinction percentages in marine and terrestrial environments?’. Black
long arrows in the upper figure frame indicate directional changes. Global surface temperature anomalies are
calculated from references®*2. Heating experimental data after Norinaga et al.'¥, Kaiho et al.!®, and Kaiho!2.
The relationship between the two temperature scales, which connects the upper and lower figures, is based on
the Arrhenius equation. For further details, see Kaiho (2024)!? and Table S1. Horizontal bars indicate +SD. The
SST anomaly records for the five major mass extinctions have been converted to global surface temperature
anomalies?” (see methods of Kaiho?’.
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Fig. 2. Gas chromatogram of polycyclic aromatic hydrocarbons (PAHs) from sample CHW] 2.39-2.42,
collected from the Wanjiawan River section, South China. The sample corresponds to LOME Pulse 2. Major
PAH peaks are labeled: (a) phenanthrene, (b) benzo(e)pyren, (c) benzo(ghi)perylene, and (d) coronene.

The background coronene index value across the five major mass extinction intervals is 0.09 +0.07 (mean
+standard deviation, n= 48) (Table S1). In contrast, coronene index values during the primary (first) marine
extinction events for each of these five major extinctions are as follows: 0.07 £0.02 (n= 3) for the LOME Pulse
1,0.87 £0.11 (n= 15) for the Frasnian-Famennian (F-F), 0.44 +0.22 (n= 12) for the PTME EPE, 0.11 +0.03 (n=
30) for the ETE Event 1, and 0.88 +0.03 (1= 11) for the KPg main (Tables 2 and S1, Fig. 1).

Of these values, 0.07 at LOME pulse 1 and 0.11 at ETE event 1 are similar to the background values, as well
as to those of their respective periods, 0.04 +0.00 (1= 2) and 0.13 £0.04 (n= 13) (Table S1). However, the EGC
index—calculated as (e +g +c¢)/p, where e is benzo(e)pyrene, g is benzo(ghi)perylene, ¢ is coronene, and p is
phenanthrene—at LOME Pulse 1 and ETE Event 1 is enriched relative to background values by factors of 2.7
and 8.7, respectively, as shown by the enrichment factors (EF) in Table S1. A t-test on the EGC index between
the primary event and background values yields P values of 0.021 and 0.030, respectively. These statistically
significant differences indicate that higher heating temperatures, compared to background conditions, occurred
at both LOME pulse 1 and ETE Event 1, consistent with the elevated formation temperatures required for
coronene, benzo(ghi)perylene, and benzo(e)pyrene relative to phenanthrene!.

The coronene index values during the delayed marine extinction events or periods of low diversity associated
with each of the five major extinctions are as follows: 0.42 +0.19 (n= 2) for the LOME Pulse 2, 0.47 £0.14 (n=
6) for the FFME minor, 0.47 +0.20 (n=5) for the eTE, 0.33 +£0.08 (n= 4) for the ETE Event 3, and 0.47 +0.00
(n=2) for the KPgME deep-water event. All of these values fall within the medium range (0.2-0.8), suggesting
moderate heating temperatures of sedimentary organic matter (Fig. 1). The PAH chromatogram for LOME Pulse
2 is shown in Fig. 2.

