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ABSTRACT

The marine losses during the Permo-Triassic mass extinction were the worst ever experienced. All groups
were badly affected, especially amongst the benthos (e.g. brachiopods, corals, bryozoans, foraminifers,
ostracods). Planktonic populations underwent a fundamental change with eukaryotic algae being replaced
by nitrogen-fixing bacteria, green-sulphur bacteria, sulphate-reducing bacteria and prasinophytes. Detailed
studies of boundary sections, especially those in South China, have resolved the crisis to a ~55 kyr interval
straddling the Permo-Triassic boundary. Many of the losses occur at the beginning and end of this interval
painting a picture of a two-phase extinction. Improved knowledge of the extinction has been supported by
numerous geochemical studies that allow diverse proposed extinction mechanisms to be studied. A
transition from oxygenated to anoxic-euxinic conditions is seen in most sections globally, although the
intensity and timing shows regional variability. Decreased ocean ventilation coincides with rapidly rising
temperatures and many extinction scenarios attribute the losses to both anoxia and high temperatures.
Other kill mechanisms include ocean acidification for which there is conflicting support from geochemical
proxies and, even less likely, siltation (burial under a massive influx of terrigenous sediment) which lacks
substantive sedimentological evidence. The ultimate driver of the catastrophic changes at the end of the
Permian was likely Siberian Trap eruptions and their associated carbon dioxide emissions with
consequences such as warming, ocean stagnation and acidification. Volcanic winter episodes stemming from
Siberian volcanism have also been linked to the crisis, but the short-term nature of these episodes
(<decades) and the overwhelming evidence for rapid warming during the crisis makes this an unlikely
cause. Finally, whilst the extinction is well studied in equatorial latitudes, a different history is found in
northern Boreal latitudes including an earlier crisis which merits further study in order to fully understand
the course and cause of the Permo-Triassic extinctions.
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INTRODUCTION

The mass extinction at the end of the Permian, nearly

mass extinction but attempts to find evidence for
an end-Permian impact have not proved convincing
[4] leaving volcanism as the principal contender.

252 million years ago, was the most severe to affect
Y 9 Volcanism releases a diverse range of volatiles that

life on Earth. Generic extinction rates exceeded 80%,

L . . h iall ing eff li life
with victims encountered in all environments from ave potentially damaging effects on climate and life,

most notably sulphur- and carbon dioxide along with
the open oceans to polar forests [1-3]. The cause Y Sup d : d ] 8
halogens and water vapour. Most extinction mecha-
nisms focus on these emissions and many scenarios

involve the long-lasting effects of CO, and its cas-

and pace of this catastrophe has been long debated,
but the contemporaneous eruption of the giant
Siberian Traps flood basalt province, first recognised ; )
. cade of consequences (warming, ocean stagnation,
over 30 years ago, has focussed attention on the

effects of this giant ‘smoking gun’ Meteorite impact ocean acidification, siltation). For clarity we examine

is famously implicated in the Cretaceous-Palaeogene each cause separately; because each has potentially
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Figure 1. Summary of geochemical, environmental and faunal events across the Permo-Triassic boundary. The conodont
zonation scheme is compared with the bed numbering scheme of the Meishan global stratotype in South China [6]. The global
trend in carbonate isotope values [3] and evidence for major redox changes, surface water temperature changes (based on
oxygen isotope ratios obtained from conodonts) is discussed in the main text. an. ferr. = anoxic ferruginous. Conodont genera

are |. = Isarcicella, H. = Hindeodus and C. = Clarkina.

different consequences for marine life, and they need
not be equally harmful. In reality there are many
synergistic interactions between these stresses (e.g.
high temperatures can cause direct stress through
protein denaturing but they also cause increased
oxygen demand, and yet warmer waters hold less
dissolved oxygen; a rather unfortunate combination
[S]). But, before examining the evidence for some
of the proposed causes of marine extinctions (ter-
restrial extinction mechanisms are not considered
here), we review the current understanding of the
timing of Permo-Triassic marine biodiversity losses.
It is important, when attempting to attribute cause-
and-effect in deep time, to show that the temporal
relationships are correct. Indeed, it is one of the prin-
cipal tests available to historians of the ancient world.

Intensive research over the past few decades has
ensured that the best-known record of the Permo-
Triassic marine mass extinction (PTMME) is from
South China [3,6-9]. Strata in the region were de-
posited in warm, equatorial seas in a broad range of
environments ranging from shallow-water platform
carbonates to deep-water basinal cherts and mu-
drocks. These have allowed the crisis to be examined
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over a range of palaeo-water depths. In addition, in-
tensive study of the rapidly evolving conodonts, a
group of tiny, eel-like vertebrates with phosphatic
teeth, has allowed temporal and spatial losses to be
resolved at aresolution that would have been extraor-
dinary only a few decades ago: some conodont zones
are probably only a few tens of thousands of years
in duration. No section has been studied in greater
detail than that at Meishan, a disused quarry in
Zheijiang Province, where a moderately deep-water
record of limestones and calcareous mudstones has
been designated the Global Stratotype Section and
Point (GSSP) for the Permo-Triassic boundary [6].
Bed numbers at this location provide an alternative
reference frame for the PTMME that are often used
in combination with the conodont zonation scheme
(Fig. 1).

At Meishan, and elsewhere in South China, the
major phase of the PTMME occurs in the latest
Permian at the boundary between the Clarkina yini
and C. meishanensis zones [9,10]. This level is at the
top of Bed 24 at Meishan, a bioclastic limestone
that is overlain by a thin tuff (Bed 25) (Fig. 1).
The transition marks the loss of more than 200
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species across the region, an extinction magnitude of
~60%, that may have occurred in as little as 1000
years [11]. Losses were especially severe amongst
some shallow-water groups such as calcareous algae,
fusulinid foraminifers, gastropods and ammonoids,
whilst ostracods and conodonts were little affected at
this level [7,12,13]. This crisis has long been known
as the end-Permian mass extinction and many ear-
lier studies (and even some recent ones [8,14]) con-
sidered this phase to mark the end of a prolonged
period of diversity decline. In contrast, this crisis is
more widely regarded as being geologically rapid,
with losses occurring within a few thousand years
[11,15,16]. The subsequent interval, straddling the
Permo-Triassic boundary, is intriguing in that the
marine fauna consists of a mixture of Permian sur-
vivors and newly originating species [9]. In South
China, and elsewhere in equatorial latitudes, this
level also sees the proliferation of microbialities and
oolites in shallow-water carbonate sections [ 17]. The
majority of this ‘mixed fauna’ is lost during a second,
equally rapid pulse of enhanced extinction rates in
the earliest Triassic Isarcica staeschi Zone, around the
top of the Bed 28 boundary at Meishan [7,10,13].
Species-level losses reach 70% at this level, with
many ostracods, brachiopods and small foraminifers
disappearing. The mass extinction is thus a two-
step event that straddles the Permo-Triassic bound-
ary, with an interlude between crises of ~55 kyr in
duration [3].

Our knowledge of the PTMME in other regions
of the world lags behind that of South China, which
is by far the best studied region. For example, very
little is known of the extinction losses in the south-
ern hemisphere, other than mid-latitude locations
on the Perigondwanan margin (Fig. 2). Nonethe-
less, the available evidence suggests a similar crisis
history in other areas. Deep-water records from
western Canada indicate a double-pulse extinction,
with radiolarians disappearing before siliceous
sponges, whilst condensed carbonates from the
South Tibetan microcontinent, located in moder-
ately high southern palaeolatitudes, also record two
crises straddling the Permo-Triassic boundary [18].
The shallow-water carbonates of the Dolomites,
northern Italy, similarly show two extinction levels:
the first occurs at the base of an oolite-bearing bed
(the Tesero Oolite Horizon) that eliminated small
foraminifers and brachiopods, whilst the second, at
the top of the bed, removed calcareous algae and
fusulinid foraminifers [19]. The second extinction
pulse occurs above the first appearance of Hindeodus
parvus, the conodont that defines the base of the
Triassic, and is thus approximately at the same level
as the second pulse in South China. However, not all
regions record this two-pulse pattern. The shelf seas
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of Spitsbergen in the Svalbard archipelago, located
in northern Boreal latitudes, saw diverse shelly
groups (notably brachiopods, bivalves, bryozoans,
foraminifers) disappear considerably below the
Permo-Triassic boundary although siliceous sponges
and a large, soft-bodied burrowing fauna persisted to
a level shortly above the onset of a negative 813 Corg
excursion [20]. The first phase of extinction of the
PTMME happens at the same level relative to the C
isotope record in lower latitudes indicating that the
Spitsbergen sponge extinction was likely contempo-
rary, however the losses of shelly groups must have
been considerably earlier. Biostratigraphic indicators
are lacking from the Upper Permian strata in Spits-
bergen, but the available chemostratigraphy from
the key Festningen section places the base of the Late
Permian 40 m below the Permo-Triassic boundary
[21] whilst the shelly taxa are lost 12 m below the
boundary. Taking a duration of 7.65 million years
for the Late Permian [22], and assuming constant
sedimentation rates (spiculitic cherts dominate the
Spitsbergen section at this level [21]), indicates the
shelly benthos went extinct 2.3 million years below
the boundary. This is a level at the base of the top-
most Permian Changhsingian Stage, considerably
earlier than the onset of the PTMME (Fig. 3).

