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Abstract

Anthropocene global warming is largely associated with
fossil fuel carbon emissions. Temporal scaling provides a
way to place current carbon emissions on a geological scale.
The scaling of carbon emissions at the onset of hyperthermal
events suggests that we might anticipate higher carbon
emission rates over longer time scales than what we currently
observe in the Anthropocene. However, this inference is
uncertain due to limited data concerning the accumulations
and time intervals of carbon emissions of Meso-Cenozoic
hyperthermal events. While on the long-time hyperthermal-
event scales of several to hundreds of kiloyears, modern
carbon accumulations and emission rates are 9 times greater
than those of the hyperthermal-event emissions. The present-
day carbon release can be effectively compared to the onset
of hyperthermal events through temporal scaling. If current
carbon emission trends persist, we may reach the carbon
emission thresholds for hyperthermal events in one to three
hundred years, getting an intensified hydrological cycle,
enhanced continental weathering and ocean acidification.
And if the situation gets worse, we may reach the upper limit
of the carbon emission threshold for hyperthermal events
(e.g., Permian-Triassic Boundary event, PTB) with a biotic
mass extinction over four to thirteen hundred years. This
study offers new insights into current carbon emissions from
a temporal scale perspective, enhancing our understanding
of contemporary climate change.
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Introduction

Global warming, the phenomenon of increasing average
surface temperatures on Earth over the past one to two
centuries, is suggested by a series of observations on
various weather phenomena and their influence on
climate (Harvey, 2000). Human activities since at least
the beginning of the Industrial Revolution had a growing
influence over the pace and extent of present-day climate
change (Steffen et al., 2011; Lewis & Maslin, 2015;
Ruddiman et al., 2015). The modern global carbon budget
indicates that carbon release from anthropogenic activities
now exceeds 10 petagrams (Pg) per year, primarily driven
by fossil fuel carbon emissions, with a rate that is four
times higher than that of the mid-20th century (Fig. 1;
Friedlingstein et al., 2023). People can’t help but ask:
How hot will the greenhouse world be? (Kerr, 2005). One
way to appreciate the rates and process of current carbon
release to the Earth’s system is to compare present-day
emissions to those in Earth’s history.

Past climates inform our future (Tierney et al.,
2020). Earth’s climate has changed over almost every
conceivable timescale since the beginning of geologic
time. Among them, periods characterized by rapid
global warming (greater than 2—4 °C), a quick onset (1—
100 kyr), and a relatively short total duration (no more
than a few million years), are defined as “hyperthermal
event” (Svensen, 2012; Foster et al., 2018; Hu et al.,
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2020). These hyperthermal events, particularly those that
occurred in the Meso-Cenozoic, such as the Permian-
Triassic Boundary event (PTB, 252 Ma), the End-Triassic
Event (TJB, ~201Ma), the early Toarcian Oceanic Anoxic
Event (TOAE, ~183 Ma), the Cretaceous Oceanic Anoxic
Event (OAEla, ~120 Ma, OAE2, ~94 Ma) and the
Paleocene-Eocene Thermal Maximum (PETM, ~56 Ma),
had profound ramifications on climate, environment,
ecology, and biodiversity, and bear similarities to the
ongoing changes we are currently experiencing (Foster
et al., 2018; Hu et al., 2020; He et al., 2023; Shen et
al., 2024). Therefore, a comprehensive understanding
of hyperthermal events throughout the Earth’s history is
crucial for gaining insights into and addressing present-
day global warming. This study aims to place our current
global warming in the context of rapid climate change in
the Meso-Cenozoic Era using the method of “temporal
scaling”, offering insights into future climate change.