The delayed extinction event values are statistically differentiated from the primary extinction event values,
as indicated by t-test P values of 0.043 for LOME, 1.1 x 10~ for FFME, 4.8 x 10716 for ETME, and 1.5 x 10~°
for KPgME. In contrast, the coronene index values for the End-Permian Extinction (EPE) and earliest-Triassic
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Coronene | EGC | EGC Fossil zone or carbon ::Zmdy
Event Sample CHW]J | Height (m) | Lithology index index | index;; | TOC (%) | isotope event (°C)
2.55-2.58 2.565 Limestone 0.02 0.6 1.02 6.98 persculptus
LOME Pulse 2 | 2.39-2.42 2.405 Limestone 0.6 7.4 12.54 0.11 extraordinarius +7
LOME Pulse 2 | 2.33-2.36 2.345 Limestone 0.23 4.1 6.95 0.62 extraordinarius +7
2.03-2.06 2.045 Calcareous shale | 0.05 1.28 |217 4.14 extraordinarius
1.98-2.03 2.005 Calcareous shale | 0.1 1.69 |2.86 6.22 extraordinarius
1.89-1.97 up 1.95 Calcareous shale | 0.1 1.69 |2.86 5.32 extraordinarius
LOME Pulse 1 | 1.89-1.97low | 1.91 Calcareous shale | 0.05 1.36 | 231 4.98 pacificus -7
LOME Pulse 1 | 1.86-1.89 1.875 Calcareous shale | 0.06 132|224 6.63 pacificus -7
LOME Pulse 1 | 1.84-1.86 1.85 Calcareous shale | 0.09 2 3.39 6.87 pacificus -7
Background 1.82-1.84 1.83 shale 0.04 0.62 |- 8.36 pacificus
Background 1.79-1.81 1.8 shale 0.04 0.56 |- 7.98 pacificus
1.76-1.79 1.775 shale 0.1 2.41 4.09 6.29 pacificus
1.73-1.76 1.745 shale 0.1 1.68 2.85 5.49 pacificus
1.69-1.73 1.71 shale 0.09 211 |3.58 2.73 pacificus
LOME Pulse 2 | Average 2.375 Limestone 0.42 7.4 12.54 0.37 extraordinarius +7
SD 0.19 1.65 2.79 0.26
LOME Pulse 1 | Average 1.875 Calcareous shale | 0.07 1.56 | 2.65 6.16 pacificus -7
SD 0.02 0.31 0.53 0.84
Background Average 1.815 shale 0.04 059 |- 8.17 pacificus
SD 0 0.03 - 0.19

Table 2. Coronene index data from the Wangjiawan River section, South China. SST records are based on
Finnegan et al.%. Total organic carbon (TOC) data from Jones et al.2!. See Table S1 for coronene data in the
other mass extinctions. SD: standard deviation.

Extinction (eTE) fall within the same medium range and are not significantly different from the background, as
supported by a P value of 0.38, which exceeds the significance threshold of 0.05.

Discussion

Late ordovician mass extinction and its causes

The causes of major mass extinctions, apart from the LOME, have been primarily linked to extreme heating
events, such as Large Igneous Province (LIP) eruptions or asteroid impacts'®!2. In the following three subsections,
I discuss the primary drivers of the LOME.

LOME first pulse: Cooling and glaciation

The first pulse of the LOME coincided with a transition to shallower facies, where limestone interbedded with
dark gray shale at Wangjiawan indicates a shallowing event?!. This event aligns with the onset of the Hirnantian
glaciation, which lasted approximately 0.5 million years at 443 Ma, as evidenced by U-Pb ages of 444.65 +0.22 Ma
(middle Dicellograptus complexus Biozone), 444.06 +0.20 Ma (lower Paraorthograptus pacificus Biozone), 443.81
+0.24 Ma (upper Tangyagraptus typicus Subzone), and 442.99 +0.17 Ma (upper Metabolograptus extraordinarius
Biozone)*. This strongly supports a link between LOME Pulse 1 and global cooling. Further evidence of cooling
from the upper Paraorthograptus pacificus zone to the Metabolograptus extraordinarius zone is provided by the
Chemical Index of Alteration (CIA)32.

LOME second pulse: Volcanic influence and environmental stress
The second pulse of the LOME corresponds to the termination of the Hirnantian glaciation?®!. This study likely
provides the first record of polycyclic aromatic hydrocarbons (PAHs), including coronene, spanning the LOME.

Mercury-to-total organic carbon (Hg/TOC) spikes associated with both pulses of the LOME have been
reported across multiple locations**~%’, indicating a global volcanic influence. While some studies**** have
argued that A'”’Hg data show no definitive evidence of volcanic influence, A'Hg and §°?Hg alone cannot
entirely exclude volcanic contributions during the Hirnantian. In contrast, Hu et al.’ suggested that major
volcanic eruptions played a role in the LOME based on Hg isotope data. Multiple K-bentonite layers in South
China, attributed to continental margin arc volcanism, are considered a product of volcanic activity that occurred
during global cooling™.