CAUSES OF THE PERMO-TRIASSIC
MARINE MASS EXTINCTION

Anoxia

The concept of anoxia-driven PTMME is supported
by an abundance of sedimentological, palacoecolog-
ical, petrographic and geochemical studies [2,23-
25]. These broadly indicate the importance of anoxia
at this time although different proxies respond to
different intensities of oxygen depletion and some
inform about local rather than global conditions.
Finely laminated, pyritic sediments record local con-
ditions but their widespread occurrence in Permo-
Triassic boundary sections in settings from shallow
shelf seas to the abyssal plain indicates the extent
of global anoxia (Fig. 3). Note that abyssal facies
are found in accreted oceanic terranes [15,26-28].
Pyrite framboid populations provide clues to the in-
tensity and variability of this anoxia. Framboids form
in weakly reducing conditions and their size range
provides a useful method of distinguishing a range
of oxygen-restricted conditions from oxygen-poor
(dysoxic) bottom waters to sulfidic (euxinic) wa-
ters [29]. Analysis of framboid populations in sam-
ples from diverse locations shows that the PTMME
coincides with the onset of oxygen-poor conditions,
albeit with considerable regional variations: high
latitude Boreal sections experienced generally more
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Figure 2. Lopingian and Early Triassic palaesogeographic maps showing the occurrences
of common marine groups (ammonoids, bivalves, brachiopods, conodonts, corals (ru-
gose and tabulate), foraminifers, ostracods). Data and maps from the Paleobiology
Database (accessed 12th July 2023). As shown by the distribution of data, much of our
knowledge of the PTME derives from South China. Key geographical areas mentioned
in the text are labelled on the Lopingian map.

persistent and intensely anoxic/euxinic conditions
than lower latitude Tethyan locations [29]. Even the
abyssal depths of the Panthalassa Ocean record eu-
xinia [26,28,30]—an extraordinary occurrence be-
cause the ocean depths were generally well ventilated
after the Early Palaeozoic thanks to vigorous circula-
tion [31].

The ocean’s uranium isotope ratios are recorded
in the archive of limestones and dolostones. The val-
ues reflect the extent of global anoxia because of the
preferential removal of U-238 in anoxic sediments,
which leaves seawater isotopically lighter with re-
spect to uranium isotopes [32]. Thus, the discov-

5238 U excursions at the level of

ery of two negative
the two mass extinction phases in a western Tethyan
dolomite record provides strong evidence of intense
drawdown of seawater uranium suggesting that ex-
pansion of marine anoxia was responsible for both
crises [33]. Other proxies for global anoxia broadly
support the anoxia-extinction link although they dif-
fer in their timing. The chromium isotope record
(8%3Cr) shows an abrupt switch to lighter values at
the base of the C. taylori zone in South China, which
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can be attributed to quantitative reduction and pre-
cipitation of Cr (VI) due to the expansion of ocean
anoxia [34]. Curiously, the timing of this transition
places the onset of anoxia between the two pulses of
mass extinction. Thallium isotopes provide a novel
proxy of oceanic redox that reflects the global extent
of the element’s drawdown in manganese oxide de-
posits [35]. Data from condensed Panthalassan sites
show a gradually increasing €2%T1 trend from the
Middle Permian and into the Triassic which is at-
tributed to the gradual decline of Mn oxide burial
as the oceans deoxygenated. However, a brief neg-
ative excursion in the latest Permian is attributed
to re-invigorated thermohaline circulation during a
cold interval [35]. The problem with this scenario
is that the negative €2°>TI excursion occurs at dif-
ferent stratigraphic levels in all three study sections,
with two occurring before the mass extinction. Fur-
thermore, the long-term trend of increasing ocean
anoxia in the Late Permian, suggested by the €2°5T1
trends, is not supported by other geochemical prox-
ies. Redox-sensitive trace metal concentrations and
iron speciation data from deep-water Panthalassa
sections all indicate that anoxia only developed at
the onset of the carbon isotope excursion and thus
shortly before the onset of the crisis [28,32,36].
The intensity and extent of anoxia during the
PTMME was sufficient to deplete the ocean of its
redox-sensitive trace metals [37,38]. Thus, the trace
metal enrichment that is typically recorded in eu-
xinic strata is not seen in some sections [38], al-
though the slowly accumulating euxinic sediments
on the Panthalassa abyssal plain do have enhanced
trace metal concentrations [28,39]. This drawdown
occurs in a predictable pattern, with U depletion oc-
curring slightly before the mass extinction, suggest-
ing increased burial in anoxic ocean sediment [32],
but it was not until after the first phase of mass ex-
tinction that euxinia became sufficiently widespread
for metals such as vanadium and molybdenum to be-
come depleted [38,39]. The decline in the oceanic
trace metal inventory probably accounts for claims
of improved levels of oxygenation at some sites
during the PTMME [40]. For example, the Shangsi
section in the Upper Yangtze Basin has a trace
metal signature characteristic of oxygenated condi-
tions during the mass extinction interval, which has
led to the suggestion that anoxia was not responsi-
ble [40]. But this conclusion is not supported by iron
speciation data from the same levels which show an
increase in the ratio of pyrite iron to reactive iron to
0.4 at this time. This value is indicative of anoxic fer-
ruginous conditions [41]. Pyrite framboids do not
form under such conditions, and no framboids are
found in the extinction interval at Shangsi (cf [29])
but the ferruginous anoxic conditions were hostile
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Figure 3. Field photo of the Permian-Triassic transition at Bravaisberget cliff section in
southern Spitsbergen showing levels of extinction losses. Siliceous sponges disappear
atlevel 1 and is marked by the loss of cherts at the top of the Kapp Starostin Formation.
The Permo-Triassic boundary occurs a few metres above this horizon. However, most
extinctions in this section occur at a lower point, labelled 2, when a diverse shelly
benthos, dominated by brachiopods and bryozoans, disappears. This is estimated to be
~2.33 myrs before the level 1 extinction.

enough to cause the shutdown of bioturbation and
the onset of finely laminated sedimentation [42].
Intriguingly, redox studies of the Meishan section
have provided slightly different oxygenation histo-
ries [43]. Iron speciation and trace metal trends
indicate that the onset of intermittently euxinic
conditions began at the top of Bed 24 and persisted
up to Bed 28 when ferruginous anoxic conditions
were developed [38]. Organic biomarkers for photic
zone euxinia are common in Bed 24 and Bed 27 but
they occur in reduced abundance in between [44].
In contrast, pyrite framboids are either rare in Bed
24 [45] or abundant and small [46] depending on
which study is consulted. The strata between the
two extinction horizons (tops of beds 24 and 27)
are well bioturbated [27] and either lack framboids
[45] or have larger sized populations suggestive of
dysoxic conditions [46]. Instead, marcasite is the
most abundant iron sulphide phase in this level [47],
the significance of which is discussed below. The
reason for the discrepancy between framboid studies
may lie in the intrinsically rapid fluctuations of redox
conditions recorded in the Permo-Triassic boundary
strata ensuring that even closely spaced samples may
record different conditions. Overall, the two extinc-
tion levels at Meishan show reasonable correlation
with intensely anoxic episodes, with the intervening
interval being marked by the mixed fauna and highly
unstable redox conditions that at some times saw the
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development of photic zone euxinia whilst at others
supported a bioturbating infauna.

The extent and intensity of anoxia in the world’s
oceans during the PTMME was unparalleled in the
Phanerozoic and there have been many attempts to
investigate the conditions responsible for this using
ocean-climate models. Most initial attempts were
unsuccessful [2], but more recently modelling has
successively replicated many observed phenom-
ena. Using the Community Earth System Model
(CESM), Penn et al. [23] showed that a rapid in-
crease of atmospheric CO, at the end of the Permian
would have driven ocean warming and stagnation
due to increased freshwater runoff into the northern
Boreal Ocean, triggered by increased rainfall at high
latitudes. The resultant density stratification weak-
ened deep-water formation thus causing poorly-
circulated global oceans. The CESM output has the
most intense anoxia occurring in high latitude set-
tings whilst, in contrast, low latitudes, especially in
western Tethys and along the Perigondwanan mar-
gin, experienced less intense oxygen depletion due to
a decline in nutrient supply and weakened microbial
oxygen demand in these regions [23]. These model
outputs are in good agreement with the evidence
from the field: anoxia was most weakly developed
in Perigondwana [18,27], whilst Boreal anoxia was
especially intense even in nearshore settings [29]. It
is notable that claims that anoxia did not feature in
the PTMME tend to be based on the evidence for
weak oxygen restriction in western Tethyan sections
[19]. Another recent modelling effort, using the
cGEnIE earth-system model, produces anoxia by a
temperature-driven increase of microbial respiration
rates [48]. The resultant increased oxygen consump-
tion causes mid-water oxygen-minimum zones to
expand downwards, into deeper waters, and upwards
to flood shelf seas with anoxic waters. However, the
model fails to replicate the observed regional varia-
tions in the intensity of anoxia (western Tethys and
Perigondwana become more deoxygenated than
eastern Tethys in the cGEnIE model, the opposite to
what is observed), suggesting that, whilst important,
respiration rate changes were not a key factor in the
development of anoxia.