Material and methods

In this study, we collected and compiled data of carbon
accumulation and rates of the onset of representative
Meso-Cenozoic hyperthermal events (PTB, TJB, TOAE,
OAEla, OAE2 and PETM) at different time scales, which
are mainly sourced from modeling studies (Tables 1,
2). Carbon accumulations are generally estimated from
the masses of carbon required to explain differences in
carbon isotopic excursion. Rates of accumulation can be
calculated by dividing an estimate of total accumulation
with an estimate for the corresponding interval. But
it should be noted that extracting information from the
literature is complicated when authors fail to match
accumulations, intervals, and rates explicitly. In this
situation, we calculate carbon emission rates by ranking
and combining reported carbon emission accumulations
with their duration. The modern carbon emission data are
based on the Global Carbon Budget and are known for
the years 1959 to 2021 (https://co2.earth/; Friedlingstein
et al., 2023), a time series spanning 63 successive years
(Fig. 1).

Temporal scaling is the quantitative relationship
of differences and rates of geological processes in
geological history to their associated time intervals they
represent (ratio = difference/time interval or rate/time
interval; Kukal, 1990). Temporal scaling is often studied
on log-difference-interval (LDI) and log-rate-interval
(LRI) graphs (Gingerich, 2019). The distribution of
the variable data of geological events on the logarithm
axis can provide us with the judgment conditions of
whether the rate is independent or dependent on the
time scale, so as to provide us with the basis of whether

the geological processes of different time scales can be
compared. When the slope of the data on the LDI plot
approaches 1.0 and the slope on the LRI plot approaches
0, the geological event can be judged as a directional
process, and the difference increases with the increase
of time interval; when the slope of data on LDI and LRI
plots approaches 0.5, the geological event is a random
process, and the difference shows direction reversal or
inclusion stagnation in the course of time; when the slope
of the data on the LDI plot approaches 0 and the slope
on the LRI plot approaches -1.0, this geological event is
a stationary process, and the difference is a static state
with no net change (Gingerich, 1983, 1993, 2019, 2021).
Therefore, when geological events appear as directional
processes, their rates are independent of time intervals
and can be compared on a wide range of time scales, and
then the differences or rates on different time scales can
be predicted by interpolation or extrapolation (Gingerich,
2021). The geological events of random or stationary
processes are dependent on the time scale and need to
be restricted to a time scale for comparison. This study
calculated the carbon accumulation differences and rates
at all scales of each hyperthermal event with full samples
and plotted them on LDI and LRI for comparison and
research.

Results

Carbon release rates of Meso-Cenozoic hyperthermal
events

This study compares present-day’s carbon emissions
with those recorded throughout Earth’s history, to better
understand the rates and processes of current carbon
release into the Earth’s system. Further, we attempt to
determine the comparability of carbon accumulation from
these geological processes on different time scales and try
to predict development trends of carbon emissions in the
future.

The PTB event (~252 Ma) represents the largest
warming (~8—10 °C) amplitude in the Phanerozoic
(Joachimski et al., 2012; Sun et al., 2012). During the
PTB, bulk carbon isotopes underwent at least three cycles
of negative excursion and recovery, including a significant
negative carbon isotopic excursion (CIE) exceeding 7%o
(Cao et al., 2009). It has been estimated that 3,900 to
105,600 Pg C carbon were released during the onset of the
PTB spanning about 1,000 to 75,000 years (Schneebeli-
Hermann et al., 2013; Clarkson et al., 2015; Cui et al.,
2013, 2021; Jurikova et al., 2021; Wu et al., 2021; Shen
et al., 2022), on the time scale of which the corresponding
rate is 1.4 to 3.9 (the maximum is 24) Pg C/year.

MESO-CENOZOIC HYPERTHERMAL EVENTS

Mesozoic 001 (3) © 2024 Magnolia Press * 397



—_
N
|

Rates of release of fossil carbon (1959-2021)
Observed annual emissions
/:10 — .O
> :Q@O{ﬁzdv
G S ....,. O
o y=0.1239x-240.36 R
= oy
~ 8 |
o
©
S 6f
(%))
2
S
0 gL
[
(@)
2
S 2f
0 | 1 | | 1 | | J
1950 1960 1970 1980 1990 2000 2010 2020

2030

Time (calendar years)

FIGURE 1. Global annual fuel fossil carbon emissions and carbon emission rates for the years 1959 through 2021 (data from

Friedlingstein et al., 2023). Emission rates are now nearly 10 Pg C/year on a time scale of 1 year. Line fit to the points shows the

long-term trend.