Elevated values of the EGC index and Hg/TOC* were recorded during LOME Pulse 1 and Pulse 2 at
Wangjiawan, whereas background samples showed no such enrichment (Table S1). These patterns indicate that
the 5- to 7-ring PAHs and Hg were likely sourced from volcanic activity.

Declining seawater Sr/%Sr ratios from the Middle to Late Ordovician have been attributed to increased
volcanic activity®® or a potential superplume event*’. This could be linked to the emplacement of a now-eroded
basaltic trap on a continental landmass. Furthermore, mass-independent sulfur isotope fractionation during the
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LOME suggests a stratospheric volcanic eruption, which may have caused severe environmental disruptions*!.

Sial et al.>” reported A’Hg values close to 0%o for LOME Pulse 2, supporting the presence of volcanic Hg
emissions.

Volcanism as a key driver of the LOME

Intense volcanism during the middle-to-late Katian was closely linked to a rapid decline in biodiversity.
Prolonged volcanic activity (spanning 3-4 million years) likely imposed sustained ecological stress, ultimately
triggering the first pulse of the LOME. Additionally, a major volcanic episode at the Hirnantian-Rhuddanian
boundary coincided with the second pulse of the LOME. This temporal alignment supports a volcanic driver for
the biotic crisis*2.

A newly identified LIP in northern Iran, extending approximately 1,700 km in length, 100-700 km in width,
and over 1,000 km in thickness, peaked during the late Katian-Hirnantian and Silurian periods. This LIP is a
strong candidate for the primary driver of the climatic and environmental disruptions that led to the LOME®.
Furthermore, volcanic ash layers in South China and Europe during the Ordovician-Silurian (O-S) transition
suggest that intense volcanism closely coincided with both extinction pulses, further supporting volcanism as a
major stressor contributing to the LOME*.

Geochemical evidence for ten crises in the main mass extinctions

Geochemical evidence supports the presence of multiple extinction pulses. The first and second pulses of the
LOME are characterized by Hg/TOC and EGC anomalies, with a notable coronene anomaly exclusively observed
in the second pulse!®21:45,

The Frasnian-Famennian mass extinction event is marked by Hg or Hg/TOC anomalies
(7-ring PAH) anomaly'®. Another Hg/TOC spike in the triangularis zone of the early Famennian
coincides with a coronene spike!®.

Both the EPE and the eTE exhibit Hg and Hg/TOC anomalies!*>!-3, along with coronene anomalies!*.

The initial phase of the ETME is associated with Ir (ppt level), Hg, and Hg/TOC anomalies, as well as a
benzo[ghi]perylene (six-ring PAH) anomaly. This was followed by post-extinction warming, indicated by
additional Hg and Hg/TOC anomalies'®>*-%¢ and a coronene anomaly'®’.

The KPgME is characterized by Ir (ppb level)*®, Hg, and Hg/TOC anomalies in ocean surface waters™-,
along with a coronene anomaly'®®!. A delayed extinction phase, affecting deep-dwelling fauna, is marked by
moderate coronene enrichment®.

1546-50 and a coronene

15,46,47,50

Notes on climate changes

The duration between paired extinction events in major mass extinctions ranges from 0.06 to 0.5 million years.
The shortest intervals (0.06-0.1 million years) occurred during the PTME and KPgME, likely due to brief
periods of global cooling followed by global warming. In contrast, the other three major mass extinctions were
primarily linked to large-scale volcanic activity, leading to prolonged cooling phases that lasted for 0.2 to 0.5
million years during eruptions.