Warming

In most extinction scenarios, warming is seen as
a key component in driving ocean anoxia and the
associated loss of marine habitat at the end of
the Permian [23,27,49,50]. There is considerable
palaeontological evidence to support this notion. In
South China the first phase of extinction saw many
surviving foraminifers migrate to deeper waters, a
trend that is reasonably interpreted as a response to
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avoidlethally hot surface waters [ 13]. Similarly, some
equatorial taxa undertook long-distance migration
to the cooler water of high latitude Perigondwanan
locations during the Permo-Triassic transition
[18,51]. These refugee populations survived into
the earliest Triassic but succumbed to the second
extinction phase. Considering other groups, the
selective loss of high-temperature intolerant groups
such as corals and (nearly all) radiolarians in the first
extinction pulse again suggests high temperatures
were the main driver of extinction amongst surface-
dwelling groups (although see further discussion
of radiolarian losses below, many of which slightly
predate the onset of warming) [S0]. Dysoxic-to-
anoxic conditions then played the leading role in
the second extinction pulse, especially for deeper-
water benthos [S0]. More broadly, analysis of global
palaeontological databases has provided equivocal
evidence for the role of temperature-driven ex-
tinction. Penn et al. [23] identified a substantially
higher generic extinction rate for marine genera in
northern high latitudes compared with those in the
tropics, suggesting a potential temperature-control,
whilst in contrast Reddin et al [52] suggested
there was only weak evidence for selective losses at
temperate latitudes. Looking at the global data in
greater detail, the northern high latitude losses are
concentrated amongst benthic groups suggesting
that cool-adapted, bottom-living taxa did not fare
well [53] (although the more intense anoxia in these
latitudes—see above—could also be a factor in
these benthic losses).

The extreme warmth of the post-extinction Early
Triassic world is amply demonstrated by a wealth
of terrestrial sedimentary data [54,55] and marine
8180Ph05phate records (Fig. 1) [56,57]. The latter are
typically derived from conodont apatite which has
the advantage that the timing of the temperature rise
is well constrained by conodont biostratigraphy. The
onset of this super-greenhouse began with a rapid
880 negative shift indicative of a 10°C rise of ocean
surface water temperatures during the course of the
mass extinction implying a clear cause-and-effect
link [56]. However, recent studies of 8" Opposphate
suggest that warming began at the end of the C. yini
Zone [57,58]. This coincides with the level of the
first mass extinction phase but, at the time of the
losses, temperatures had not increased by more than
a few degrees (although they were much higher by
the time of the second extinction phase). This find-
ing means that the SISOph(,gphate record is out of step
with the §3C record which begins rising early in the
C. yini Zone. The decline of carbon isotope values
during the PTMME is known globally and is widely
regarded to reflect the emission of isotopically light
carbon from the Siberian Traps. The slight mismatch
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in timing between the two isotopic systems may be
because the initial carbon dioxide emissions were
from volumetrically minor but isotopically very light
(> —20%o) thermogenic sources in the vicinity of
the Siberian Traps. These were replaced by more vo-
luminous but isotopically heavier (—5%o) volcanic
CO, emissions when the main flood basalt eruptions
began [57,59]. Thus, the initial emissions were suf-
ficient to affect the §"*C record but not enough ap-
parently to increase global temperature to the point
where it registered in the §'®O record. If this is the
case then it is difficult to see that there was a role for
extreme temperatures in the first phase extinction,
despite the palaeontological evidence noted above.
However, other oxygen isotope data provide a clear
link between carbon isotopic trends and extinctions
(Fig. 1). Analysing calcite §'*0 values from ostra-
cods in the lead up to the PTMME, Gliwa and col-
leagues [60] showed there was a gradual decline
(precisely coincident with the §"*C decline) begin-
ningin the C. yini Zone. By the time extinction struck
temperatures had risen by 10°C, sufficient to be a
factor in any extinction scenario. Why the conodont
and ostracod data should differ in their timing is un-
resolved and there is clearly a need for further studies
of temperature proxies during the PTMME.

Ocean acidification

In addition to its greenhouse gas effects, the rapid re-
lease of carbon dioxide during the PTMME is pre-
dicted to have reduced the pH of surface waters of
the oceans to the point that it caused extinctions
amongst marine life [61,62]. However, those who
advocate ocean acidification have a problem: un-
like the study of redox levels there are few reliable
geochemical proxies for deriving ancient pH levels,
boron and calcium isotopes being two of the few
available. Furthermore, intense acidification will dis-
solve seafloor carbonates effectively removing their
own geochemical evidence, though truncation sur-
faces remain [63].

Studying boron isotopes in biogenic calcite is
analytically difficult and there are strong vital effects
that must be accounted for. Nonetheless, it has pro-
vided a reasonable proxy for ocean pH in Cenozoic
studies of planktonic foraminifers where species-
specific vital effects are well constrained [64]. It
is not possible to produce a single-species §"'B
record from across the PTMME because no suitable
species survived the crisis. Thus, studies have had
to use multiple taxa or whole-rock carbonate sam-
ples. The results have, perhaps unsurprisingly, been
inconsistent. A study of whole-rock carbonate from
Oman showed no change in §"'B values across the
Permo-Triassic boundary, but a substantial negative
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excursion (values drop from 14%o to 8%o) in the
early I isarcica Zone [65]. In contrast, analysis of
several different brachiopod taxa showed a more
modest decline of §!'B values, from 14%o to 11%e,
beginning in the H. changxingensis Zone and culmi-
nating in the I isarcica Zone [66]. These records
show neither a close match with the extinction
pulses nor with each other (Fig. 1).

Calcium isotope trends recorded in marine car-
bonates (§**Cacyp,) and biogenic phosphate reflect
changes in the oceans’ values and they typically vary
by about & 20%o on a million-year timescale [67].
The variations reflect the balance between input,
from terrestrial weathering of silicates and carbon-
ates, and output in the form of carbonate burial
[61,67,68]. The burial fractionates the light iso-
tope leaving the residual oceanic isotopic system
heavier. In shallow marine carbonates from across
the Permo-Triassic boundary §**Ca_,, declines by
—0.6%o indicating a global decrease in carbonate for-
mation; a trend that has been ascribed to ocean acid-
ification [61]. The decline closely parallels the §3C
curve, beginning in the C. changxingensis Zone and
culminating in the H. parvus Zone before gradually
recovering in the succeeding zones, thus providing
indirect evidence that carbon emissions were driving
acidification [61]. However, numerous factors con-
trol the saturation state of carbonate in the ocean, not
just pH, including temperature, pressure, and weath-
ering fluxes. Using 8**Cacyp trends to disentangle
any unique cause is difficult. For example, a pos-
itive 8**Cayp excursion during the Cenomanian-
Turonian oceanic anoxic event is suggested to indi-
cate ocean acidification during this younger crisis
[69]. If both positive and negative Ca isotope ex-
cursions can indicate acidification then such values
have little value as a proxy. The negative § **Cacarp €X-
cursion during the PTMME could have been mostly
driven by the reduction in carbonate burial caused by
the extinction of most calcareous organisms [68].

The sedimentary record provides little support
for carbonate under-saturation in the latest Permian
because both calcimicrobial carbonates and oolitic
beds are widespread throughout Tethys in the af-
termath of the first phase of mass extinction [17].
The dramatic temperature rise across the Permo-
Triassic boundary (see above) would increase the
saturation state especially in the already warm equa-
torial oceans of Tethys. Furthermore, microbialites
become widespread in South China in the immedi-
ate aftermath of the first phase of mass extinction,
during the H. changxingensis Zone [70] at a time
when the ongoing fall of §**Ca values suggests the
oceans were acidifying,

A novel approach to assessing pH levels was pro-
vided by a study of marcasite in the Meishan GSSP
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[47]. This iron sulphide phase forms in acidic con-
ditions (pH <S$.5) and it becomes abundant in Beds
26-32 at the global stratotype and shows a decline
in 83*S narcasite values to —50%o indicating formation
in open porewaters. Build-up of excess H,S is sug-
gested as a cause of porewater acidification and the
authors of the study note that this occurs ‘broadly
within the extinction interval’ [47]. However, in de-
tail the marcasite formation clearly postdates the first
phase of extinction and, whilst porewaters may have
been acidic in some locations such as Meishan, the
interlude between the two phases of mass extinction
coincides with the microbialite and oolite formation
noted above.

More physical evidence for ocean acidification
has been suggested, such as truncation surfaces
in tropical carbonate successions straddling the
Permo-Triassic boundary [63] but these are alterna-
tively interpreted as exposure surfaces [71]. Perhaps
the best approach to deciphering the potential role
of ocean acidification in the mass extinction comes
from palaeontological data. Aspects of extinction
selectivity have also been used to support an acidifi-
cation kill mechanism, such as the preferential loss of
coarsely ornamented ammonoids relative to smooth
forms [72], but other explanations are possible.
Smooth ammonoid survival could simply reflect a
more opportunistic life strategy that favours simple
morphology with a focus on rapid reproduction
rates, better suited to survival in high stress environ-
ments. The small size of many survivors (the Lilliput
Effect) could also reflect adaption to acidified oceans
in the aftermath of end-Permian losses [73]. Once
again, other reasons for such a trend are possible:
high juvenile mortality rates, opportunistic lifestyles
in high stress environments and preferential loss
of large taxa can all produce small-bodied fossil
assemblages in an extinction’s aftermath [74]. Other
palaeoecological studies have noted that teratolog-
ical evidence for acidification is lacking during the
PTMME [75]. More broadly, it has been argued
that the selectivity of the extinction was most severe
for those organisms with thicker shells and that
this reflected the difficulty of secreting carbonate in
acidified waters [61]. However, the effects of both
extinction phases were intense across a broad range
of organisms, not just amongst the thick-shelled
organisms, including those with thin shells (e.g.
ammonoids), and those with siliceous skeletons,
such as sponges and radiolarians, that are much less
affected by lowered pH [2]. Furthermore, recent
studies of large databases have failed to replicate the
thick-shelled selectivity [53,76]. Despite numerous
claims, there is currently no compelling evidence
that ocean acidification had a role in the PTMME.
Nonetheless, carbonate undersaturation may have
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Table 1. Comparison of sedimentation rates (m/myr) during the late Permian to early Triassic interval from three different
regions, using stage durations from the Geologic Time Scale 2020 (Changxingian 2.34 myr, Griesbachian 1.10 myr, Dienerian
0.62 myr, Smithian 1.78 myr). Sverdrup data from [88,89], Yangtze Platform data from [90], Perigondwanan shelf from [91]

and West Australian Shelf from [92].