The TJB event occurred at the end-Triassic (~201
Ma), with 3-4 °C temperature rising and ~1.5%o
negative CIE (Schaller et al., 2011; Blackburn et al.,
2013). Carbon emissions during the onset of the TJB
have been estimated to reach 2,000 to 14,000 Pg C, over
an interval of 10,000 to 110,000 years, for a rate of 0.08
to 0.65 Pg C/year (Beerling & Berner, 2002; Ruhl ef al.,
2010, 2011, 2020; Heimdal et al., 2020).

The TOAE (~183 Ma) resulted in a warming
of 7-10 °C in the northern middle latitudes and is
characterized by a CIE magnitude of 3—7%o (Kemp et
al., 2005; Suan et al., 2008; Jenkyns, 2010). During the
TOAE, an estimated 6,000 to 40,000 Pg C accumulated
over a duration of 150,000 to 220,000 years, yielding an
average rate of 0.04 to 0.27 Pg C per year (Beerling &
Brentnall, 2007, 2008; Brazier ef al., 2015; Them II et
al.,2017).

The OAEla occurred at the early Aptian in the
Early Cretaceous (~120 Ma) with a warming of 5-6
°C (Mutterlose et al., 2010; Naafs & Pancost, 2016),
and with an extremely negative CIE and then a 3—7%o
positive excursion (Menegatti et al., 1998). Carbon
emissions during the onset of the OAEla have been
estimated to reach 1,763 to 59,860 Pg C, over an interval
0f' 41,000 to 485,000 years, for a rate of 0.003 to 1.28 Pg
Clyear (Li et al., 2008; Scott, 2016; Adloffs et al., 2020;
Beil et al., 2020; Charbonnier et al., 2023).

The OAE2 occurred at the end of the Cenomanian
(~94 Ma), with a warming of 2-3 °C at low latitude and
7-10°C at high latitude (Jenkyns et al., 2004; Foster et
al., 2007; Huber et al., 2018). There was overall a greater
than 2% positive CIE, before which appeared a weak
negative excursion in an expanded section (Jenkyns et al.,
2010; Li et al., 2017). It has been estimated that 3,000 to
32,700 Pg C carbon were released during the onset of the
OAE2 spanning about 7,000 to 500,000 years (Kuroda et
al., 2007; Clarkson et al., 2018; Beil et al., 2020), on the
time scale of which the corresponding rate is 0.07 to 4.67
Pg Clyear.

The PETM occurred at the boundary of the Paleocene
and Eocene (~56 Ma) and was marked by a 3—7%o
negative CIE, during which the temperature rose 5—8 °C
(Kennett & Stott, 1991; Zachos et al.,2001; McInerney &
Wing, 2011). The PETM was caused by the injection of
3,000-13,000 Pg C during the onset spanning about 1,500
to 25,000 years, for a rate of 0.5-2.0 Pg C/year (Zeebe
et al., 2009, 2016; Cui et al., 2011; Bowen et al., 2015;
Gutjahr et al., 2017).

Overall, the carbon emission rate of Meso-Cenozoic
hyperthermal events ranges from 0.004~5.28 Pg C/year
(only one extreme value exceeds 6 Pg C/year; Tables 1, 2).
For comparison, the average present-day fuel fossil carbon
release rate is 6 Pg C/year over a one-year timescale and
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FIGURE 2. Carbon accumulations and accumulation rates estimated for the onset of hyperthermal events. The contoured icons

represent the carbon accumulation during the onset of the hyperthermal events, whereas the uncontoured icons indicate the rates

of carbon accumulation. Dotted lines are fit to accumulations and rates of hyperthermal events for corresponding time intervals,

pointing to a common short-term hyperthermal-event rate (intercepts) on a time scale of one year.

has been nearly 10 Pg C/year in 2021 (Fig. 1; Friedlingstein
et al., 2023), which, at first glance, surpasses the rates of
all Meso-Cenozoic hyperthermal events rates by a factor
of at least 1~2. However, this comparison was conducted
on different time scales, which may result in a statistical
deception.