A cooling maximum occurred during Event 2 of the ETME due to the continuous supply of SO, from sill
contact metamorphism and eruptions in the Central Atlantic Magmatic Province (CAMP). This cooling took
place under low atmospheric CO, levels and was later followed by warming as CO, concentrations increased®>%,
coinciding with a transition from sill volcanism to magma volcanism in Event 3!°. As a model calculation
example for ETME, global mean surface temperatures dropped by approximately 8 °C due to frequent injections
of SO, and CO, (125 GtS and ~ 5300 GtC) over a period of 1,200 years®*.

Evidence from cuticle surface morphology and leaf-shape SO, proxies near the Triassic-Jurassic (T-])
boundary in Greenland indicates elevated SO, concentrations in the troposphere®>®. These proxies suggest
a significant injection of SO, into the atmosphere just below the onset of the initial carbon isotope excursion
(CIE) leading into the main CIE®2 This initial SO, enrichment coincided with both plant turnover and marine
extinction events.

Climate uncertainty during the end-Permian extinction

Recent studies have shown that terrestrial extinction during the EPE occurred diachronously across latitudes,
beginning at high latitudes during the late Changhsingian and progressing toward the tropics by the early
Induan®®’. This pattern has been interpreted as the result of a latitudinal gradient of environmental stressors—
ranging from extreme warming at high latitudes to compounded thermal pressures at lower latitudes—that
collectively fueled ecosystem collapse. Additionally, mega El Nifio events may have intensified climate variability
and mean state warming, ultimately leading to catastrophic but temporally staggered terrestrial and marine
extinctions associated with the Permian-Triassic mass extinction (PTME)®®.

However, the EPE presents a significant unresolved climate anomaly. Notably, no substantial change in surface
temperature has been detected during the main extinction phase of the EPE’, as evidenced by sedimentary
records from a 2 cm thick layer located between 4 and 2 cm below the top of Bed 24e in Meishan section A%.
This observation is further supported by the extinction horizon at the top of Bed 24e, described by Song et al.?,
which occurs prior to the warming phase recorded in Bed 26 of the same section’. These findings highlight
ongoing uncertainty regarding short-term climate fluctuations during the critical extinction interval of the EPE.

During the EPE, explosive eruptions of the Siberian Traps released large volumes of stratospheric SO,, which
contributed to the formation of sulfuric acid aerosols. Evidence for this includes Hg/TOC ratios, coronene
index, and coronene/phenanthrene anomalies!*>233, along with the coincident ages of pyroclastic rocks and sills
in the Siberian Large Igneous Province (LIP)?. The deposition of pyroclastic material during these eruptions is
temporally associated with the PTME suggesting a direct causal link between volcanic activity and subsequent
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climatic and ecological disruption'. These aerosols, once dispersed in the stratosphere, would have reflected
sunlight, leading to reduced solar radiation and short-term global cooling.

However, such brief cooling events are difficult to detect using conventional temperature proxies due to their
short duration and poor preservation in the geologic record. Nonetheless, the diachronous pattern of terrestrial
extinction, starting at high latitudes during the late Changhsingian and migrating toward the tropics by the early
Induan, supports a scenario of initial global cooling followed by global warming.

Gas production temperature and climate change

The relationship between coronene index values and gas production temperature has been analyzed using heating
experimental data on PAHs from Norinaga et al.'8, Kaiho et al.!%, and Kaiho!2. This correlation suggests that the
classification of mass extinctions based on coronene index values and global surface temperature anomalies is
linked to the heating temperatures and durations required for gas and soot production'2.

The results of this study indicate that coronene index values correspond to global surface temperature
anomalies during ten extinction events across the five major mass extinctions, as detailed in the results section.
Low-temperature heating of sulfides and high-temperature heating of sulfates and organic matter lead to the
release of SO, and soot, respectively, both of which drive global cooling (Fig. 1). High-temperature heating also
causes CO, emissions; however, this process initially results in cooling, followed by subsequent warming'*7%7!,
In contrast, intermediate-temperature heating of hydrocarbons and carbonates results in CO, emissions,
triggering global warming after an initial cooling phase induced by SO, from sulfides.