Changxingian Griesbachian Dienerian Smithian
Sverdrup Basin (Spath Creek) 39 59 290 185
Yangtze Platform (Yashan) 18 43 130 154
Perigondwanan shelf (Tulong) S 0.7 4.8 1.4
West Australian Shelf (Hovea) S 8 10 >38

been a severe stressor in northern Boreal latitudes
prior to the end of the Permian. The disappearance
of shelly groups at the base of the Changhsingian
in Spitsbergen has been attributed to the shoaling
of the lysocline [77] and this level is marked by
a major, negative carbon isotope excursion and
evidence for enhanced volcanism [20,78]. Ocean
acidification may have been a kill mechanism in cool
northern waters during an earlier, little-known, base-
Changhsingian extinction event that was distinct
from the PTMME 2.3 million years later.

Siltation

Global run-oftis widely regarded to have increased in
step with warming during the Permo-Triassic transi-
tion [79-81] with potentially dire consequences for
marine biota. Thus, Algeo and Twitchett [79] pro-
posed a death-by-siltation model in which the greatly
enhanced global influx of clay-rich sediments to ma-
rine settings caused stress for both suspension feed-
ers and grazers and restricted photosynthesis due to
increased turbidity. In support of this model, average
sedimentation rates in the Early Triassic were shown
to be much higher than those of the Late Permian,
with an approximately seven-fold increase in terrige-
nous runoffrates [ 79]. However, calculations of rates
are dependent on the timescale used; the original
work [79] used a 2004 timescale but the latest ver-
sion has considerably different durations for Early
Triassic intervals [82]. Of particular importance, the
first Triassic substage—the Griesbachian—is now
considered to have a duration of 1.01 myr rather than
the 0.65 myr value used by Algeo and Twitchett [79].
This considerably reduces the calculated increase of
sedimentation rates from the latest Permian to the
earliest Triassic (Table 1). Furthermore, increased
Triassic sedimentation rates are not a global phe-
nomenon. The extensive shelf seas on the Perigond-
wanan margin (South Tibet) experienced low sedi-
mentation rates throughout the Early Triassic, whilst
there was a substantially increased sediment influx
into Boreal Seas (Table 1). Another problem with
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the siltation extinction mechanism is the lack of ter-
rigenous run-off into Tethyan shelf seas where car-
bonate deposition dominates. Algeo and Twitchett
[79] note that many Tethyan sections show a tran-
sition from pure carbonates to more marly rocks,
but this phenomenon occurs after the PTMME and
is a function of widespread deepening that resulted
in the establishment of offshore marl deposition in
many sections [83,84].

The siltation model has undergone modification
by the original authors (and by others in more recent
publications), with the suggestion that the collapse
of forest ecosystems during the terrestrial compo-
nent of the PTME led to briefly enhanced erosion
of freshly exposed soils [80]. The resultant ‘massive
soil and rock erosion’ is said to have swamped shelf
seas with an ‘enormous mud supply’ [85]. However,
the problem remains that there is no evidence for
the ‘enormous’ amounts of mud, especially not in
the pure carbonate sections of Tethys. There are also
timing problems with this modified model. Terres-
trial vegetation collapse predated the first phase of
marine extinction by tens to hundreds of thousands
of years [86,87] making any immediate cause-and-
effect link with the marine extinctions unlikely.

Primary production

The PTMME marks a fundamental change in the
composition of both phytoplankton communities
and the heterotrophic radiolarians. The latter un-
derwent a major evolutionary bottleneck: only a
few species are known from the Early Triassic [93]
and an Early Triassic ‘chert gap’ in oceanic sedi-
ments indicates a collapse of siliceous productivity.
Diverse lines of evidence show that the productiv-
ity collapse was initiated around the Permo-Triassic
boundary. Organic biomarkers indicate a shift from
plankton populations dominated by eukaryotic algae
in the latest Permian to communities composed
of green-sulphur bacteria, sulphate-reducing bacte-
ria, cyanobacteria, prasinophytes and acritarchs dur-
ing and after the PTMME interval [94-96]. The
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presence of the first two bacterial groups on the
list suggests the development of widespread anoxia
in the shallow waters of the oceans for which
there is also ample inorganic geochemical evidence
(see above). Contemporary organic nitrogen isotope
(515N0rg) trends also show major changes: values
decline from 3%o0-4%o in the latest Permian to 0%o
in the Early Triassic [24,94,97] although there are
regional variations [98]. Significant denitrification
occurs in oxygen-poor waters leaving surface wa-
ters enriched in >N which is reflected in the heavy
81 N, values around the extinction level. However,
once nitrate becomes a limiting nutrient (for exam-
ple if there is a major decrease in the upwelling re-
newal of nitrate), then nitrogen-fixing, diazotrophic
cyanobacteria dominate which have a characteristic
515N0rg value of ~0%o [99]. These changes suggest
that a decline in primary productivity was a poten-
tial contributory factor in the PTMME although in
many cases the excursion slightly postdates the first
phase of the extinction [99].

The much smaller size of cyanobacteria-
dominated planktonic communities, compared with
the eukaryotic populations of the Late Permian,
could also have decreased grazing by zooplankton,
and prolonged the residence time of organic matter
in the water column thereby increasing oxygen de-
mand and the intensity of anoxia [2,100]. However,
in detail, the transition to 0%o 815N0rg values occurs
at different levels in different sections. Shallow water
platform carbonate locations in South China show
the decline precisely at the level of the first phase of
mass extinction [24], but the presence of a hiatus at
the same level makes the precise relationship moot.
Clearer evidence comes from the stratigraphically
complete Meishan stratotype. Here, the § 15Norg val-
ues drop from 2.5%o to 0% at the Bed 24/25 bound-
ary [101], the level of the first phase losses. The cor-
responding peak of methyl hopanes (cyanobacteria
biomarkers) in beds 24-37 at Meishan supports
the N isotopic evidence for N fixation becoming
important at this time [94]. However, some but not
all more offshore sections in South China exhibit
low § 15NOrg values before the PTMME suggesting
N fixation was already occurring in these locations
before expanding greatly during the crisis [24,98].
Other regions of the world also show declining
productivity prior to the extinction [20]. Therefore,
whilst there was a long-term trend to less productive
oceans, the role of primary production fluctuations
during the mass extinction phases is not clear.

There are two diametrically opposed schools of
thought on what happened to primary productivity
during the PTMME: either it dramatically increased
or it collapsed. The former alternative is attributed
to increased influx of terrestrial nutrients in a rapidly
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warming and humidifying world potentially exacer-
bated by soil erosion following collapse of terres-
trial plant communities [80,100,101] or from the en-
hanced influx of volcanic nutrients [ 102,103]. Alter-
natively, there was a catastrophic productivity crash
because deepening of the nutricline in stratified wa-
ters and/or shutdown of upwelling starved the sur-
face waters of nutrients [ 18,43,104]. In the former al-
ternative, eutrophic conditions are not a direct cause
of extinction (abundant food is not stressful forlife!),
but they are often linked with an expanded oxygen-
minimum zone (which is). On the other hand, in-
tense oligotrophy (nutrient starvation) is a direct
stress. The small size of survivors in the aftermath
of the mass extinction—the aforementioned Lilliput
Effect—has led to the suggestion that the crisis was
caused by the loss of larger organisms with their
greater food requirements [105]. Such a stressor
might be anticipated to shorten food chains as the
energy transfer between feeding levels decline. But,
this prediction is not supported by the fossil data.
Groups at the top of the food chain, notably fish,
survived the PTMME substantially better than other
groups [106]. This was a crisis that simplified but did
not truncate food webs [76]. As noted above, there
are many other reasons why small species should
proliferate in the aftermath of a mass extinction.
The role of productivity fluctuations during the
PTMME remains intriguing. The radiolarians are
the only group to provide direct evidence of the
fortunes of plankton during the crisis. Interestingly,
in south China, the radiolarian losses are consider-
ably out of step with other groups: they suffer ma-
jor losses (87% species extinction) in the basal C.
changxingensis zone [25,107]. This is substantially
before other extinctions and it also predates the car-
bon and oxygen isotope excursions associated with
the PTMME. It is suggested that the losses may co-
incide with a decline in productivity [107] but the
cause is unclear. Panthalassa was a major site of ra-
diolarian chert accumulation throughout the Per-
mian and the available data suggests losses began
in this ocean, at least at the margins, before the
main extinction phases. Thus, in western Canada
on the eastern side of Panthalassa most radiolarian
losses predate the benthic extinctions with all but
simple sphaeroid-forms of radiolarians disappear-
ing before the benthic losses (of siliceous sponges)
[18]. The available C isotope stratigraphy indicates
the Canadian radiolarian crisis occurs at the onset
of the §C,,, negative excursion which supports
the idea that this group’s crisis began before the
first phase of the PTMME which occurred during
the later stages of the negative excursion (Fig. 1).
In contrast, the mid-southern latitude oceanic sec-
tion at Arrow Rocks in New Zealand shows several
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radiolarian taxa (10 genera) surviving into the ear-
liest Triassic Induan Stage [108]. The cause of the
radiolarian crisis remains enigmatic because its on-
set predates the major environmental changes of the
main mass extinction, even if the final losses are
clearly linked with the development of ocean anoxia
and warming [30,108,109].