Contextualizing modern carbon emissions and rates
within geological history

This study compares the rates of carbon emission today to
those during the onset of the Meso-Cenozoic hyperthermal
events in two ways: (1) projection of long-term
hyperthermal events rates for comparison on an annual
time scale and (2) projection of short-term modern rates
for comparison on a hyperthermal events time scale.

Fig. 2 shows combined LDI-LRI plots for temporal
scaling of onset accumulations and rates of hyperthermal
events listed in Tables 1 and 2. Generally, the higher rates
are those calculated on shorter time scales, and the lower
rates are those calculated on longer time scales. The lines
fit to hyperthermal-event rates have slopes of -0.851
(PTB), -0.529 (TJB), -0.578 (TOAE), -0.740 (OAEla),
-0.882 (OAE2) and -0.665 (PETM), and the lines fit to
hyperthermal-event accumulations have slopes of 0.149
(PTB), 0.471 (TJB), 0.422 (TOAE), 0.260 (OAEla),

0.118 (OAE2) and 0.335 (PETM). The slopes of
accumulations and rates of hyperthermal events are close
to the slope expected for a random geologic event (0.500
for accumulations and -0.500 for rates; Gingerich, 2021).
The fitted lines of accumulations and rates have the same
intercept, which corresponds to predicted hyperthermal
event rates of 10***= 3539 Pg C (PTB), 10'%>= 45 Pg
C (TJB), 10'*'= 85 Pg C (TOAE), 10*™*= 528 Pg C
(OAEla), 10*°= 3548 Pg C (OAE2) and 10>*3 = 271
Pg C (PETM) on a time scale of one year. Due to limited
data on accumulation and rate estimates, as well as the
failure to explicitly match accumulations, intervals, and
rates, the extrapolated rate of carbon release during the
hyperthermal event (ranging from 45 to 3,539 Pg C/year)
over a one-year timescale is poorly constrained and may
not be significantly greater than modern carbon emissions
within the same timeframe.

Fig. 3 is a combined LDI-LRI plot for temporal scaling
of the 1,953 modern carbon emissions and emission rates
based on the 63 annual values from the Global Carbon
Budget (Friedlingstein et al., 2023). The 1,953 modern
rates range from 2.417 to 10.132 Pg C/year (0.383 to
1.006 on log,, scale), on a time scale or interval of 1 to
63 years. The temporal scaling slope of modern carbon
emission rates is 0.028 (Fig. 3), closely aligning with the
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FIGURE 3. Carbon accumulations and accumulation rates estimated for the hyperthermal events compared to modern carbon
accumulations (pale pink circles) and rates (rose pink circles). Modern carbon emission data are from Friedlingstein et al. (2023).
The accumulations and rates data of hyperthermal events refer to Tables 1, 2.

TABLE 1. A summary of representative hyperthermal events in the Meso-Cenozoic (references refer to the Table 2).

Hyperthermal  Age Onset duration  Total duration CIE Global warming  Onset carbon *Carbon emission
event (Ma) (kyr) (kyr) (%o) (A°C) release (Pg C) rate (Pg C/year)
PTB ~252 1~75 >5000 5~7 8~10 3900~105600 1.4~3.9

TJB ~201 10~110 1200 ~1.5 3~4 2000~14000 0.08~0.65

TOAE ~183 150~220 300 3~7 7~10 6000~4000000  0.04~0.27

(mid-latitude)

OAEla ~120 41~485 1145 - 5~6 1763~59860 0.003~1.28
OAE2 ~94 7~500 1322 - 2~3 3000~32700 0.07~4.67
PETM ~56 1.5~25 170~200 3~7 5~8 3000~13000 0.5~2.0

*Carbon emission rates calculated by ranking and combining all reported carbon emission accumulations with their duration.

expected slope of 0 for a directional process, indicating and rate have the same intercept of 0.932, which yields
that modern carbon emissions are neither stationary a predicted modern rate of 10°** = 8.551 Pg Clyear.
nor random. (Gingerich, 2021). Both accumulation Due to modern carbon emissions being a directional
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TABLE 2 Published estimates for the time interval, carbon accumulation, and carbon accumulation rate of the onset of hyperthermal

events.