Notably, heating temperatures transitioned from low to medium during the LOME and the ETME, while
they shifted from high to medium during the FFME and the KPgME, influencing climate changes (Fig. 1). This
mechanism explains the recurring pattern of cooling-driven mass extinctions followed by warming phases,
which can also contribute to delayed extinction events. Importantly, all five major mass extinctions concluded
during a period of global warming, which was preceded by global cooling.

Mechanism of climate change corresponding to Coronene index values

The concentrations of SO, in the stratosphere and CO, in the atmosphere during volcanic-driven extinction
events were critical factors influencing climate change!?. Both gases were released through the thermal
metamorphism of sedimentary rocks in Large Igneous Provinces (LIPs)!%!672 Additionally, mercury (Hg)
was mobilized from aureoles formed by sill contact metamorphism”®. Hg release from these aureoles begins at
temperatures of approximately 265-300 °C, lower than the temperatures required for SO, and CO, formation.
This suggests that all volcanic events released Hg, though its release mechanism differed from that of SO, and
CO, due to variations in temperature conditions, volcanic processes, and the depth of affected sedimentary
rocks (Fig. 1). Notably, Hg/TOC spikes closely corresponded with coronene index spikes—or (e + ghi + cor)/phe
peaks—during the FFME, PTME, and ETME! 416,

A significant portion of organic-rich sedimentary rocks in the Siberian Traps was intruded by sills, coinciding
with the PTME”!. Vitrinite index and Timax data from Svensen et al.”* suggest that PAHs could not have survived
within high-temperature aureoles. However, PAH formation was possible in zones near the aureoles, though some
may have been lost due to prolonged heating. Thermal modeling suggests that these rocks released substantial
amounts of both organic and inorganic CO, during sill contact metamorphism”. At the end of the Permian,
estimated CO, emissions from Siberian Traps sill contact metamorphism were approximately 100,000 Gt CO,,
based on data from Svensen et al.”%. This accounts for about 55% (ranging from 30 to 160%) of the estimated
mantle-derived CO, emissions from the Siberian Traps, which averaged 192,000 Gt CO, (range: 64,000-320,000
Gt CO,)"". These findings suggest that the volume of gases generated from the thermal metamorphism of
sedimentary rocks was comparable to—or even greater than—that produced by volcanic eruptions alone.

Heating temperature transitions and volcanic style changes

The transition in heating temperature may have been driven by a shift in volcanic style—from sill contact
metamorphism to magmatic eruptions—during the PTME and ETME. In the case of the Cretaceous-Paleogene
Mass Extinction (KPgME), an asteroid impact was followed by CO, emissions, either from the impact itself'?
or from subsequent Deccan Traps volcanism. For the FFME, deep sill contact metamorphism may have
preceded magmatic eruptions due to the presence of sedimentary rock layers that were nearly twice as thick
as those associated with the other four mass extinctions. The temperature range of 400-600 °C, sustained over
approximately 100 years in aureoles, is consistent with the degassing temperatures required for SO, and CO,
release (Fig. 1). Based on heating temperature variations, the LOME is grouped with the PTME and ETME,
where volcanic activity transitioned from sill contact metamorphism to magmatic eruptions!®.

SO, and CO, originated from sedimentary rock aureoles, magma eruptions, and meteorite impacts, while
PAHs and black carbon likely derived specifically from magma eruptions and impact events. The heating of
sedimentary rocks by volcanic activity and asteroid impacts played a critical role in climate change during mass
extinctions. This process typically began with global cooling, associated with the initial extinction phase, followed
by global warming, which contributed to delayed extinctions or crisis phases. These temperature transitions
were driven by variations in heating intensity, which depended on the depth and proximity of sedimentary rocks
to magma in the first four major mass extinctions'2. However, the KPgME differed due to the primary influence
of the asteroid impact or the combined effects of the impact and subsequent volcanism. Evidence supporting this
includes high Hg/TOC values in the K-Pg boundary red layer’.