Other causes

Large-scale volcanic eruptions cause global cooling
due to the emission of SO, and the formation of sul-
phate aerosols in the atmosphere. If the gases reach
the stratosphere, such effects persist for a few years-
to-decades before being rained out. The scale of the
Siberian Traps flood basalt eruptions was likely suf-
ficient to achieve such short-term cooling episodes
and ‘volcanic winter’ extinction scenarios became
popular once the temporal link between eruptions
and extinctions was established around 30 years ago
[110]. However, this idea fell out of favour within a
tew years with the discovery of abundant and diverse
evidence for rapid global warming during the extinc-
tion (see above). Nonetheless the idea still has pro-
ponents [111,112]. Signs of a short-lived, minor re-
gression are seen around the level of the first phase
of mass extinction in shallow-water sections of South
China and this is overlain by microbial carbonates
of the interlude interval. By attributing the sea-level
fall to a brief continental glaciation, Baresel and col-
leagues [111] reintroduced a cooling-driven extinc-
tion model, although their assertion that ‘the build-
up of volcanic CO, induced a transient cool climate
whose early phase saw the deposition of microbial
limestone’ is highly unlikely, or else there is a ty-
pographical error in this statement. In further sup-
port, Zhang et al. [ 112] noted that there is a brief 49°C
cooling episode recorded at the Penglaitan boundary
section which they suggest indicates a brief volcanic
winter. However, this cooling is based on a single
1) ISOPhosphate data point from basal Triassic strata and
does not correlate with either phase of the PTMME.
One would hope for more substantial evidence for
cooling if volcanic winter is to be considered a viable
kill mechanism for the PTMME.

Finally, Permo-Triassic boundary sections often
show enrichment in trace metals, notably copper and
mercury, that are likely volcanically derived, either
from Siberian or continental arc magmatism which
was especially intense in South China [112]. Such
enrichment, especially of mercury, is a good marker
for large-scale volcanism but it is also possible that
it is a contributory cause of extinction. Mercury is
highly toxic and may have led to direct mortality in
the oceans [113] although whether levels were ever
sufficient to cause extinctions is debatable.
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SUMMARY AND FUTURE RESEARCH
TARGETS

Based on the evidence amassed over the past 30 years
the course of the PTMME is now well documented,
especially in the equatorial waters of South China.
Most losses occurred in a ~60 kyr interval strad-
dling the Permo-Triassic boundary with the major-
ity of extinctions occurring at the beginning and end
of this interval. The first phase has traditionally been
identified as the main extinction level, hence the fre-
quent reference to an ‘end-Permian mass extinction’
Evidence from Boreal latitudes suggests the first ex-
tinction phase is also manifest in this region too al-
though shelly benthos had already disappeared from
this region at the base of the Changxingian. Further
research is needed on this interval to determine if this
constitutes a distinct crisis prior to the PTMME.

The Permo-Triassic extinctions were severe for
virtually all groups, although nekton such as fish and
conodonts (but not ammonoids) faired relatively
well, indicating that the crisis was at its most intense
on the seafloor. This matches with the widespread
evidence for seafloor anoxia seen globally at this
time, although warming was likely a contributory
factor that may have been responsible for the slightly
earlier onset of losses amongst radiolarians. Changes
in primary productivity levels during the crisis were
substantial, with bacterial groups being the main
beneficiaries, but whether the crisis saw eutrophic or
oligotrophic oceans is unresolved.

Voluminous carbon dioxide emissions from the
Siberian Traps and the baked strata that it was em-
placed within [114] are the widely accepted driver
of the mass extinction. However, there is much that
remains to be discovered about the causal link be-
tween the resultant warming, ocean anoxia and pri-
mary productivity changes. Current earth system
modelling provides fundamentally different drivers
for marine anoxia (e.g. [23] versus [48]). Ocean
acidification is another stressor which again is ulti-
mately attributable to CO, emissions, but new prox-
ies for past ocean pH or improvements in existing ap-
proaches are required to test for this kill mechanism.
Finally, after decades of study, the detail and resolu-
tion of the South China fossil record is exceptionally
good and most extinction scenarios rely on data from
this region. Our understanding of the PTMME in
other regions, especially in high latitudes, lags far be-
hind. The extinction record from Boreal latitudes is
distinctly different and it would be especially useful
to expand our knowledge of this region. For exam-
ple, the fossil record from north-east Siberia would
provide an especially useful comparator to help un-
derstanding the global course of the world’s worst
crisis.

$20z Asenuer go uo 1sanb Aq 261 0SEL/SLZPEMU/ /| | /o[onJe/isu/woo dno olwapede//:sdiy Woll papeojumo(]



Natl Sci Rev, 2024, Vol. 11, nwad273

ACKNOWLEDGMENTS

We thank Yadong Sun, Michael Joachimski, and Steve Grasby

for interesting and constructive discussions over the past two

decades, and the reviewers for their useful comments.

FUNDING

DPGB acknowledges NERC grant NE/V001639/1.

Conflict of interest statement. None declared.

REFERENCES

1

. Alroy J. Dynamics of origination and extinction in the ma-

rine fossil record. Proc Natl Acad Sci USA 2008; 105:
11536—-42.

. Wignall PB. The Worst of Times: How Life on Earth Survived

Eighty Million Years of Extinction. Princeton: Princeton Univer-
sity Press, 2015.

. Dal Corso J, Song H and Callegaro S et al. Environmental crises

at the Permian-Triassic mass extinction. Nat Rev Earth Environ
2022; 3: 197-214.

. Wignall PB, Thomas B and Willink R et al. Is Bedout an impact

crater? Take 1. Science 2004; 306: 609—10.

. Portner H-0. Oxygen- and capacity-limitation of thermal toler-

ance: a matrix for integrating climate-related stressor effects
in marine ecosystems. J Exp Biol 2010; 213: 881-93.

. Yin HF, Zhang KX and Tong JN et al. The global stratotype

section and point (GSSP) of the Permian-Triassic boundary.
Episodes 2001; 24: 102-14.

. Song HJ, Wignall PB and Tong JN et al. Two pulses of ex-

tinction during the Permian—Triassic crisis. Nat Geosci2013; 6:
52-6.

. Wang Y, Sadler PM and Shen SZ et al. Quantifying the pro-

cess and abruptness of the end-Permian mass extinction.
Paleobiology 2014; 40: 113-29.

. YinH, Feng Q and Lai X et al. The protracted Permo-Triassic cri-

sis and multi-episode extinction around the Permian—Triassic
boundary. Glob Planet Change 2007; 55: 1-20.

. Chen ZQ, Tong J and Zhang K et al. Environmental and biotic

turnover across the Permian-Triassic boundary on a shallow
carbonate platform in western Zhejiang, South China. Aust J
Farth Seci2009; 56: 775-97.

. Saito R, Kaiho K and Tian L et al. Frequent high-temperature

volcanic combustion events delayed biotic recovery after the
end-Permian mass extinction. £arth Planet Sci Lett 2023; 614:
118194.

. Jia EH and Song HJ. End-Permian mass extinction of cal-

careous algae and microproblematica from Liangfengya, South
China. Geobios 2018; 51: 401-18.

. Liu X, Song H and Bond DPG et al. Migration controls

extinction and survival patterns of foraminifers during the
Permian-Triassic crisis in South China. £arth-Sci fev2020; 209:
103329.

. Wu H, He W and Weldon EA. Prelude of benthic community

collapse during the end-Permian mass extinction in siliciclas-

Page 11 of 14

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

tic offshore sub-basin: brachiopod evidence from South China.
Glob Planet Change 2018; 163: 158—70.

. Wignall PB and Hallam A. Anoxia as a cause of the Permian/

Triassic mass extinction: facies evidence from northern Italy
and the western United States. Palacogeog Palacoclimatol
Palacoecol 1992; 93: 21-46.

. Shen SZ, Ramezani J and Chen J et al. A sudden end-Permian

mass extinction in South China. Geol Soc Amer Bull2019; 131:
205-23.

. Kershaw S, Crasquin S and Li Y et al. Microbialites and global

environmental change across the Permian-Triassic boundary: a
synthesis. Geobiology 2012; 10: 25-47.

. Wignall PB and Newton R. Contrasting deep-water records

from the upper Permian and lower Triassic of South Tibet and
British Columbia: evidence for a diachronous mass extinction.
Palaios 2003; 18: 153-67.

. Posenato R. The end-Permian mass extinction (EPME) and the

early Triassic biotic recovery in the western Dolomites (Italy):
state of the art. Boll Soc Paleont Ital 2019; 58: 11-34.

Grasby SE, Beauchamp B and Bond DPG et al. Progressive en-
vironmental deterioration in northwestern Pangea leading to
the latest Permian extinction. Geol Soc Am Bull 2015; 127:
1331-47.