Hyperthermal Time interval  Accumulation Rate Logl10 Logl0 Logl10 Source

event (year) PgO) (Pg C/yr) interval accumulation rate

PTB 1000 24000 24.000 3.000 4.380 1.380 Clarkson et al., 2015

PTB 9000 5000 0.556 3.954 3.699 -0.255 Shen et al., 2022

PTB 10000 5000 0.500 4.000 3.699 -0.301 Shen et al., 2022

PTB 15000 15000 1.000 4.176 4.176 0.000 Hermann et al., 2013

PTB 15000 20000 1.333 4.176 4.301 0.125 Hermann et al., 2013

PTB 15000 36000 2.400 4.176 4.556 0.380 Cui et al., 2021

PTB 20000 105600 5.280 4.301 5.024 0.723 Jurikova et al., 2021

PTB 65000 7000 0.108 4.813 3.845 -0.968 Cuietal., 2013

PTB 65000 22400 0.345 4.813 4.350 -0.463 Cuietal., 2013

PTB 75000 3900 0.052 4.875 3.591 -1.284 Wu et al., 2021

PTB 75000 12000 0.160 4.875 4.079 -0.796 Wu et al., 2021

TJB 10000 12000 1.200 4.000 4.079 0.079 Ruhl ez al.2011

TJB 20000 1400 0.070 4.301 3.146 -1.155 Bachan & Payne, 2016
TJB 20000 2000 0.100 4.301 3.301 -1.000 Ruhl et al., 2010

TJB 20000 12000 0.600 4.301 4.079 -0.222 Ruhl et al., 2011

TJB 20000 13000 0.650 4.301 4.114 -0.187 Scaller et al., 2011

TJB 25000 2000 0.080 4.398 3.301 -1.097 Ruhl et al., 2020

TJB 40000 13000 0.325 4.602 4.114 -0.488 Ruhl ez al., 2010

TJB 50000 8800 0.176 4.699 3.944 -0.754 Heimdal et al., 2020

TJB 60000 1400 0.023 4.778 3.146 -1.632 Yager et al., 2017

TJB 70000 13000 0.186 4.845 4.114 -0.731 Beerling & Berner, 2002
TJB 70000 14000 0.200 4.845 4.146 -0.699 Beerling & Berner, 2002
TJB 110000 14000 0.127 5.041 4.146 -0.895 Yager et al., 2017

TOAE 150000 6220 0.041 5.176 3.794 -1.382 Them Il et al., 2017

TOAE 150000 18869 0.126 5.176 4.276 -0.900 Them Il et al., 2017

TOAE 150000 40000 0.267 5.176 4.602 -0.574 Brazier et al., 2015

TOAE 220000 6000 0.027 5.342 3.778 -1.564 Beerling & Brentnall, 2008
TOAE 220000 9000 0.041 5.342 3.954 -1.388 Beerling & Brentnall, 2008
TOAE 220000 15340 0.070 5.342 4.186 -1.157 Beerling & Brentnall, 2007
TOAE 220000 24750 0.113 5.342 4.394 -0.949 Beerling & Brentnall, 2007
OAEla 41000 1763 0.043 4.613 3.246 -1.367 Lietal., 2008;

Adloffs et al., 2020
OAEla 41000 59860 1.460 4.613 4.777 0.164 Lietal., 2008;
Adloffs et al., 2020

OAEla 46700 1763 0.038 4.669 3.246 -1.423 Malinerno et al., 2010

...... continued on the next page
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TABLE 2 (Continued)