This pattern suggests that volcanism was the primary driver of four major mass extinctions, while the
KPgME was uniquely triggered by an impact event. Evidence of sedimentary rock heating during these events is
summarized in Table 3. The presence of sills in LIPs, along with thick sedimentary rock deposits (3—4 km for the
PTME, 3-5 km for the ETME, and 6-8 km for the FFME), as well as the ~ 3 km-thick sedimentary layers at the
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Mass extinction | Age of extinction (Ma) | Location of heating | Age of heating (Ma) | Evidence of heating Presence of sill | Thickness of sedimentary rock (km)
K-Pg 66.0 Chicxulub, DT 66.0 Impact crater, LIP Yes 3 for impact
end-Triassic 201.56 CAMP!® 201.6-201.0 Sill Yes 3-4
P-T 251.9 Siberian Trap”>-74 251.9 Pyroclastic, sill Yes 3-5
Yakutsk-Viluy LIPY | 374 +3.5 Eruption Yes 7-8
F-F 371.9
PDD LIPY 377-370 Rift structure Yes 6-6.5
Late Ordovician | 443 Northern Iran LIP** | 451-443 Basaltic lava, rhyolite, sill | Minor? 2-484
Table 3. Evidence of heating of sedimentary rocks in each major mass extinction. DT: Deccan Traps. CAMP:
Central Magnetic Province. PDD: Pripyat-Dnieper-Donets. LIP: Large Igneous Province. See also Kaiho!? for
related references.
Long-term trend Long-term cycle (> 1 m.y.) | Short-term event (< 0.1 m.y.)
Temp.
during
Temp. during | Temp. anomaly | warming
Long-term temperature | Long-term temperature + | Temp. anomaly cooling event | aftermath event
Event | Event age (Gyr) | (°C) climate cycle (°C) cooling event (°C) | (°C) warming (°C) (°C)
-1 —-0.066 13 22 -12 10 +7 29
-2 —-0.201 12 22 -8 14 +7 29
-3 -0.252 12 22 ? ? +14 36
-4 -0.372 10 19 -8 11 +11 30
-5 —0.444 10 18 -10 8 +10 28

Table 4. Earth’s average surface temperature based on long-term trends, long-term climate cycles, and
short-term events with associated temperature anomalies during major mass extinction events. Long-
term temperature data are from Mello and Friaga®; long-term climate cycle data are from Scotese et al.®;
temperature anomaly data are from Kaiho?’.

Chicxulub impact site, further supports the hypothesis that sedimentary rock heating significantly contributed
to the environmental disruptions associated with mass extinctions!2.

Thermal forcing in mass extinctions

Magmatic intrusions, including sills, heat sedimentary rocks and release SO, and CO, over timescales of
approximately 100 years. Once in the stratosphere, SO, is converted into sulfuric acid aerosols, which reflect
sunlight and trigger global cooling. Similarly, meteorite impacts heat sedimentary target rocks, generating soot
in the short term. This soot forms aerosols that disperse globally, absorbing sunlight and inducing global cooling
as well’?,

The coronene index has been applied to investigate both the initial and delayed extinction phases across the
five major mass extinction events. The initial extinction phases, such as those during the Late Ordovician and
end-Triassic, were associated with low-temperature heating. In contrast, the FFME and KPgME were linked to
high-temperature heating, which produced SO, and soot, contributing to severe global cooling.

All delayed marine extinction or crisis phases during these five events were associated with intermediate-
temperature heating, primarily releasing CO, and driving subsequent global warming. Overall, mass extinction
events typically involved two stages: an initial global cooling phase followed by a warming phase. These were
driven by volcanic or impact-related heating and emissions of SO,, SO,, soot, and CO,. The observed transitions
in heating temperature may reflect changes in volcanic activity, shifting from sill-induced degassing to magma
eruptions, or transitions from meteorite impacts to post-impact volcanism.