Bond DPG, Wignall PB and Joachimski MM et al. An abrupt ex-
tinction in the Middle Permian (Capitanian) of the Boreal Realm
(Spitsbergen) and its link to anoxia and acidification. Geol Soc
Am Bull 2015; 127: 1411-21.

Henderson CM, Shen SZ and Gradstein FM et al. The Permian
period. In: Gradstein FM et al. (eds.). Geologic Time Scale 2020
Volume 2. 875-902. Amsterdam: Elsevier, 2020.

Penn JL, Deutsch C and Payne JL et al. Temperature-dependent
hypoxia explains biogeography and severity of end-Permian
marine mass extinction. Science 2018; 362: 1130.

Wu B, Luo G and Joachimski MM et al. Carbon and nitrogen
isotope evidence for widespread presence of anoxic interme-
diate waters before and during the Permian-Triassic mass ex-
tinction. Geol Soc Amer Bull 2022; 134: 1397-413.

Wang H, He WH and Xiao YF et al. Stagewise collapse of biotic
communities and its relations to oxygen depletion along the
north margin of Nanpanjiang Basin during the Permian-Triassic
transition. Palaeogeogr Palacoclimatol Palaeoecol 2023; 621:
111569.

Isozaki Y. Permo-Triassic boundary superanoxia and stratified
super-ocean: records from the lost deep sea. Science 1997,
2176: 235-8.

Wignall PB and Twitchett RJ. Extent, duration, and nature
of the Permian-Triassic superanoxic event. In: Koeberl C and
MacLeod KC (eds.). Catastrophic Events and Mass Extinctions:
Impacts and Beyond. Washington DC: Geological Society of
America, 2002, 395-413.

Grasby SE, Bond DPG and Wignall PB et al. Transient Permian-
Triassic euxinia in the southern Panthalassa deep ocean.
Geology 2021; 49: 889-93.

Bond DPG and Wignall PB. Pyrite framboid study of marine
Permian—Triassic boundary sections: a complex anoxic event
and its relationship to contemporaneous mass extinction. Geo/
Soc Am Bull 2010; 122: 1265-79.

$20z Asenuer go uo 1sanb Aq 261 0SEL/SLZPEMU/ /| | /o[onJe/isu/woo dno olwapede//:sdiy Woll papeojumo(]


http://dx.doi.org/10.1073/pnas.0802597105
http://dx.doi.org/10.1038/s43017-021-00259-4
http://dx.doi.org/10.1126/science.306.5696.609d
http://dx.doi.org/10.1242/jeb.037523
http://dx.doi.org/10.1038/ngeo1649
http://dx.doi.org/10.1666/13022
http://dx.doi.org/10.1016/j.gloplacha.2006.06.005
http://dx.doi.org/10.1080/08120090903002607
http://dx.doi.org/10.1016/j.epsl.2023.118194
http://dx.doi.org/10.1016/j.geobios.2018.08.007
http://dx.doi.org/10.1016/j.earscirev.2020.103329
http://dx.doi.org/10.1016/j.gloplacha.2018.02.010
http://dx.doi.org/10.1016/0031-0182(92)90182-5
http://dx.doi.org/10.1130/B31909.1
http://dx.doi.org/10.1111/j.1472-4669.2011.00302.x
http://dx.doi.org/10.1669/0883-1351(2003)18\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3c153:CDRFTU\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3e2.0.CO;2
http://dx.doi.org/10.1130/B31197.1
http://dx.doi.org/10.1130/B31216.1
http://dx.doi.org/10.1126/science.aat1327
http://dx.doi.org/10.1130/B36005.1
http://dx.doi.org/10.1016/j.palaeo.2023.111569
http://dx.doi.org/10.1126/science.276.5310.235
http://dx.doi.org/10.1130/G48928.1
http://dx.doi.org/10.1130/B30042.1

30.

3

32.

33.

34.

35.

36.

37.

38.

39.

40.

4

42.

43.

44.

45.

46.

47.

48.

Natl Sci Rev, 2024, Vol. 11, nwad273

Wignall PB, Bond DPG and Kuwahara K et al. An 80 million year oceanic redox
history from Permian to Jurassic pelagic sediments of the Mino-Tamba ter-
rane, SW Japan, and the origin of four mass extinctions. Glob Planet Change
2010; 71: 109-23.

. Pohl' A, Ridgwell A and Stockey RG. Continental configuration controls ocean

oxygenation during the Phanerozoic. Nature 2022; 608: 523—7.

Brennecka GA, Herrmann AD and Algeo TJ et al. Rapid expansion of oceanic
anoxia immediately before the end-Permian mass extinction. Proc Nat/ Acad
Sci USA2011;108: 17631-4.

Zhang F, Shen S-Z and Cui Y et al. Two distinct episodes of marine anoxia
during the Permian-Triassic crisis evidenced by uranium isotopes in marine
dolostones. Geochim Cosmochim Acta 2020; 287: 165-79.

Fang Z, He X and Zhang G et al. Ocean redox changes from the latest Permian
to early Triassic recorded by chromium isotopes. Earth Planet Sci Lett 2021;
570: 117050.

Newby SM, Owens JD and Schoepfer SD et al. Transient ocean oxygenation
at the end-Permian mass extinction onset shown by thallium isotopes. Nat
Geosci 2021; 14: 678-83.

Takahashi S, Hori RS and Yamakita et al. Progressive development of ocean
anoxia in the end-Permian pelagic Panthalassa. Glob Planet Change 2021;
207: 103650.

Ehrenberg SN, Svanad TA and Swart PK. Uranium depletion across the
Permian-Triassic boundary in the Middle East carbonates: signature of
oceanic anoxia. Amer Assoc Petrol Geol Bull 2008; 92: 691-707.

Xiang L, Zhang H and Schoepfer SD et al. Oceanic redox evolution around the
end-Permian mass extinction at Meishan, South China. Palacogeogr Palaeo-
climatol Palaecoecol 2020; 544: 109626.

Takahashi S, Yamasaki S-i and Ogawa Y. Bioessential element-depleted
ocean following the euxinic maximum of the end-Permian mass extinction.
Farth Planet Sci Lett 2014; 393: 94-104.

Xiang L, Schoepfer SD and Zhang H et al. Oceanic redox evolution across the
end-Permian mass extinction at Shangsi, South China. Palaeogeogr Palaeo-
climatol Palacoecol 2016; 448: 59-71.

. Poulton SW. The Iron Speciation Paleoredox Proxy. Cambridge: Cambridge

University Press, 2021.

Wignall PB, Hallam A and Lai X et al. Palaeoenvironmental changes across
the Permian/Triassic boundary at Shangsi (N. Sichuan, China). Hist Bio/ 1995;
10: 175-89.

Ge Y and Bond DPG. Two deep marine oxygenation events during the Permian-
Triassic boundary interval in South China: relationship with ocean circulation
and marine primary productivity. Earth-Sei Rev 2022; 234: 104220.

Grice K, Cao C and Love GD et al. Photic zone euxinia during the Permian-
Triassic superanoxic event. Science 2005; 307: 706-9.

Shen W, Lin Y and Xu L et al. Pyrite framboids in the Permian-Triassic bound-
ary section at Meishan, China: evidence for dysoxic deposition. Palaeogeogr
Palaeoclimatol Palaeoecol 2007; 253: 323-31.

Li G, Wang Y and Shi GR et al. Fluctuations of redox conditions across
the Permian-Triassic boundary—new evidence from the GSSP section in
Meishan of South China. Palaeogeogr Palaeoclimatol Palacoecol 2016; 448:
48-58.

Li R, Wu N and Shen S-Z et al. A rapid onset of ocean acidification associ-
ated with the end-Permian mass extinction. Glob Planet Change 2023; 225:
104130.

Hiilse D, Lau KV and van de Velde SJ et al. End-Permian marine extinction
due to temperature-driven nutrient recycling and euxinia. Nat Geosci 2021;
14: 862—7.

49.

50.

5

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

62.

63.

64.

66.

67.

68.

69.

Page 12 of 14

Gliwa J, Wiedenbeck M and Schobben M et al. Gradual warming prior to the
end-Permian mass extinction. Palaeontology 2022; 65: 12621.

Song H, Wignall PBand Chu D et al. Anoxia/high temperature double whammy
during the Permian-Triassic marine crisis and its aftermath. Sci Rep 2014; 4:
4132.

. Song H, Huang S and Jia E et al. Flat latitudinal diversity gradient caused

by the Permian-Triassic mass extinction. Proc Nat/ Acad Sci USA 2020; 30:
17578-83.

Reddin CJ, Aberhan M and Raja NB et al. Global warming generates pre-
dictable extinctions of warm- and cold-water marine benthic invertebrates
via thermal habitat loss. G/ob Change Biol 2022; 28: 5793-807.

Allen BJ, Clapham ME and Saupe EE et al. Estimating spatial variation and
extinction in deep time: a case study using the Permian-Triassic marine inver-
tebrate fossil record. Paleobiology 2023; 49: 509-26.

Retallack GJ. Postapocalyptic greenhouse paleoclimate revealed by earliest
Triassic paleosols in the Sydney Basin, Australia. Geol Soc Amer Bull 1999;
111: 509-26.

Ji K, Wignall PB and Peakall J et al. Unusual intraclast conglomerates in a
stormy, hot-house lake: the early Triassic North China Basin. Sedimentology
2021; 68: 3385—-404.