Hyperthermal Time interval  Accumulation Rate Log10 Log10 Log10 Source

event (year) PgO) (Pg C/yr) interval accumulation rate

OAEla 46700 59860 1.282 4.669 4.777 0.108 Malinerno et al., 2010

OAEla 80000 1763 0.022 4.903 3.246 -1.657 Scott, 2016

OAEla 80000 59860 0.748 4.903 4.777 -0.126 Scott, 2016

OAEla 434000 1763 0.004 5.637 3.246 -2.391 Beil et al., 2020

OAEla 434000 59860 0.138 5.637 4.777 -0.860 Beil et al., 2020

OAEla 485000 1763 0.004 5.686 3.246 -2.439 Charbonnier et al., 2023

OAEla 485000 59860 0.123 5.686 4.777 -0.909 Charbonnier et al., 2023

OAE2 7000 19000 2.714 3.845 4.279 0.434 Kuroda et al., 2007

OAE2 7000 32700 4.671 3.845 4.515 0.669 Kuroda et al., 2007

OAE2 15000 19000 1.267 4.176 4.279 0.103 Kuroda et al., 2007

OAE2 15000 32700 2.180 4.176 4.515 0.338 Kuroda et al., 2007

OAE2 17000 3000 0.176 4.230 3.477 -0.753 Gang et al., 2019

OAE2 40000 3000 0.075 4.602 3.477 -1.125 Papadomanolaki et al., 2020

OAE2 68000 3000 0.044 4.833 3.477 -1.355 Beil et al., 2020

OAE2 68000 32700 0.481 4.833 4.515 -0.318 Beil et al., 2020

OAE2 73000 32700 0.448 4.863 4.515 -0.349 Gang et al., 2019

OAE2 85000 3000 0.035 4.929 3.477 -1.452 Lietal., 2017

OAE2 135000 32700 0.242 5.130 4.515 -0.616 Lietal., 2017

OAE2 150000 7200 0.048 5.176 3.857 -1.319 Clarkson et al., 2018

OAE2 150000 27000 0.180 5.176 4.431 -0.745 Clarkson et al., 2018

OAE2 500000 14160 0.028 5.699 4.151 -1.548 Joo et al., 2020

PETM 1500 3000 2.000 3.176 3.477 0.301 Bowen et al., 2015

PETM 3000 9660 3.220 3.477 3.985 0.508 Kirtl & Turner, 2018

PETM 4000 3500 0.875 3.602 3.544 -0.058 Zeebe et al., 2016

PETM 5000 3000 0.600 3.699 3.477 -0.222 Zeebe et al., 2009;
Frieling et al., 2016

PETM 6000 3000 0.500 3.778 3.477 -0.301 Lietal., 2022

PETM 6000 13000 2.167 3.778 4.114 0.336 Lietal., 2022

PETM 8000 4300 0.538 3.903 3.633 -0.270 Mclnerney & Wing, 2011

PETM 8000 10000 1.250 3.903 4.000 0.097 Mclnerney & Wing, 2011

PETM 21000 7126 0.339 4.322 3.853 -0.469 Cui et al., 2011

PETM 23000 4300 0.187 4362 3.633 -0.728 Mclnerney & Wing, 2011

PETM 23000 10000 0.435 4362 4.000 -0.362 Mclnerney & Wing, 2011

PETM 25000 6141 0.246 4.398 3.788 -0.610 Gutjahr ez al., 2017

PETM 25000 10200 0.408 4.398 4.009 -0.389 Gutjahr et al., 2017
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process, the rate will also remain constant on the scale
of hyperthermal events, i.e., 1 to 500 millennia. Thus, on
the same scale of time, the present-day carbon emission
rate is significantly different and 9-time higher than the
average rate of hyperthermal events of 0.945 Pg C/year
on a hyperthermal-event time scale (Tables 1, 2). Fig. 3
shows this graphically by the vertical distance between
the dashed double red line confidence interval and the
contoured color icons. Extrapolation of modern emissions
to a hyperthermal-event time scale yields a similar result,
where modern emissions are again projected to be some
9 times greater than hyperthermal-event emissions
(uncontoured color icons). Even so, the accumulations and
rates of carbon emission of hyperthermal events fall near
the extrapolation line of accumulation and rate of modern
carbon emissions, indicating that present-day carbon
release can be compared with the onset of hyperthermal
events by temporal scaling.

Projecting Modern Carbon Emissions into the Future
The directional characteristics of modern carbon
emissions recorded by successive 63-year observed data
indicate that while emissions may fluctuate in the future,
a steady increase will be observed in the annual rate of
carbon added to the atmosphere (Fig. 1).