Most terrestrial and marine metazoans can survive within a temperature range of 10-40 °C’>75. Global
cooling during the first stage of mass extinctions is estimated to have caused a~ 10 °C drop in average global
surface temperature, aligning with the modern annual average temperature at approximately 37° N latitude
oceanic climates. This suggests that metazoans inhabiting regions between 37° and 90° latitude would have faced
extinction as survival thresholds based on annual average temperatures (which account for even colder winters)
were exceeded. Consequently, these cooling phases primarily triggered extinctions in high and mid-latitude
regions, driven mainly by declining surface temperatures.

Conversely, global warming during the second stage of mass extinctions likely pushed average global surface
temperatures to ~30 °C or higher—except during the EPE, which reached ~36 °C. At the EPE, such extreme
temperatures would have exceeded the thermal tolerance of low-latitude metazoans, causing widespread tropical
extinctions, in contrast to other events where extreme warming did not fully manifest except as deep-water
anoxia.

This two-phase model aligns with observed patterns of extinction severity: high extinction rates during the
initial cooling phase, and comparatively lower rates during the subsequent warming phases of the FEME, ETME,
and KPgME, as these later events involved only minor warming during the delayed extinction phases.
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Moreover, the pattern of terrestrial extinctions progressing from high latitudes before the EPE, to middle
latitudes around the EPE, and low latitudes around the eTE, as documented by Wu et al.® and Zhang et al.%’, is
also consistent with my theory of a two-stage “cooling-warming” extinction mechanism.

Methods

Geological setting and samples

The Wangjiawan section, which spans the Ordovician-Silurian transition, is located in the South China Craton
(30°5856”N, 111° 25’ 10”E for the Wangjiawan North section.)””. In ascending stratigraphic order, the Wufeng,
Kuanyinchiao, and Lungamachi Formations cover the uppermost Ordovician and lower Silurian periods. The
Waufeng and Lungamachi Formations consist of dark shales with occasional chert, containing abundant graptolite
fossils”®”°. The Kuanyinchiao Formation is a thin (less than 50 cm thick) argillaceous limestone containing
numerous shelly fossils, including the Hirnantian fauna®.

The Kuanyinchiao Formation marks a significant drop in eustatic sea level®’, and the associated Hirnantian
fauna are recognized as cool or cold-water species’®. This event corresponds to global cooling and the
sequestration of water into the Gondwanan ice caps during the Hirnantian glacial episode. Two extinction
episodes, named the 1 st phase of LOME and the 2nd phase of LOME, occurred at the beginning and end of the
Hirnantian glacial episode, respectively*"7%7°.

The Wangjiawan (River) section is located in the Wangjiawan River, near the southeastern end of Wangjiawan
village, approximately 42 km north of Yichang city. The Wangjiawan (River) section, located about 10 m south
of the Riverside section (about 280 m south of the Wangjiawan North section), represents the Hirnantian (Late
Ordovician) interval. The River section is less weathered than the Riverside section, making it more suitable for
geochemical analysis. I collected continuous shale and limestone samples from the River section?!.

Samples from three sections (Coumiac [GSSP], Sinsin, and Yangdi) in France, Belgium, and China spanning
the F-F boundary'?, three sections (Meishan [GSSP], Liangfengya [LFY], and Bulla) in China and Italy spanning
the end-P mass extinction', and two sections (Kuhjoch [GSSP], St. Audri€’s Bay) spanning the end-T mass
extinction'® consist of limestones, marls, and shales deposited on continental shelves. The K-Pg boundary
samples include dark gray clay deposited at depths of 200 to 1000 m from Caravaca, Spain®-%2, and impact
turbidites and marl deposited in the deep sea at Beloc, Haiti!*#>.

PAH analyses

Fourteen samples collected from intervals near two extinction events were analyzed for polyaromatic
hydrocarbons (PAHs). Approximately 120 g of each sample was powdered after removing surface contaminants
by cutting and washing with dichloromethane/methanol (6:4, v/v). The powdered samples (100 g) were then
Soxhlet-extracted with dichloromethane/methanol (7:1, v/v) for 48 h. The extracts were dried over Na,SO, and
concentrated by evaporation under reduced pressure.