Sun YD, Joachimski MM and Wignall PB et al. Lethally hot temperatures dur-
ing the early Triassic greenhouse. Science 2012; 338: 366—70.

Joachimski MM, Alekseev AS and Grigoryan A et al. Siberian Trap volcan-
ism, global warming and the Permian-Triassic mass extinction: new insights
from Armenian Permian-Triassic sections. Geol Soc Amer Bull 2020; 132:
427-43.

Chen J, Shen SZ and Li XH et al. High-resolution SIMS oxygen isotope analysis
on conodont apatite from South China and implications for the end-Permian
mass extinction. Palacogeogr Palacoclimatol Palacoecol 2016; 448: 26-38.
Wu'Y, Cui Y and Chu D et al. Volcanic CO, degassing postdates thermogenic
carbon emission during the end-Permian mass extinction. Sci Adv 2023; 9:
eabq4082.

Gliwa J, Widenbeck M and Schobben M et al. Gradual warming prior to the
end-Permian mass extinction. Palaeontology 2022; 65: e12621.

. Payne JL, Turchyn AV and Paytan A et al. Calcium isotope constraints on the

end-Permian mass extinction. Proc Nat/ Acad Sci USA 2010; 107: 8543-8.
Cui Y, Li M and van Scelen EE et al. Massive and rapid predominantly CO,
emission during the end-Permian mass extinction. Froc Nat/ Acad Sci USA
2021; 118: €2014701118.

Payne JL, Lehrmann DJ and Follett D et al. Erosional truncation of uppermost
Permian shallow-marine carbonates and implications for Permian-Triassic
boundary events. Geol Soc Am Bull 2007; 119: 771-84.

Foster GL and Rae JWB. Reconstructing ocean pH with boron isotopes in
foraminifera. Annu Rev Earth Planet Sci 2016; 44: 207-37.

. Clarkson MO, Kasemann SA and Wood R et al. Ocean acidification and the

Permo-Triassic mass extinction. Science 2015; 348: 229-32.

Jurikova H, Gutjahr M and Wallman K et al. Permian-Triassic mass extinction
pulses driven by major marine carbon cycle perturbations. Nat Geosci 2020;
13: 745-50.

Fantle MS and DePaolo DJ. Variations in the marine Ca cycle over the past 20
million years. Farth Planet Sci Lett 2005; 237: 102—17.

Song H, Song H and Tong J et al. Conodont calcium isotope evidence for mul-
tiple shelf acidification events during the early Triassic. Chem Geol 2021; 562:
120038.

Du Vivier ADC, Jacobson AD and Lehn GO et al. Ca isotope stratigraphy
across the Cenomanian-Turonian OAE 2: links between volcanism, seawater

$20z Asenuer go uo 1sanb Aq 261 0SEL/SLZPEMU/ /| | /o[onJe/isu/woo dno olwapede//:sdiy Woll papeojumo(]


http://dx.doi.org/10.1016/j.gloplacha.2010.01.022
http://dx.doi.org/10.1038/s41586-022-05018-z
http://dx.doi.org/10.1073/pnas.1106039108
http://dx.doi.org/10.1016/j.gca.2020.01.032
http://dx.doi.org/10.1016/j.epsl.2021.117050
http://dx.doi.org/10.1038/s41561-021-00802-4
http://dx.doi.org/10.1016/j.gloplacha.2021.103650
http://dx.doi.org/10.1306/02140807095
http://dx.doi.org/10.1016/j.palaeo.2020.109626
http://dx.doi.org/10.1016/j.epsl.2014.02.041
http://dx.doi.org/10.1016/j.palaeo.2015.10.046
http://dx.doi.org/10.1080/10292389509380519
http://dx.doi.org/10.1016/j.earscirev.2022.104220
http://dx.doi.org/10.1126/science.1104323
http://dx.doi.org/10.1016/j.palaeo.2007.06.005
http://dx.doi.org/10.1016/j.palaeo.2015.09.050
http://dx.doi.org/10.1016/j.gloplacha.2023.104130
http://dx.doi.org/10.1038/s41561-021-00829-7
http://dx.doi.org/10.1111/pala.12621
http://dx.doi.org/10.1038/srep04132
http://dx.doi.org/10.1073/pnas.1918953117
http://dx.doi.org/10.1111/gcb.16333
http://dx.doi.org/10.1017/pab.2023.1
http://dx.doi.org/10.1130/0016-7606(1999)111\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3c0052:PGPRBE\begingroup \count@ 37\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {{\char "7E}}}\endgroup \setbox \thr@@ \hbox {}\@tempdima \wd \thr@@ \advance \@tempdima \ht \thr@@ \advance \@tempdima \dp \thr@@ 3e2.3.CO;2
http://dx.doi.org/10.1111/sed.12903
http://dx.doi.org/10.1126/science.1224126
http://dx.doi.org/10.1130/B35108.1
http://dx.doi.org/10.1016/j.palaeo.2015.11.025
http://dx.doi.org/10.1126/sciadv.abq4082
http://dx.doi.org/10.1111/pala.12621
http://dx.doi.org/10.1073/pnas.0914065107
http://dx.doi.org/10.1073/pnas.2014701118
http://dx.doi.org/10.1130/B26091.1
http://dx.doi.org/10.1146/annurev-earth-060115-012226
http://dx.doi.org/10.1126/science.aaa0193
http://dx.doi.org/10.1038/s41561-020-00646-4
http://dx.doi.org/10.1016/j.epsl.2005.06.024
http://dx.doi.org/10.1016/j.chemgeo.2020.120038

70.

7.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Natl Sci Rev, 2024, Vol. 11, nwad273

geochemistry, and the carbonate fractionation factor. Farth Planet Sci Lett
2015; 416: 121-31.

Jiang H, Lai X and Sun Y et al. Permian-Triassic conodonts from Dajiang
(Guizhou, South China) and their implication for the age of microbialite depo-
sition in the aftermath of the end-Permian mass extinction. J Earth Sci 2014;
25: 413-30.

Collin P-Y, Kershaw S and Crasquin-Soleau S et al. Facies change and diage-
netic processes across the Permian-Triassic boundary event horizon, Great
Bank of Guizhou, South China: a controversy of erosion and dissolution.
Sedimentology 2009; 56: 677-93.

Dai X, Korn D and Song H. Morphological selectivity of the Permian-Triassic
ammonoid mass extinction. Geology 2021; 49: 1112-6.

Garilli V, Rodolofo-Metalpa R and Scuderi D et al. Physiological advantages of
dwarfing in surviving extinctions in high-CO, oceans. Nat Clim Change 2015;
5:678-82.

Atkinson JW, Wignall PB and Morton JD et al. Body size changes in bivalves
of the family Limidae in the aftermath of the end-Triassic mass extinction: the
Brobdingnag effect. Palaeontology 2019; 62: 561-82.

Foster WJ, Hirtz JA and Farrell C et al. Bioindicators of severe ocean acidi-
fication are absent from the end-Permian mass extinction. Sc/ Rep 2022; 12:
1202.

Huang Y, Chen Z-Q and Roopnarine PD et al. The stability and collapse of ma-
rine ecosystems during the Permian-Triassic mass extinction. Curr Biol 2023;
33:1059-70.

Beauchamp B and Grasby SE. Permian lysocline shoaling and ocean acidifi-
cation along NW Pangea led to carbonate eradication and chert expansion.
Palaeogeogr Palaeoclimatol Palaeoecol 2012; 350-352: 73-90.

Liu Z, Selby D and Zhang H et al. Osmium-isotope evidence for volcanism
across the Wuchiapingian-Changhsingian boundary interval. Chem Geo/2019;
529: 119313.

Algeo TJ and Twitchett RJ. Anomalous early Triassic sediment fluxes due to
elevated weathering rates and their biological consequences. Geology 2010;
38: 1023-6.

Algeo TJ, Chen ZQ and Fraiser ML et al. Terrestrial-marine teleconnections in
the collapse and rebuilding of early Triassic marine ecosystems. Palaeogeogr
Palaeoclimatol Palaeoecol 2011; 308: 1-11.

Xu G, Shen J and Algeo TJ et al. Limited change in silicate chemical weath-
ering intensity during the Permian-Triassic transition indicates ineffective
climate regulation by weathering feedbacks. Farth Planet Sci Lett 2023; 616:
118235.

Ogg JG and Chen ZQ. The Triassic period. In: Gradstein FM et al. (eds.). Geo-
logic Time Scale 2020 Volume 2. Amsterdam: Elsevier, 2020, 903-54.

Enos P, Wei J and Lehrmann DJ. Death in Guizhou—TIate Triassic drowning of
the Yangtze carbonate platform. Sediment Geol 1998; 118: 55-76.

Wignall PB, Chu DL and Hilton JM et al. Death in the shallows: the record
of Permo-Triassic mass extinction in paralic settings, southwest China. Glob
Planet Change 2020; 189: 103176.

Kaiho K, Saito R and Ito K et al. Effects of soil erosion and anoxic-euxinic
ocean in the Permian-Triassic marine crisis. Heliyon 2016; 2: 00137.
Fielding CR, Frank TD and McLoughlin S et al. Age and pattern of the southern
high-latitude continental end-Permian extinction constrained by multiproxy
analysis. Nat Commun 2019; 10: 385.

Zhang P, Yang M and Lu J et al. End-Permian terrestrial ecosystem collapse in
North China: evidence from palynology and geochemistry. Glob Planet Change
2023; 222: 104070.