Where will the future go? As shown in Fig. 1,
the carbon emission (y) per year (x) from 1959 to
2021 satisfies a linear equation fitting: y = 0.1239x-
240.36. A simple extrapolation carbon accumulation is
shown in Fig. 4, in which the modern observed carbon

emissions are shown in red, and the inferred future
carbon emission accumulations are shown in grey.
From 1959 to 2021, total fossil fuel carbon emissions
have reached 395 Pg C, a figure that falls short of the
emissions associated with the onset of any hyperthermal
events. However, projecting emissions forward in time,
we may see carbon emission scenarios of hyperthermal
events in the near future (as few as a hundred years). For
example, we can expect to reach the estimated lower limit
of the PETM carbon accumulation value of 3,000 Pg C in
the year 2159, and we can expect to reach the upper limit
of the PETM accumulation value of 13,000 Pg C in the
year 2405. Overall, with the exception of the maximum
estimated carbon emissions from the PTB event, we can
theoretically expect to reach all other carbon emission
scenarios from Meso-Cenozoic hyperthermal events
within the next thousand years: 84 to 229 years for lower
estimates and 383 to 1,337 years for upper estimates of
carbon accumulation.

Hyperthermal events are further categorized into
two types: positive carbon excursion hyperthermal event
(PCHE, represented by OAEla, OAE2) and negative
carbon excursion hyperthermal event (NCHE, represented
by PTB, TOAE and PETM), which correspond to different
forms of carbon release from the Earth’s inner system,
and also show different responses in sedimentation,
environment and ecology (Hu et al., 2020). From the
point of view of the lower limit of carbon emissions
estimate, PCHEs and NCHEs can be bounded by 3,000 Pg
C carbon emissions. This suggests that in the future, we
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FIGURE 4. Model for carbon accumulation as the sum of carbon emissions, based on the steady increase in emissions and

emission rates shown in Fig 1. Red line part represents annual accumulations from 1959 to 2021 and grey line part represents

inferred future carbon emissions. Squares and circles represent the lower and upper limits of carbon emission estimate of Meso-

Cenozoic hyperthermal events, respectively.
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FIGURE 5. The scenarios of modern carbon emission accumulation align with the PCHE and NCHE onset in the future.

will first encounter PCHE-dominated system responses
in 84 to 136 years, such as platform demise and ocean
anoxia, followed by NCHE-dominated responses in 136
to 229 years, including an intensified hydrological cycle,
enhanced continental weathering, and ocean acidification
(Robinson et al., 2017; Foster et al., 2018; Hu et al., 2020;
He et al., 2023). And if the situation gets worse, we may
reach the upper limit of the carbon emission threshold for
hyperthermal events like the PTB in 383 to 1,337 years
(Fig. 5). While there is significant uncertainty in this
comparison and inference, it offers valuable insights into
our understanding of current global warming on the scale
of hyperthermal events. In the future, it may be essential
to consider various parameters, such as temperature,
carbon isotopes, and background CO, levels, for a more
detailed comparison to enhance this understanding.

Conclusion

This study compares present-day carbon emissions to
carbon accumulations from geological history using
a temporal scaling method. The scaling of carbon
accumulation rates at the onset of hyperthermal events
suggests that we might expect higher carbon emission rates
over longer time scales than what we currently observe in
the short term. However, this inference is uncertain due to
limited or mismatched data regarding the accumulations
and time intervals of carbon emissions during hyperthermal
events. While on the long-time hyperthermal-event scales
of several to hundreds of kiloyears, modern carbon
accumulations and emission rates are 9 times greater than
hyperthermal-event emissions.

On the same scale of time, the accumulation and rate
of carbon emissions during hyperthermal events fall near
the extrapolation line of modern emissions, indicating that
present-day carbon release can be effectively compared
to the onset of hyperthermal events through temporal

scaling. If current carbon emission trends continue, we
may reach the carbon emission threshold for PCHE-type
hyperthermal events in 84 to 136 years, and for NCHE-
type hyperthermal events in 136 to 229 years.
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