The concentrated extracts were separated into four fractions (Fla, F1b, F2, F3-8) on a silica gel column (0.6
g of silica, 63-200 um) using the following solvents: 2 ml of n-hexane (Fla), 4 ml of n-hexane (F1b), 3 ml of
n-hexane/toluene (3:1 v/v) (F2), and 1 ml of ethyl acetate and 10 ml of methanol (F3-8).

The aromatic hydrocarbon fractions (combinations of F1b and F2) from each extraction were analyzed using
gas chromatography-mass spectrometry (GC-MS). Organic compounds were identified using an Agilent 7890B
gas chromatograph interfaced with an Agilent 7000 triple quadrupole mass spectrometer, operated with an
ionizing electron energy of 70 eV and scanned from m/z 50 to 600 with a scan time of 0.34 s. A fused silica HP-
5MS capillary column (length: 30 m, internal diameter: 0.25 mm, film thickness: 0.25 um) was used, with helium
as the carrier gas. Samples were injected at 50 °C, held at this temperature for 1 min, then the temperature was
raised to 120 °C at a rate of 30 °C/min, followed by an increase to 310 °C at a rate of 5 °C/min, and then held at
310 °C for 20 min.

The analyzed samples show no evidence of organic molecule contamination, as confirmed by the Rc (MPR)
index!#-1¢1°, The Wangjiawan samples contained sufficient amounts of PAHs but only trace amounts of n-
alkanes, hopanes, and steranes for the analyses, supporting the absence of contamination. Complete datasets
from continuous sampling at the River section will be published in a forthcoming study. Importantly, biomarker
concentrations were measured well above detection limits and blank sample values, ensuring the reliability of
the results. GC-MS chromatograms in Fig. 6 of Kaiho et al. (2022), Figure Al of Kaiho et al. (2021), Figure
DR1 of Kaiho et al. (2020), and Figure S1 show that the peaks of phenanthrene, benzo(e)pyrene, benzo(ghi)
perylene, and coronene are completely separated and well-resolved. The blank control values are 0.007 ng/g for
phenanthrene and below the detection limit (0.000 ng/g) for benzo(e)pyrene, benzo(ghi)perylene, and coronene,
which are much lower than the concentrations found in the studied rock samples.

Coronene index

The coronene index, a proxy for sedimentary rock heating temperature, is defined as: coronene/(benzo(e)
pyrene +benzo(ghi)perylene +coronene)'t. This definition reflects the relative formation temperatures of
these compounds, with coronene having the highest formation temperature, benzo(ghi)perylene the second
highest, and benzo(e)pyrene the lowest among the 5-7 ring polycyclic aromatic hydrocarbons (PAHs)!*!8. The
correlation between coronene index values and gas production temperatures has been established using heating
experimental data on PAHs from Norinaga et al.'¥, Kaiho et al.'%, and Kaiho!? (Fig. 1).

EGCindex
The EGC index, a proxy for heating events such as large-scale volcanism and asteroid impacts, is calculated as the
sum of representative 5- to 7-ring PAHs—benzo(e)pyrene, benzo(ghi)perylene, and coronene—standardized by
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the 3-ring PAH phenanthrene, making it applicable to a wide range of low to high-temperature conditions'*15.

This index is further supported by experimental heating data on PAHs from Norinaga et al.'® (Fig. 1).

T test
T tests for both the coronene index and EGC index were performed to assess differences between each extinction
event and background levels.

Calculation of global surface temperature

Surface temperature anomalies at low latitudes consistently exhibit intermediate values, indicating proximity
to average values?”. The error margin for SST anomalies in geological ages is approximately 1°C%. SST
anomalies from various geological ages* were converted to global surface temperature anomalies and land-
surface temperature anomalies using Fig. 1d of Kaiho?, which was generated from global cooling and warming
(recovery) data obtained through climate model calculations®”. These data are presented in Table S1.

Data availability

Data is provided within the manuscript or supplementary information files.
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