Page 13 of 14

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Grashy SE and Beauchamp B. Latest Permian to early Triassic basin-to-
shelf anoxia in the Sverdrup Basin, Arctic Canada. Chem Geol 2009; 264:
232-46.

Wignall PB, Bond DPG and Grasby SE et al. Controls on the formation of micro-
bially induced sedimentary structures and biotic recovery in the Lower Triassic
of Arctic Canada. Geol Soc Amer Bull 2020; 132: 918-30.

Du'Y, Zhu Y and Dal Corso J et al. New early Triassic marine 8'3C record from
the northeastern Yangtze Platform: implications for contemporaneous temper-
ature changes and volcanic eruptions. Falaeogeogr Palaeoclimatol Palacoecol
2022; 607: 111270.

Garzanti E, Nicora A and Rettori R. Permo-Triassic boundary and lower to mid-
dle Triassic in South Tibet. J Asian Earth Sci1998; 16: 143-57.

Metcalfe I, Nicoll RS and Willink RJ. Conodonts from the Permian-Triassic
transition in Australia and position of the Permian—Triassic boundary. Aust J
Farth Seci2008; 55: 365—77.

Payne JL and van de Schootbrugge B. Life in Triassic oceans: links between
benthic and planktonic recovery and radiation. In: Falkowski PG and Knoll AH
(eds.). The Evolution of Primary Producers in the Sea. New York: Academic
Press, 2007, 165-89.

Cao C, Love GD and Hays LE et al. Biogeochemical evidence for euxinic oceans
and ecological disturbance presaging the end-Permian mass extinction event.
Earth Planet Sci Lett 2009; 281: 188-201.

Luo G, Wang Y and Algeo TJ et al. Enhanced nitrogen fixation in the immediate
aftermath of the latest Permian marine mass extinction. Geology 2011; 39:
647-50.

Luo G, Wang Y and Grice K et al. Microbial-algal community changes during
the latest Permian ecological crisis: evidence from lipid biomarkers at Cili,
South China. Glob Planet Change 2013; 105: 36-51.

Grashy SE, Knies J and Beauchamp B et al. Global warming leads to early
Triassic nutrient stress across northern Pangea. Geol Soc Amer Bull 2020;
132: 943-54.

Saitoh M, Ueno Y and Nishizawa M et al. Nitrogen isotope chemostratigra-
phy across the Permian-Triassic boundary at Chaotian, Sichuan, South China.
J Asian Earth Sci2014; 93: 113-28.

Sun YD, Zulla MJ and Joachimski MM et al. Ammonium ocean following the
end-Permian mass extinction. Farth Planet Sci Lett 2019; 518: 211-22.

Shen J, Schoepfer SD and Feng Q et al. Marine productivity changes during
the end-Permian crisis and early Triassic recovery. EFarth-Sci Rev 2015; 149:
136-62.

Cao C, Love GD and Hays LH et al. Biogeochemical evidence for euxinic oceans
and ecological disturbance presaging the end-Permian mass extinction event.
Farth Planet Sci Lett 2009; 281: 188-201.

Schobben M, Stebbins A and Ghaderi A et al. Flourishing ocean drives the end-
Permian marine mass extinction. Proc Nat/ Acad Sci USA 2015; 112: 10298—
303.

Xie S, Pancost RD and Wang Y et al. Cyanobacterial blooms tied to volcanism
during the 5 m.y. Permo-Triassic biotic crisis. Geology 2010; 38: 447-50.
Schoepfer SD, Henderson CM and Garrison GH et al. Termination of a
continent-margin upwelling system at the Permian-Triassic boundary (Opal
Creek, Alberta, Canada). Glob Planet Change 2013; 105: 21-35.

Twitchett RJ. Incompleteness of the Permian-Triassic fossil record: a conse-
quence of productivity decline? Geol J 2001; 36: 341-53.

Friedman M and Sallan LC. Five hundred million years of extinction and
recovery: a Phanerozoic survey of large-scale diversity patterns in fishes.
Palaeontology 2012; 55: 707-42.

$20z Asenuer go uo 1sanb Aq 261 0SEL/SLZPEMU/ /| | /o[onJe/isu/woo dno olwapede//:sdiy Woll papeojumo(]


http://dx.doi.org/10.1016/j.epsl.2015.02.001
http://dx.doi.org/10.1007/s12583-014-0444-4
http://dx.doi.org/10.1111/j.1365-3091.2008.00992.x
http://dx.doi.org/10.1130/G48788.1
http://dx.doi.org/10.1038/nclimate2616
http://dx.doi.org/10.1111/pala.12415
http://dx.doi.org/10.1038/s41598-022-04991-9
http://dx.doi.org/10.1016/j.cub.2023.02.007
http://dx.doi.org/10.1016/j.palaeo.2012.06.014
http://dx.doi.org/10.1016/j.chemgeo.2019.119313
http://dx.doi.org/10.1130/G31203.1
http://dx.doi.org/10.1016/j.palaeo.2011.01.011
http://dx.doi.org/10.1016/j.epsl.2023.118235
http://dx.doi.org/10.1016/S0037-0738(98)00005-0
http://dx.doi.org/10.1016/j.gloplacha.2020.103176
http://dx.doi.org/10.1016/j.heliyon.2016.e00137
http://dx.doi.org/10.1038/s41467-018-07934-z
http://dx.doi.org/10.1016/j.gloplacha.2023.104070
http://dx.doi.org/10.1016/j.chemgeo.2009.03.009
http://dx.doi.org/10.1130/B35229.1
http://dx.doi.org/10.1016/j.palaeo.2022.111270
http://dx.doi.org/10.1016/S0743-9547(98)00007-5
http://dx.doi.org/10.1080/08120090701769480
http://dx.doi.org/10.1016/j.epsl.2009.02.012
http://dx.doi.org/10.1130/G32024.1
http://dx.doi.org/10.1016/j.gloplacha.2012.11.015
http://dx.doi.org/10.1130/B32036.1
http://dx.doi.org/10.1016/j.jseaes.2014.06.026
http://dx.doi.org/10.1016/j.epsl.2019.04.036
http://dx.doi.org/10.1016/j.earscirev.2014.11.002
http://dx.doi.org/10.1016/j.epsl.2009.02.012
http://dx.doi.org/10.1073/pnas.1503755112
http://dx.doi.org/10.1130/G30769.1
http://dx.doi.org/10.1016/j.gloplacha.2012.07.005
http://dx.doi.org/10.1002/gj.883
http://dx.doi.org/10.1111/j.1475-4983.2012.01165.x

107.

108.

109.

110.

Natl Sci Rev, 2024, Vol. 11, nwad273

Yang F, Sun YD and Frings PJ et al. Collapse of Late Permian chert factories
in the equatorial Tethys and the nature of the Early Triassic chert gap. EFarth
Planet Sci Lett 2022; 600: 117861.

Feng QL and Algeo TJ. Evolution of oceanic redox conditions during the Permo-
Triassic transition: evidence from deepwater radiolarian facies. Farth-Sci Rev
2014; 137: 34-51.

Takahashi S, Kaiho K and Hori RS et al. Sulfur isotope profiles in the pelagic
Panthalassic deep sea during the Permian-Triassic transition. Glob Planet
Change 2013; 105: 68-78.

Campbell IH, Czamanske GK and Fedoreneko VA et al. Synchronism of the
Siberian Traps and the Permian-Triassic boundary. Science 1992; 258: 1760—
3.

1.

12.

113.

114.

Baresel B, Bucher H and Bagherpour B et al. Timing of global regression and
microbial bloom linked with the Permian-Triassic boundary mass extinction:
implications for driving mechanisms. Sci Aep 2017; 7: 43630.

Zhang H, Zhang F and Chen J-B et al. Felsic volcanism as a factor driving the
end-Permian mass extinction. Sc/ Adv2021; 7: eabh1390.

Grasby SE, Beauchamp B and Bond DPG et al. Mercury anomalies associ-
ated with three extinction events (Capitanian Crisis, Latest Permian Extinc-
tion and the Smithian/Spathian Extinction) in Pangea. Geol Mag 2016; 153:
285-97.

Svensen HH, Frolov S and Akhmanov GG et al. Sills and gas generation in the
Siberian Traps. Phil Trans R Soc A 2018; 376: 20170080.

© The Author(s) 2023. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative

Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

Page 14 of 14

$20z Asenuer go uo 1sanb Aq 261 0SEL/SLZPEMU/ /| | /o[onJe/isu/woo dno olwapede//:sdiy Woll papeojumo(]


http://dx.doi.org/10.1016/j.epsl.2022.117861
http://dx.doi.org/10.1016/j.earscirev.2013.12.003
http://dx.doi.org/10.1016/j.gloplacha.2012.12.006
http://dx.doi.org/10.1126/science.258.5089.1760
http://dx.doi.org/10.1038/srep43630
http://dx.doi.org/10.1126/sciadv.abh1390
http://dx.doi.org/10.1017/S0016756815000436
http://dx.doi.org/10.1098/rsta.2017.0080
https://creativecommons.org/licenses/by/4.0/

	INTRODUCTION
	CAUSES OF THE PERMO-TRIASSIC MARINE MASS EXTINCTION
	Anoxia
	Warming
	Ocean acidification
	Siltation
	Primary production
	Other causes

	SUMMARY AND FUTURE RESEARCH TARGETS
	ACKNOWLEDGMENTS
	FUNDING
	REFERENCES

